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ABSTRACT OF THE DISSERTATION

c-Kit in Cardiac Cell Engineering, Preservation and Phenotyping

by

Fareheh Firouzi

Doctor of Philosophy in Biology

University of California San Diego, 2022
San Diego State University, 2022

Professor Mark A. Sussman, Chair

Tangible returns from cell and molecular therapeutic interventions to promote
cardiac repair have been predominantly underwhelming at both basic research and
clinical levels. The field of cardiovascular research would benefit tremendously from
identification of optimal protein(s), signaling pathways and/or an optimal cell population
to enhance cardiac repair. Cell fusion has been used to create novel therapeutic cellular
effectors by incorporating beneficial characteristics of two different cardiac derived cells.

Human CardioChimeras (hCCs) produced by fusion of c-kit+ cardiac interstitial cells with

XXiii



mesenchymal stem cells exhibited enhanced survival relative to the parent cells
and promoted cardiomyocyte survival in response to serum deprivation. Feasibility of
creating human hybrid cells prompts consideration of multiple possibilities to create novel
chimeric cells derived from cells with desirable traits to promote healing in pathologically

damaged myocardium.

Enhancing cardiomyocyte survival is crucial to blunt deterioration of myocardial
structure and function following pathological damage. PIM1 is a cardioprotective serine
threonine kinase that promotes cardiomyocyte survival and antagonizes senescence
through multiple concurrent molecular signaling cascades. In hematopoietic stem cells,
PIM1 interacts with the receptor tyrosine kinase c-Kit to promote cell proliferation and
survival. The relationship between PIM1 and c-Kit activity has not been explored in the
myocardial context. The study presented in this dissertation delineated the interaction
between PIM1 and c-Kit leading to enhanced protection of cardiomyocytes from stress.
The mechanistic relationship between PIM1 and c-Kit in cardiomyocytes identifies a novel

facet of cardioprotection regulated by PIM1 kinase.

Cardiac fibroblast (CF) population heterogeneity and plasticity present a challenge
for categorization of biological and functional properties. Distinct molecular markers and
associated signaling pathways provide valuable insight for CF biology and interventional
strategies to influence injury response and aging-associated remodeling. Receptor
tyrosine kinase c-Kit mediates cell survival, proliferation, migration, and is activated by
pathological injury. However, the biological significance of c-Kit within CF population has
not been addressed. The work presented in this dissertation demonstrated the phenotype

of c-kit+ on CFs correlated with multiple characteristics of ‘youthful’ cells. This study

XXiV



provides a fundamental basis for future studies to influence myocardial biology, response

to pathological injury and physiological aging.
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CHAPTER 1

Introduction of the Dissertation



Cardiovascular disease

Cardiovascular disease (CVD) is the leading cause of death in the United States
and worldwide'. By 2030, more than 43% of American adults are anticipated to have a
form of CVD and the annual CVD mortality rate is expected to grow from approximately
17.8 million deaths globally reported in 2017 to more than 22.2 million*2. Different types
of CVD including congenital heart disease, coronary artery disease, cardiomyopathy and
myocardial infarction are the major drivers to heart failure. The main hallmark of the
progressive heart failure is a substantial cardiomyocyte loss followed by replacement of
the lost cells with scar tissue through the pathological cardiac remodeling process also
known as fibrosis®. There are two forms of cardiac fibrosis differentially characterized:
compensatory and maladaptive. Initially, activation of cardiac fibroblasts followed by ECM
production maintains cardiac tissue integrity upon pathological damage. However,
excessive ECM deposition impairs cardiac structure and function leading to heart failure*.

Despite the advancement of the field in detection of CVD and attenuation of
symptoms related to heart disease, lack of therapeutic interventions to effectively reverse
the cardiac remodeling process including cardiomyocyte replacement and prevention of
collagen deposition still exist. Adult heart is a post-mitotic organ with a limited
regenerative potential. The inherently limited cardiac regenerative capacity coupled with
insufficient exogenous reparative tools have rendered regenerative medicine
incompetent to repair damaged myocardium. Cardiac therapeutics exploiting a
combination of key mechanisms including 1) preservation of tissue and cell function, 2)

reducing inflammation and pathological remodeling, and 3) increasing cell-cell



communication, angiogenesis and cardiomyogenesis are highly sought after to replenish
the damaged myocardium and induce cardiovascular repair®.
Cell-based therapies

Endogenous deficiency of the heart to restore structural and functional integrity
following myocardial damage prompted researchers to look for an optimal cell population
to promote repair and regeneration. Attempts to differentiate embryonic stem cells (ESCs)
and induced pluripotent stem (IPS) cells into cardiomyocytes failed to generate mature
cells with the ability to electronically couple with preexisting myocardium®7. In addition,
preclinical studies and clinical trials using bone marrow-derived cells and mesenchymal
stem cells (MSCs) demonstrated modest beneficial effects to treat myocardial damage?.
Similarly, investigations using cardiac-derived cells including (but not limited to) c-Kit*
cardiac interstitial cells (cCICs), sca-1* cells, side population cells and MSCs revealed
little improvement in myocardial structure and function due in part to limited cell survival
and engraftment along with poor reparative potential of delivered cells®. Improvement of
cellular biological properties to enhance reparative potential has been attempted using
interventional strategies such as injection of cells with biomaterials, cytokines, and growth
factors as well as genetic engineering approaches to overexpress pro-survival and anti-
apoptotic factors'%-'2, Despite decades of research, the field of cardiovascular research
continues to struggle with identification of optimal protein(s), signaling pathways and/or
an optimal cell population to mediate cardiac repair.
Cell fusion to generate “Next generation” cardiac cell therapeutic

Cell fusion is a validated reprogramming approach to create cells with youthful and

pre-committed biological phenotypes'®'4. MSCs and cCICs demonstrate cell-specific



characteristics that make them favorable cells for cell fusion. MSCs are multipotent cells
with capacity to differentiate into bone, cartilage, and adipose tissues. Upon
transplantation, MSCs secrete paracrine and anti-inflammatory factors and activate
endogenous cardiac cells, induce angiogenesis, preserve cardiomyocytes, and reduce
scar formation. On the other hand, cCICs differentiate into multiple cardiac lineages such
as smooth muscle cells, endothelial cells, and cardiomyocytes'®'®. In the myocardial
context, fusion of murine cCICs and MSCs resulted in creation of hybrid cells named
CardioChimeras (CCs) that harnessed the beneficial properties of the parent cells and
bestowed enhanced functional and structural recovery in a mouse model of myocardial
infarction'#. However, therapeutic relevance of CCs to human cells remains unknown.
Therefore, as the next step in translational development of this ex vivo cell engineering
approach, human CardioChimeras (hCCs) are created and characterized. Findings of the
study are presented in the chapter 2 of the dissertation.
Cardiomyocyte-based therapies

Loss of cardiomyocytes upon pathological damage or aging coupled with the
failure of the heart to generate additional cardiomyocyte to replace damaged or lost cells
is the main contributor to heart failure. Adult mammalian cardiomyocytes are post-mitotic
with a very limited proliferative capacity both in healthy myocardium and upon
pathological damage. During the past decade, cumulative studies intended to enhance
cardiomyocyte cell cycle progression using interventional strategies such as
overexpression of cell cycle proteins or pluripotency factors, induction of systemic
hypoxaemia as well as transcriptional and hormonal manipulations'. Collectively, these

studies failed to force cardiomyocytes to complete mitosis and underscored a further



critical facet of cardiomyocyte-base therapy to identify novel signaling pathways to
enhance cardiomyocyte survival.

PIM1 (Proviral Insertion site in Murine leukemia virus kinase 1) is the main isoform
of PIM family of kinases expressed in the heart. The serine threonine kinase PIM1
promotes cardiomyocyte survival and antagonizes senescence. Similarly, receptor
tyrosine kinase c-Kit is expressed in different cell types including cardiomyocytes as well
as multiple populations of CICs and is functionally implicated in biological activities such
as transcriptional activation, cell proliferation and survival'®2', In hematopoietic stem
cells, c-Kit mediates PIM1-induced cell proliferation and survival??. However, the
relationship between c-Kit and PIM1 in the myocardial context remains to be
demonstrated. Our assessment presented in chapter 3 of the dissertation, validated that
PIM1 enhances survival of cardiomyocytes by upregulating c-Kit expression.
Fibroblast-based therapies

Cardiac fibroblast (CF) is a heterogenous population of cells in terms of origin or
source, tissue location, function, and gene expression profile?®. The multifaceted role of
CFs including (but not limited to) cardiac development, tissue homeostasis and
pathological remodeling makes them critical for cardiovascular therapies. However,
heterogeneity of CF population remains as a challenge for fundamental understanding of
fibroblast biology and development of therapeutics targeting CFs. Identifying molecular
signatures characteristics of CF subpopulations in healthy myocardium and upon injury-
induced remodeling would distinguish subpopulations with superior functional capacity
requisite of proper adaptation to pathological stimuli and reversing maladaptive

remodeling.



c-Kit is a type lll receptor tyrosine kinase expressed in different cardiac cells
involved in tissue homeostasis and repair?*25. Presence of c-Kit has been detected in
fibroblast population in different tissue and organs such as lung, liver, and aorta?6-28,
However, limited is known about the functional contribution of c-Kit signaling within
fibroblast population in different tissues. In addition, expression, and functional implication
of c-Kit in CF population has not been addressed. Therefore, we aimed to determine
functional significance of c-Kit signaling within CICs of fibroblast lineage. Findings of the

study are presented in the chapter 4 of the dissertation.
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CHAPTER 2

Human CardioChimeras: Creation of a Novel ‘Next Generation’ Cardiac Cell
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INTRODUCTION

Beneficial, albeit modest, effects of cell therapy for treatment of myocardial
damage have been established in extensive preclinical studies’-? as well as early clinical
trial testing®S. Improvement of efficacy remains a primary focus of the cell therapy field
with ongoing studies attempting to define whether there is an optimal cell type or even a
combination of cell types delivered simultaneously to promote reparative remodeling®”.
The concept of creating an ‘enhanced’ cell with augmented biological properties to
promote healing remains a longstanding interest of our group. Simply stated, we have
sought to create ‘unnatural solutions’ to the natural limitations of myocardial repair by ex
vivo modification resulting in engineered cell products derived from c-kit+ cardiac
interstitial cells (cCICs) possessing enhanced survival, persistence, proliferation, and
many other desirable characteristics that deliver greater recovery from myocardial injury
than corresponding originating parental cells®'". One example of this philosophy is the
CardioChimera, named for the fusion of cCICs and mesenchymal stem cells (MSCs)
together into a single hybrid cell that can be expanded in culture and used for adoptive
transfer therapy to mitigate myocardial infarction injury®. The seminal study of
CardioChimeras was performed using a homotypic murine model system with delivery
murine CardioChimeras and results demonstrated superiority of the CardioChimeras over
either cCICs alone, MSCs alone, or the combination of cCICs and MSCs delivered
together as a single cell suspension. These promising findings prompted subsequent
studies to translate the murine findings into the human context but, working with

myocardial-derived human cells presents a new set of challenges to be overcome.
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As opposed to murine cCICs and MSCs obtained from 2-3-month-old hearts with
high yield quantities®, human cardiac cells are derived from small ventricular biopsy
specimens'?. Limited source material results in lower yield of human myocardial-derived
cells, and the relatively slow proliferation of myocardial-derived human cells relative to
mouse counterparts'>'3 further hampers therapeutic manipulations. Furthermore,
replicative senescence occurs much earlier in culture passaging of human cells, whereas
murine cardiac cells demonstrate significantly extended passaging capability®14.15.
Another technical challenge posed by inherent species-specific biology are differences
between murine and human cells in response to experimental interventions’®. Murine
cells readily fuse and form polyploid hybrid cells® whereas human cells are much less
tolerant of polyploidy leading to genomic instability’”-'® that necessitates rigorous
optimization of culture conditions to overcome impaired expansion following fusion.
Efficient and reproducible creation of CardioChimeras is facilitated by use of murine
cardiac cell populations from syngeneic healthy young donors® unlike the individual
patient-specific nature of human myocardial derived cells with unavoidable sample
characteristic variability. Collectively, these challenges prompted this study to

demonstrate feasibility and reproducibility of human CardioChimera (hCC) generation.

Concurrent isolation of three distinct CIC types comprised of cCIC, MSC, and
endothelial progenitor cells (EPC) from a single human myocardial tissue sample with
optimized culture condition was developed by our group'?. Therefore, this protocol was
employed to obtain human cCIC and MSC for subsequent fusion proof of concept using
low passage neonatal human myocardial-derived cells. The rationale for using neonatal

cells for feasibility testing is based upon their more youthful biological phenotype of

12



enhanced proliferation and survival, preservation of telomere length, and decreased level

of senescence relative to cells derived from heart failure patients415.19,

hCCs created in the present study represent novel hybrid cells with phenotypic
properties consistent with our previous observations of murine CCs. Having overcome
the multiple aforementioned challenges of human myocardial-derived cell utilization, cell
fusion is a feasible promising engineering approach to enhance functional properties of
human cardiac cells and pave the way for ‘designer’ hCC exhibiting enhanced reparative

properties.

13



METHODS
cCIC and MSC isolation

The study was designed in accordance with and approved by the institutional
review committees at San Diego State University along with the IRB (#120686) and no
informed consent was required. Neonatal cells were derived from non-surgically obtained
post-mortem cardiac tissue. Cells were isolated as previously published'2. Briefly, heart
samples were mechanically minced into 1mm?3 pieces and digested in collagenase Il (150
U mg/mL, Worthington, LS004174) followed by brief low speed (850 rpm, for 2 minutes)
centrifugation to remove cardiomyocytes and tissue debris. The supernatant was
subjected to magnetic activated cell sorting (MACS) using c-kit conjugated microbeads
(Miltenyi Biotec, #130-091-332) and c-kit enriched cells were plated in human c-kit CIC
media. The c-Kit negative population was further purified by MACS for MSC surface
markers CD90 and CD105. c-kit CICs and MSCs were incubated at 37°C in 5% CO2 and
used for cellular fusion between passages 5 and 10. Media used in the study are listed in

Table 2.1.
Lentiviral constructs and stem cell infection

Lentiviral plasmids and viral particles were created as previously described?. c-kit
CICs and MSCs were stably transduced at passage 6 with PGK-EGFP-Puro and PGK-
mCherry-Bleo respectively at a multiplicity of infection (MOI) of 40. Expression of EGFP
and mCherry fluorescent proteins in c-kit CICs and MSCs was confirmed by fluorescent
microscopy as well as flow cytometry. Lentivirally-modified cells were stabilized through

multiple rounds of passaging and freeze/thaw cycles before fusion experiments.
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Cell fusion and creation of hCCs

Cell fusion was performed with GenomeONETM-CF EX Sendai Virus
(Hemagglutinating Virus of Japan-Envelope or HVJ-E) Envelope Cell Fusion Kit (Cosmo
Bio, USA) using the suspension method according to the manufacturer’s protocol. Briefly,
cCIC-EGFP and MSC-mCherry populations were combined in 25uL of 1X cell fusion
buffer at a ratio of 2:1 (total cell number of 100,000). The 2:1 ratio yielded the maximum
number of double positive fused cells (hCCs) and therefore was chosen for the study.
Inactivated Sendai virus was added to the cell mixture and incubated on ice for 5 minutes.
Cell suspension was transferred to the 37°C incubator for 30 minutes with intermittent
shaking every 5 minutes. Next, cells were plated in 2 ml fusion media on a well of a 6-
well dish. Media was changed after 24 hours and cells were then cultured in fusion media
for 4 days. Hybrid cells were identified and isolated by FACS sorting using parent cells in
pure as well as mixed (but not fused) as controls. hCCs were plated on a 96-well
microplate (1 cell per well) for clonal expansion. Clone nomenclature was based on well
number in the plate. All hCCs were used between passages 4 to 6 for experiments.
Light microscopy and measurement of cell morphology

Bright field images of hCCs and the parent cells were obtained using a LEICA
DMIL microscope and cell boundaries were outlined by image analysis using ImageJ
software. Cell surface area and length to width ratio were determined as previously

described?.
Proliferation and doubling time

c-kit CICs, MSCs and hCCs were plated on a 6-well dish at a density of 20,000

cells per well. At three time points (days 1,3, and 5) cells were trypsinized and counted
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manually using a hemocytometer. Cell proliferation rate was determined for each group
as fold change over day 1. Cell doubling times were calculated using online population

doubling time software (http://www.doubling-time.com/compute _more.php).

Immunocytochemistry

c-kit CICs, MSCs and hCCs were plated on a two-well chamber slide (15,000 per
well). Staining was performed following the protocol previously described?°. Nuclei were
stained with DAPI diluted in 1X PBS at room temperature for 15 minutes. Cells were
imaged using a Leica TCS SP8 confocal microscope. Antibodies and dilutions are listed

in Table 2.2.
Immunoblot analysis

c-kit CICs, MSCs and hCCs were plated on 100-mm plates. Protein cell lysates
were collected using 200 pl of SDS—-PAGE protein sample buffer. Proteins were
separated on a 4-12% NuPage Novex Bis Tris gel (Invitrogen) and transferred onto a
polyvinylidene fluoride (PVDF) membrane. Non-specific binding sites were blocked using
Odyssey blocking buffer (LI-COR) and proteins were labeled with primary antibodies in
0.2% Tween in Odyssey blocking buffer overnight. After washing, blots were incubated
with secondary antibodies in 0.2% Tween 20 in Odyssey blocking buffer for 1.5 hours at
room temperature and scanned using the LICOR Odyssey CLx scanner. Quantification
was performed using ImagedJ software. Antibodies and their dilutions are listed in Table

2.2.

Real-Time PCR
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c-kit CICs, MSCs and hCCs were plated on 100-mm plates. RNA lysate was
collected from the culture and purified using Quick-RNA MiniPrep (Zymo Research).
cDNA synthesis was conducted using iScript cDNA Synthesis Kit (Bio Rad). gPCR was
performed on a Bio-Rad CFX real time cycler using iQ SYBR Green (Bio Rad) and gene
specific primers. Signals were normalized to 18S for analysis. Data were calculated using

the AAC(t) method. Primers are listed in Table 2.3.
Ploidy and cytogenic analysis

c-kit CICs, MSCs and hCCs were plated on a 6- well plate at a density of 50,000
cells per well. Cells were collected the following day and centrifuged at 1200 rpm for 5
minutes, the pellet was re-suspended in 70% ethanol, and stored at -20°C for at least 24
hours prior to use. After centrifugation at 1300 rpm for 5 minutes, cell pellet was re-
suspended in 300 ul of Propidium lodide incubated at 37°C for 15 minutes prior to flow
cytometry analysis. Cytogenetic analysis of c-kit CICs, MSCs, and hCCs (G4) plated at a
density of 300,000 cells on 2500 mm? flasks was performed by KaryolLogic, Inc (North

Carolina; www.karyologic.com).

Cell death assay

For reactive oxygen injury, c-kit CICs, MSCs and hCCs were plated on a 6- well
plate at a density of 60,000 cells per well. Cells were subjected to low serum media for
24 hours (depleted to 25% of growth media serum level) followed by 4 hours of hydrogen
peroxide (350 ymol/L) treatment. Annexin V and Sytox Blue staining was performed to
label apoptotic and necrotic cells and cell death was measured using FACS Aria (BD

Biosciences).
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For ischemia-reperfusion injury, cCICs, MSCs and hCCs were seeded on 6-well
plates at a density of 60,000 cells per well. The following day, media was replaced with
Kreb’s Heinsleit buffer (KH buffer) to induce glucose starvation, and cells were transferred
to a hypoxic incubator with 1% oxygen tension for 3 hours to simulate ischemia. Cells
were re-exposed to regular growth media and incubated in a standard cell culture
incubator with ambient (21%) oxygen for 24 hours to simulate reperfusion. Annexin V and
Sytox Blue staining was performed to label apoptotic and necrotic cells and cell death
was measured using FACS Aria (BD Biosciences). Cells cultured in growth media in
normoxic conditions and cells subjected to Kreb’s Heinsleit buffer (KH buffer) in hypoxic
condition were used as the controls of the experiment to measure basal and hypoxia-
induced cell death, respectively. KH buffer and the respective media used inside the
hypoxic glove box were equilibrated in hypoxia overnight before starting the experiment.
NRCM co-culture with stem cells

NRCMs were isolated as previously described?'??2 and seeded in a 6-well dish at
a density of 200,000 per well in M199 media with 15% fetal bovine serum (FBS). The
following day, cells were incubated in media with 10% FBS for 8 hours followed by 24-
hour serum depletion in serum free media. Stem cells (cCICs, MSCs, combination of
cCICs and MSCs, hCCs) were added to the culture at a 1:5 ratio. The slow growing clone
B3 was excluded from this experiment due to a low expansion rate. After 24 hours in co-
culture, cells were stained with Annexin V and Sytox Blue. Unlike CardioChimeras or their
parent cells, the NRCMs were non-transduced allowing for separation by fluorescent
activated cell sorting (FACS) of negative cells (NRCMs) versus GFP+, mCherry+ or

GFP+/mcherry+ cells. Thus, parental and CardioChimera cells were removed from the

18



population for survival analysis of NRCMs, which was completed by flow cytometry using
the FACS Aria. Controls for the NRCMs included 1) culture in serum free media alone
(SF), 2) “rescue” by replenishment with M199 media + 10% serum, or 3) constant culture
in M199 media + 10% serum for the duration of the experiment.
Statistical analysis

All data are expressed as mean +SEM. Statistical significance was assessed using
one-way ANOVA or two-way ANOVA for multiple comparisons, with the Dunnett and
Tukey tests as post hoc tests to compare groups to a control group in Graph Pad Prism

v5.0. or Microsoft excel. P<0.05 was considered statistically significant.
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RESULTS
hCCs creation from c-kit CIC and MSC cell fusion

Human c-kit CICs expressing GFP and human MSCs expressing mCherry,
incubated in the presence of inactivated RNA Sendai virus, underwent cellular fusion to
form mononuclear hybrid cells?324 (Figure 2.1A). A group of mixed c-kit CICs and MSCs
without the viral treatment was used as the negative control for the fusion experiment
(Figure 2.2E). Readily detectable uniform fluorescence labeling of parental c-kit CICs and
MSCs is required for optimal yield of double fluorescent hybrids. Flow cytometry analysis
shows 96.6% of c-kit CICs and 92% of MSCs expressed EGFP and mCherry, respectively
(Figure 2.2A-D). Double fluorescent hybrids were sorted into 96-well microplates for
clonal expansion to derive hybrid clones called hCCs. Five unique hCCs named D6, F1,
G4, D2 and B3 were derived from five independent fusion experiments with 1-4%
efficiency (Table 2.4). Dual fluorescent positivity of hCCs was validated by fluorescence
microscopy (Figure 2.3). Immunocytochemistry with respective EGFP and mCherry
antibodies confirmed integration of genomic content from both parent cells into hCC that
was maintained after clonal expansion and passaging in culture (Figure 2.1B). Parent
cells immunolabeled for EGFP and mCherry exhibited appropriate single wavelength
fluorescence signal, validating antibody specificity for their respective fluorophores
(Figure 2.4). Immunoblotting results corroborate flow cytometry and microscopy
observations for expression of both fluorescent marker proteins (Figure 2.1C).
Collectively, these findings indicate successful cellular fusion and stability of the chimeric

state after clonal expansion.

hCCs possess diploid DNA content
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Fusion of two parental lines resulted in elevated ploidy in murine CCs DNA
content®. In comparison, hCCs possess diploid (2n) DNA content comparable to the
parent cells as assessed using flow cytometry analysis (Figure 2.5A). Since all hCCs
exhibited 2n ploidy status, a representative line (hCC G4) was chosen for karyotypic
analysis that confirmed normal male karyotype with 46 chromosomes including XY as
observed in G-banded spreads (Figure 2.5B). Therefore, hCCs maintain normal 2n ploidy

content relative to the parent cells, in contrast to increased ploidy of murine CCs?.
hCCs phenotypic and proliferative characteristics resemble parent cells

Murine CCs characteristics of survival and proliferation were comparable to
parental lines albeit with increased DNA content®. Cellular properties of select hCCs were
assessed for phenotypic traits of morphology and growth rate relative to parental lines,
chosen to represent typical examples for variability of hCC characteristics. Cellular
morphology measured using bright field images of the hCCs and parent cells reveals a
range of cell surface area, length to width ratio (Figure 2.6). hCCs D6, F1, and G4
exhibited cell surface area similar to cCICs that was significantly lower than MSCs (Figure
2.6A). Length to width ratio of these clones was significantly greater compared to MSCs
and was comparable to that of cCICs (Figure 2.6B). Proliferation rate of these hCCs was
increased relative to parental cells with a doubling time of approximately 24 hours and
were therefore characterized as fast growth (Figure 2.6C,D). Cell surface area of hCC D2
was significantly greater than the cCICs and similar to the MSCs (Figure 2.6A). Length to
width ratio for hCC D2 was significantly decreased relative to cCICs, instead resembling
that of MSCs (Figure 2.6B). Proliferation rate of hCC D2 was intermediate compared to

parent cells with a doubling time of 32 hours and was identified as a medium growth
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(Figure 2.6C,D). Lastly, hCC B3 cell surface area was increased, length to width ratio was
reduced, and proliferation rate was slow compared to either of the parent cells, resulting
in designation of slow growth (Figure 2.6A-D). Collectively, these data profile phenotypic
properties of hCCs with cell surface areas and length to width ratios that correspond to

their proliferative rates, consistent with previous findings for murine CCs?.
Profiling for commitment and secretory gene expression reveals hCC variability

Gene expression profiling revealed significant heterogeneity between various
murine CCs8, so commitment and secretory gene profiles for hCCs were assessed to find
if similar diversity was present. Cardiac lineage markers including cardiac type troponin
T2 (TNNT2), GATA Binding Protein 4 (GATA4), Platelet and Endothelial Cell Adhesion
Molecule 1 (PECAM1), and smooth muscle actin (SMA) were investigated by measuring
MRNA expression level by qPCR analysis. Early cardiac transcription factor GATA4 was
significantly upregulated in all hCCs except B3 in which GATA4 expression was not
detected when compared to MSCs. When measured relative to cCICs, GATA4 was
approximately one-fold higher in F1, unchanged in D6 and G4, and downregulated in D2
(Figure 2.7A). Cardiomyocyte marker TNNT2 level was reduced in fast growing hCCs D6,
F1 and G4 as opposed to medium and slow growing clones D2 and B3 (Figure 2.7B).
PECAM1 level was higher in F1, G4 and D2 clones than in MSCs, but lower than cCICs.
PECAM1 was not detected in B3 (Figure 2.7C). All hCCs significantly downregulated
SMA relative to MSCs resembling closely to cCICs (Figure 2.7D). Collectively, these data
demonstrate that fast-growing hCCs upregulate expression of early cardiac transcription
factor GATA4 and downregulate expression of maturational cardiac marker TNNT2,

reflective of their cardiac progenitor-like phenotype. In contrast, medium and slow growing
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hCCs exhibit a more committed mRNA profile from this cursory assessment with select

transcripts.

hCCs were also analyzed for expression of pro-survival paracrine factors that
mediate protective effects. HB-EGF, a secreted glycoprotein involved in wound healing
and cardiac development 2526, was significantly upregulated in hCC F1. In comparison,
hCCs D6, G4 and D2 expressed HB-EGF at levels intermediate between the two parent
cell ranges. HB-EGF expression was undetectable in hCC B3 clone (Figure 2.8A). HGF,
a paracrine growth, motility and morphogenic factor?”-2® was expressed at low levels in
hCC D6, F1, G4 and D2, but at a comparable level to MSCs in B3 (Figure 2.8B). hCCs
F1 and D2 expressed high levels of chemotactic factor SDF relative to cCICs but lower
than in MSCs. SDF expression was downregulated in D6 and G4 and undetectable in B3
(Figure 2.8C). FGF2, an important growth factor for wound healing, angiogenesis and
cellular proliferation?® was highly upregulated in B3. hCC F1 and D2 increased FGF2
expression relative to cCICs and were more reminiscent of MSCs, while hCC D6 and G4
expressed lower levels of FGF2 compared to both parent cells (Figure 2.8D). In summary,
similar to what was previously observed with murine CC8, profiling of hCC reveals distinct

transcriptome profiling signatures between the clones.
Survival in response to environmental stress is enhanced in hCC

hCCs response to stress was assessed by serum deprivation with cell death
quantitation by flow cytometric measurement of necrosis and apoptosis. Cell death rates
were similar between hCCs and MSCs but lower than in cCICs (Figure 2.9A). Response
to oxidative stress induced by hydrogen peroxide treatment (350 pmol/L) in serum free

conditions reveals significantly lower rates of apoptosis and necrosis compared to either
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parental line with correspondingly higher rate of survival (Figure 2.9B), consistently
present even when media formulations for parental lines (cCIC or MSC) are used for hCC
culture (Figure 2.10; D2 line). Simulated ischemia-reperfusion injury was also used as an
environmental stress with cells subjected to KH buffer in hypoxia, and growth media in
normoxia as experimental controls. Lower necrotic cell death was found for all hCCs
compared to parent cells. Similar apoptosis rates were observed comparing hCCs to the
parental lines with the exception of D2, which exhibited higher apoptotic cell death (Figure
2.9C). Correspondingly, survival of all the hCCs except D2 was not significantly different
from either parental cell. Similar percentages of apoptotic, necrotic and live cells were
observed in experimental controls (Figure 2.11). In conclusion, unlike susceptibility to
environmental stress in murine CCs similar to parent lines®, hCCs exhibit enhanced

resistance to oxidative stress.
Cardiomyocyte survival is enhanced by hCC co-culture

Protective effects in response to serum deprivation challenge of NRCMs in vitro is
similar between murine CCs or their corresponding parental cells®. The protective effect
of hCCs was similarly assessed, with serum deprivation challenge of NRCMs that
prompted significantly increased cell death which was partially mitigated by addition of
serum for 24 hours (Figure 2.12). Clone B3 was excluded from further experiments
due to slow expansion rate, undergoing replicative senescence after passage
10 in culture. In comparison, lines D6, F1and G4 expansion rate slowed after
passage 10, yet had not reached replicative senescence. Line D2 maintained
consistent proliferation rate for more than 10 passages, currently expanded

more than 27 passages without arrest (Figure 2.13). NRCMs showed improved
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survival mediated by each hCC in response to serum deprivation, co-culture with hCC D2
yielding the highest rate of survival (Figure 2.12). NRCMs co-cultured with cCICs
exhibited high level of survival in response to serum deprivation. Co-culture of MSCs and
hCCs G4 partially rescued NRCMs resembling the effect of serum addition for 24 hours.
hCCs D6 and F1 exerted intermediate protective effect on NRCMs compared to parental
cells while hCCs D2 provided the highest protective effect on NRCMs, exceeding even
that of NRCMs in high serum. Except for hCC G4 which exhibited protective effect similar
to MSCs, most hCCs resembled cCICs in co-culture effect upon NRCMs. Therefore, in
contrast to murine CCs with protective effect similar to their corresponding parent cells,

hCCs exhibit individually distinct variability in protective action.
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DISCUSSION

Myocardial repair and regeneration research continues to progress on multiple
fronts supported by over a decade of cumulative studies despite a recent “whipsaw”
movement of controversies related to the terminology and biology of “cardiac stem
cells”0:31, Although cardiogenic potential of “cardiac stem cells” remains debatable3233,
cardioprotective effects have been repeatedly demonstrated by our group and others 133+
36 with “cardiac stem cells”, now referred to as cCIC in this report to avoid being
misconstrued as cardiogenic cells. Furthermore, cardioprotective effects of cCICs are
enhanced by combinatorial delivery with MSCs®. These findings are encouraging, but
efficacy of such adoptive transfer cell therapies is inherently limited by multiple factors
including poor cell survival, engraftment, and persistence that can be overcome to some
extent by ex vivo cell engineering. Our group has focused upon potentiation of myocardial
repair through use of modified cells created by genetic engineering®1%.1437  fusion®, and
combinatorial culture / delivery®® (Megan Monsanto, unpublished data, [2019]).
Implementation of these ‘unnatural’ approaches to create engineered cell types and
combinations is deliberately intended and rationally designed to overcome inherent
limitations of normal mammalian myocardial that lacks endogenous cellular reservoirs to
repair and restore myocardial structure and function following pathological damage. The
rationale for CC in our initial study was to avoid issues related to variable survival,
engraftment, persistence, and proliferation rates of cCIC versus MSC when mixing these
two distinct populations together for cell therapy administration. We posited that creating
a novel fused hybrid CC would deliver significantly enhanced reparative activity compared

to each parental cell type used either alone or in mixed single cell suspensions; a
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postulate that was validated in a syngeneic murine infarction model®. The next logical
advance of this patented technology (US Patent #20160346330A1) was to apply a
comparable approach in the context of human cCIC and MSC. Species-specific
characteristics between murine versus human biology result in differences in the creation

and phenotypic properties of CC, as reinforced by results in this report.

Comparison between human versus murine CC reveal both similarities as well as
important distinctions. Specifically with respect to similarities between mouse CC and
hCC, there were a few notable parallels including 1) variable proliferative characteristics
(slow, medium, fast), 2) variable CC size, 3) comparable PECAM 1 expression
(intermediate level in both mouse and human CCs compared to the parent cells), and 4)
cardiac troponin T expression at high level relative to parental lines in hCC D2 and B3
(medium and slow grower lines, respectively) similar to mouse CC versus parental lines.
In comparison, differences between mouse CC and hCC were numerous and significant
as demonstrated by 1) higher survival level compared to parental cells in response to
oxidative stress by hCCs, whereas murine CC survival was either similar or lower than
parental cells, 2) normal diploid DNA content of hCC compared to tetraploidy in murine
CC, 3) SMA expression was lower in hCC than either parental cell, but higher in mouse
CCs than the cCIC parental cell, 4) cardiac troponin T expression level in hCC similar to
fast growing parental lines versus higher level expression in mouse CC, and 5) variable
protective effects in NRCM co-culture studies of hCC relative to parental cells versus
similar protective effects between murine CC and parental cells. Even with an admittedly

small sampling size of two murine CCs and 5 hCCs there are demonstrable biological
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and phenotypic differences between species-specific CC warranting further

characterization.

Polyploidy observed in mouse CC was notably absent from human CC lines. The
diploid (2n) DNA content of hCC (Figure 2.5) contrasts with that of murine CCs which had
increased DNA content®. Cytogenic analysis of hCC G4 further confirmed a normal
karyotype with 46 chromosomes. The most straightforward interpretation of this finding is
that human cell fusions do not tolerate polyploidy as a permissive state for mitotic growth,
unlike their murine counterparts. hCCs may acquire one copy of each chromosome
complement from either of the parent cells leading to no change in ploidy content, despite
being successfully fused. This cytogenetic state eliminates concerns regarding fusion-
induced increased DNA content and aneuploidy which can lead to genomic instability and
cellular senescence®. All hCCs retained cellular properties corresponding to cCIC and
MSCs consistent with chromosomal mosaicism in somatic cells without significantly

altering stem cell behavior4.

MSCs mediate cell survival through secretion of pro-survival chemokines and
cytokines including SDF-1 and IGF-14'42. hCCs expressed growth factors and
cardioprotective cytokines including EGF and SDF and were resistant against starvation-
induced cell death (Figure 2.8A,C and Figure 2.9A). Similarly, hCCs demonstrated
enhanced survival in response to oxidative stress (Figure 2.9B) and attenuated necrotic
cell death in response to I/R injury (Figure 2.9B,C). When co-cultured with NRCMs, hCC
G4 exhibited cardioprotective effect similar to MSCs whereas hCCs F1, D6 and D2
exhibited cardioprotective effect similar to cCIC with hCC D2 exhibiting the highest

cardioprotective activity (Figure 2.12). Cellular cross talk survival signals might be
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facilitated in CC, since exosome contents such as MSC-secreted micro-RNA 21 protects
c-Kit* stem cells from oxidative injury through the PTEN/PI3K/Akt signaling pathway*3.
Paracrine signaling activity has been suggested as the mechanistic basis for
cardioprotection using cell therapy**46, so the relevance of the secretome from hCCs
deserves further detailed analyses to establish a putative role in enhancing survival
signaling. The potential contribution of cell fusion to heart regeneration is essentially
unexplored despite the established role of cell fusion as a reprogramming mechanism
leading to enhanced proliferation and growth rate in differentiated cells*’. The findings
presented here suggest cell fusion as a reliable and stable technique to generate human
hybrid cells. cCICs and MSCs are ideal cellular candidates for cell fusion. They can be
consistently isolated and expanded in laboratory settings and they are well established
cell candidates for cellular therapy based on the results of basic biological studies and
clinical trials*#2. In the present study, cCICs and MSCs were used at a ratio of 2:1 but cell
ratios used for fusion can influence the fate and functional potential of resultant hybrids.
Therefore, modifying the cell number ratio prior to fusion could be a promising future
direction leading to the design of hybrids with individualized phenotypic characteristics.
Moreover, adapting cell fusion ratios for future studies may promote creation of hCCs with

more consistent biological profiles.

Cell fusion is a tractable engineering approach to generate a novel cell population
incorporating characteristics of two different human cardiac derived interstitial cell
populations into a single cell. Hybrid CCs possess molecular and phenotypic
characteristics similar to previously established murine CCs with enhanced myocardial

repair potential®. However, cell engraftment, cardiomyogenic and reparative potential of
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hCCs need to be determined and are the subject of the future investigation that could

support next steps toward translational application of hCCs.
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TABLES

Table 2.1. List of Media

Media

Components

Human cCIC Media

10% ES FBS, 1% Penicillin-Streptomycin-Glutamine (100X), 5
mU/mL human erythropoietin, 10 ng/mL human recombinant
basic FGF, 0.2 mmol/L L-Glutathione in F12 HAM'’s (1x)

Human MSC Media

20% FBS, 1% Penicillin-Streptomycin-Glutamine (100X) in
10.1 g/L Minimum Essential Medium Eagle,
Alpha Modification

Human Fusin Media

15% ES-FBS, 1% Penicillin-Streptomycin-Glutamine (100X), 5
mU/mL human erythropoietin, 10 ng/mL human recombinant
basic FGF, 0.2 mmol/L L-Glutathione, 0.2 mg/ml human IL-6,
0.25 mg/ml human LIF in F12 HAM’s (1x)

KH Buffer

125 mmol/L NACL, 8 mmol/L KCL, 1.2 n mol/L KH2PO4, 1.25 m
mol/L mgSO., 1.2 m mol/L CaCl,, 6.25 m mol/L NaHCO3, 20 m
mol/L deoxy-glucose, 5 m mol/L Na-lactate, 20 m mol/L HEPS

NRCM Plating Media

15% FBS, 1% Penicillin-Streptomycin-Glutamine (100X) in
medium 199

NRCM Maintenance Media

10% FBS, 1% Penicillin-Streptomycin-Glutamine (100X) in
medium 199
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Table 2.2. List of Antibodies

Antibody Manufacturer # Catalog | Dilution Application

GFP anti rabbit Thermofisher A11122 1:80 Immunocytochemistry
mCherry anti Rat Thermofisher M11217 1:80 Immunocytochemistry
DAPI Sigma D9542 1:5000 Immunocytochemistry
GFP anti Goat Rockland 35059 1:500 Immunoblotting
mCherry anti mouse | Abcam Ab125096 | 1:500 Immunoblotting
GAPDH anti Goat Sicgen AB0067 1:3000 Immunoblotting
Annexin V-APC Biosciences 550475 1:175 Cell death assay
Sytox Blue Life Technologies S11348 1:2000 Cell death assay
Propidium lodide Invitrogen P3566 1:75 Ploidy analysis
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Table 2.3. List of Primers

mRNA Forward Reverse

Primers

GATA 4 | CTCAGAAGGCAGAGAGTGTGTCAA CACAGATAGTGACCCGTCCCAT
TNNT2 GGAGAGAGAGTGGACTTTATG CCTCCTCTTTCTTCCTGTTTC
PECAM1 | CCAAGCCCGAACTGGAATCT CACTGTCCGACTTTGAGGCT

SMA CCCAGCCAAGCACTGTCAGGAATCCT | TCACACACCAAGGCAGTGCTGTCC
HB-EGF | ACAAGGAGGAGCACGGGAAAAG CGATGACCAGCAGACAGACAGATG
HGF GGCTGGGGCTACACTGGATTG CCACCATAATCCCCCTCACAT

SDF CAGTCAACCTGGGCAAAGCC AGCTTTGGTCCTGAGAGTCC

FGF2 CTGGCTATGAAGGAAGATGGA TGCCCAGTTCGTTTCAGTG

18s CGAGCCGCCTGGATACC CATGGCCTCAGTTCCGAAAA
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Table 2.4. List of Fusions

Fusions % Yield hCC analyzed
1 % 4 G4
2 % 3.1 D6
3 % 1.5 F1
4 % 1.3 B3
5 % 1.2 D2
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FIGURES
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Figure 2.1. hCCs are created from cCIC and MSC cell fusion. A. Schematic of the cell
fusion. Phase A: fusion-suspension of cCICs and MSCs. Phase B: initial fused cells
undergo mitotic event to combine chromatin content. Phase C: Sorting of successfully
fused cell. B. ICC of the hCCs for GFP and mCherry. C. Immunoblot analysis of cCIC-
GFP, MSC-mCherry, Non-Transduced (NT) MSC, and hCCs. PL: protein ladder. GAPDH
is used as the loading control.
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Figure 2.2. Flow cytometry plots of one representative fusion experiment. A. naive
cCICs, B. cCIC-GFP, C. naive MSCs, D. MSC-mCherry, E. the combinatorial cCIC and
MSC group as the negative control and F. Sendai virus-induced fused cells.

36



mCherry
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Figure 2.3. Live native fluorescent images of hCCs illustrating double positivity of
the fused cells.
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CIC-GFP MSC-mCherry  Non-transfected MSCs

mCherry _ Sytox

. l

Figure 2.4. Immunocytochemistry images parent cells validating antibody
specificity for their respective fluorophores. A. cCIC-GFP, B. MSC-mCherry, and C.
Non-transduced MSCs stained for GFP and mCherry. Sytox green was used as the
nuclear stain.
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Figure 2.5. hCCs reveal ploidy status and DNA content corresponding to the parent
cells. A. Flow Cytometry plots for PI/RNAse staining of parent cells and hCCs, G4. N=3
independent experiments. B. Cytogenetic analysis of parent cells and hCC, G4.
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Figure 2.6. Morphometric and proliferative characteristics of hCCs. A. Cell surface
area and B. length to width ratio of the parent cells and hCCs. C. Proliferation rate of
parent cells and hCCs represented as fold change over day 1, and D. cell doubling time
represented in hours. N=3 independent experiments. Statistical analysis was performed
by One-Way ANOVA multiple comparison with Dunnett. *P<0.05 Vs cCIC, **P<0.001 Vs
cCIC, ***P< 0.0001 Vs cCIC, $P<0.05 Vs MSC, $$P<0.001 Vs MSC, $$$P<0.0001 Vs
MSC. Error bars are £ SEM.
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Figure 2.7. hCCs exhibit variable expression level of cardiomyogenic commitment
markers. mRNA expression level of A. GATA4, B. TNNT2, C. PECAM1, and D. SMA for
parent cells and hCCs. N=3 independent experiments, 3 replicates (wells) per group per
experiment. All genes expression is normalized to ribosomal 18s and represented as a
fold change relative to MSCs. Statistical analysis was performed by One-Way ANOVA
multiple comparison with Dunnett. *P<0.05 Vs cCIC, **P<0.001 Vs cCIC, ***P< 0.0001
Vs cCIC, $P<0.05 Vs MSC, $$P<0.001 Vs MSC, $$$P<0.0001 Vs MSC. Error bars are
+ SEM.
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Figure 2.8. hCCs exhibit variable secretory gene profiles. mRNA expression level of
A. HB-EGF, B. HGF, C. SDF, and D. FGF2. N=3 independent experiments, 3 replicates
(wells) per group per experiment. All genes expression is normalized to ribosomal 18s
and represented as a fold change relative to MSCs. Statistical analysis was performed by
One-Way ANOVA multiple comparison with Dunnett. *P<0.05 Vs cCIC, **P<0.001 Vs
cCIC, ***P< 0.0001 Vs cCIC, $P<0.05 Vs MSC, $$P<0.001 Vs MSC, $$$P<0.0001 Vs
MSC. Error bars are £ SEM.
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Figure 2.9. hCCs demonstrate enhanced survival in response to stress. Percentage
of apoptotic, necrotic and live cells following A. serum starvation, B. oxidative stress, and
C. IR injury. N=3 independent experiments. Statistical analysis was performed by Two-
Way ANOVA multiple comparison with Tukey. *P<0.05 Vs cCIC, **P<0.001 Vs cCIC,
***P< 0.0001 Vs cCIC, $P<0.05 Vs MSC, $$P<0.001 Vs MSC, $$$P<0.0001 Vs MSC.
Error bars are £+ SEM.
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Figure 2.10. Percentage of survival (live cells) of D2 clones in cCIC media, cCICs in cCIC
media, D2 clones in MSC media and MSCs in MSC media (from left to right) after
treatment with hydrogen peroxide (350 pymol/L). Error bars are + SEM. *** p<0.001
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Figure 2.11. Percentage of apoptotic, necrotic and live cells. A. cultured in growth
media in normoxic condition and B. subjected to KH buffer in hypoxic condition. Error bars

are + SEM.
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Figure 2.12. hCCs promote cardiomyocytes survival in response to serum
deprivation. A. NRCM co-culture protocol. B. Cardiomyocytes cell death in 10% serum
media (10%), serum free media (SF), rescued and in presence of cCICs, MSCs,
combinatorial group of MSCs and cCICs (+MSCs/cCICs), D6, F1, G4 and D2. Values
presented are fold change of Annexin v+ Sytox Blue+ cells relative to 10% serum media
(also represented as dashed line, 1.0). N=3 independent experiments. Statistical analysis
was performed by One-Way ANOVA multiple comparison with Dunnett. *P<0.05 Vs SF,
***P< 0.001 Vs SF, ++ P<0.01 Vs 10%, +++ P<0.001 Vs 10%.
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Figure 2.13. Cell doubling time of hCCs up to and after passage 10 in culture represented
in hours. Error bars are £+ SEM.
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CHAPTER 3

PIM1 Promotes Survival of Cardiomyocytes by Upregulating c-Kit Protein Expression
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INTRODUCTION

Capacity of the adult mammalian heart to regenerate following injury is severely
limited'-3. Myocardial mass of the heart is 70% cardiomyocytes, the contractile units of
the heart, which withdraw from cell cycle during postnatal growth*°. Pathologic injury such
as myocardial infarction (MI) causes extensive cardiomyocyte death and compromised
cardiac function. In response, the heart undergoes maladaptive remodeling accompanied
by biochemical, molecular, structural, and metabolic changes placing chronic strain on
cardiomyocytes and ultimately leading to heart failure®. Therefore, enhancing
cardiomyocyte survival represents an important strategy for blunting myocardial

deterioration and cardiac failure following pathological damage.

The cardioprotective role of PIM1 serine threonine kinase has been extensively
studied™~"%. PIM kinases are a family of highly conserved, constitutively active
serine/threonine kinases with PIM1 being the highest expressed isoform in the
myocardium®'-13. PIM1 regulates many cellular processes crucial for antagonizing
cellular senescence including cell cycle progression, survival signaling, anti-apoptotic
signaling, preservation of mitochondrial integrity, telomere preservation, and blunting
pathological hypertrophy®®'4. Myocardial infarction injury as represented by decreased
infarct size and improved contractile performance were mediated by cardiac specific
overexpression of human PIM1in transgenic mice®. Furthermore, PIM1overexpressing
hearts displayed blunting of cardiac hypertrophy, decrease in apoptosis markers, and
maintenance of cardiac function following transverse aortic constriction (TAC) pressure
overload compared to TAC banded non-transgenic controls®. In contrast, PIM1 knockout

mice displayed increased cardiomyocyte apoptosis and decreased contractile function in
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response to Ml and TAC?2®. Collectively, these studies demonstrate a powerful role for

PIM1 in cardioprotection.

Similar to PIM1, c-Kit receptor tyrosine kinase also mediates cardioprotective
activity'S. c-Kit is expressed in diverse cardiac cell populations including endothelial cells,
mesenchymal stem cells, and cardiomyocytes'®. In response to adrenergic stress in vitro,
cardiomyocytes upregulate c-Kit, implicating c-Kit in promotion of survival signaling™”.
Functionally, binding of c-Kit ligand, Stem Cell Factor (SCF) induces c-Kit receptor
dimerization, phosphorylation, and activation of the Ras-Raf-MEK-ERK and the PI3K-Akt
pathways'®19. Activation of ERK promotes cardiomyocyte survival in response to
pressure overload, MI, and oxidative stress?022. Activation of Akt promotes
phosphorylation and inactivation of pro-apoptotic proteins?®. Taken together, these results

point to a cardioprotective cascade induced by c-Kit activity.

PIM1 regulates c-Kit protein level in hematopoietic stem cells, altering cellular
biological properties including colony forming capacity?. The present study was designed
to delineate the relationship between PIM1 and c-Kit in cardiomyocytes to reveal a
cardioprotective signaling cascade contributing to amelioration of cardiomyopathic injury.
Findings from this study demonstrate that PIM1 upregulates c-Kit expression post-
transcriptionally in cardiomyocytes. PIM1 interacts with c-Kit at the protein level offering
a potential mechanism of PIM1-mediated regulation of c-Kit expression. Furthermore,
cardiomyocytes with elevated c-Kit expression demonstrate enhanced resistance to
oxidative stress in vitro. Collectively, the findings of this study establish a novel signaling

relationship for PIM1/c-Kit-mediated cardiomyocyte survival.
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METHODS
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. Transgenic mice
with cardiac specific overexpression of human PIM1 (PIM1) and global deletion of PIM1,
PIM2, and PIM3 (PIM-TKO) have been described before®2%. Non-transgenic (NTg) and
gender matched mice of the same strain (FVB) were used as controls. Adult mice aged

4-6 months were used for the study.
Isolation and Culture of Adult Mouse Cardiomyocytes

Cardiomyocytes were isolated from FVB mice as previously described?®. Briefly,
mice were anesthetized with a xylazine/ketamine solution and injected with Heparin
(100U/kg) (Sigma-Aldrich; H3393) intraperitoneally to prevent blood clots. The chest was
opened, and the aortic arch was isolated. 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 the suture. The cannula was attached to a
Langendorff apparatus and was perfused until all blood was cleared from the heart. The
heart was then digested with using buffer containing Collagenase Il (230U/mL)
(Worthington; LS004147) for 12 minutes. Hearts were gently teased apart using forceps
and triturated until no large tissue remained. The cell suspension was transferred to a T-
75 flask and calcium was gradually introduced over a 30-minute interval to a final
concentration of 900 yM. Following calcium introduction, cardiomyocytes were either

lysed for protein or were pre-plated on laminin (ThermoFisher; 23017015) coated dishes

57



at a density of 50,000 cells/mL. After 2 hours, cardiomyocytes were cultured in serum free
media overnight at 37°C following which pharmacological treatments or cell death

experiments were conducted.
Viral Infections

Cardiomyocytes were infected with adenovirus encoding enhanced green
fluorescent protein (eGFP) or mouse c-Kit-GFP (VectorBuilder; VB190910-1241cgq) at
an MOI of 100 for 48 hours. GFP and c-Kit overexpression were confirmed via

immunoblot.
Pharmacological Treatments

Cardiomyocytes were plated at a density of 100,000 cells per 35mm dishes. The
next day, cardiomyocytes were treated with 200 ng/mL murine stem cell factor (SCF)
(Peprotech; 250-03) for one hour. For the cell death assay, cardiomyocytes were pre-

treated with 0.5 yM Imatinib (R&D Systems; 5906) for 2 hours.
Immunoblot

Cells were lysed in ice cold radioimmunoprecipitation assay (RIPA) buffer
(ThermoFisher; 89900) containing protease and phosphatase inhibitor cocktails (Sigma-
Aldrich; P8340, P5726, P2850). Protein concentrations were analyzed and normalized by
Bradford Assay and lysates were prepared by addition of NUPAGE LDS Sample Buffer
(ThermoFisher; NP0007) and 100 uM dithiothreitol (Bio-Rad; 161-0611). Samples were
sonicated and boiled then loaded onto a 4-12% NuPAGE Bis-Tris gel (ThermoFisher;
NP0321BOX) and run in MOPS buffer (ThermoFisher; NP0001) for 80 minutes at 150V.

Proteins were transferred onto an Immobilon-FL Polyvinylidene difluoride membrane
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(EMD Millipore; IPFLO010) for 2 hours at 30 mA following which the membrane was
blocked with Odyssey Blocking Buffer (Li-Cor; 927-50000) for one hour at room
temperature and incubated with primary antibodies prepared in blocking buffer with 0.2%
Tween-20 overnight at 4 °C. Secondary antibodies prepared in blocking buffer were
applied for 2 hours at room temperature. Fluorescent signal was detected using an
Odyssey CLx imaging system (Li-Cor) and bands were quantified using Image Studio.

Primary antibodies used are listed in table 3.1.
Quantitative RT-PCR

RNA was isolated using Quick-RNA Miniprep Kit (Zymo Research; R1054)
following the manufacturer’s instructions. RNA concentrations were determined using a
Nanodrop 2000 spectrophotometer (ThermoFisher) and cDNA was synthesized using
iScript cDNA synthesis kit (Bio-Rad; 1708890). Reactions were prepared in triplicate
using 6.5ng cDNA per reaction and iQ SYBER Green (Bio-Rad; 1708880) on a CFX Real-
Time PCR thermocycler (Bio-Rad). Samples were normalized to 18S and data were

analyzed by AACt method. Primer sequences used are as follows:
c-Kit Forward: ATTGTGCTGGATGGATGGAT

c-Kit Reverse: GATCTGCTCTGCGTCCTGTT
Co-Immunoprecipitation

PIM1 hearts were transferred to a 5 mL round bottom tube containing 1 mL of lysis
buffer composed of Tris-HCI, pH 7.4 (50 mM), NaCl (150 mM), EDTA (1 mM), EGTA (1
mM) and protease and phosphatase inhibitors (Sigma-Aldrich). Hearts were finely minced

using a Polytron Homogenizer (ThomasSci) at 22,000 RPM for 3 seconds. The
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homogenates were transferred to a 1.7 mL microcentrifuge tube and Triton X-100 was
added to a final concentration of 1%. The tissue homogenates were vortexed then
incubated on ice for 45 minutes. Debris was cleared from the homogenates by
centrifugation at 20,000 x g at 4°C. The lysates were precleared by addition of 20 pl
Protein A agarose beads (Santa Cruz Biotechnology; sc-2001) on a rotator at 4°C for 30
minutes. The beads were pelleted by centrifugation at 1,000 x g for 5 minutes and the
supernatant was transferred to a fresh microcentrifuge tube on ice. An aliquot of the
sample was taken as the “pre-immunoprecipitation” sample. Primary antibody was added
to the lysates and was incubated on a rotator at 4 °C overnight. Antibodies are listed in
table 3.1. The following day, 20 ul Protein A agarose beads were added to the lysates on
a rotator for 2 hours. The beads were pelleted by centrifugation at 1,000 x g for 5 minute
and the supernatant was saved as the “post-immunoprecipitation supernatant”. The
beads were washed by resuspending in 1 mL of ice-cold phosphate-buffered saline
(PBS), following which the beads were centrifuged. The washes were repeated for a total
of 3 times. The bead pellet was suspended in NUPAGE LDS sample buffer
(ThermoFisher; NP0007) containing 100 uM dithiothreitol (Bio-Rad; 161-0611) and the
beads were boiled at 95°C for 5 minutes. The sample was centrifuged at 20,000 x g at
room temperature for 5 minutes and the samples were loaded on a gel for immunoblot

analysis.
Proximity Ligation Assay

Cardiomyocytes were isolated and plated on 8 well glass chamber slides. Cells
were fixed in a 4% formaldehyde solution for 20 minutes at room temperature then were

permeabilized in a 0.1% Triton-X solution for 15 minutes. The proximity ligation assay
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was performed according to the manufacturer’s instructions (Sigma Aldrich; DUO92104-
1KT). Briefly, cardiomyocytes were blocked using Duolink Blocking Solution in a heated
humidity chamber for 60 minutes at 37 °C. Primary antibody was diluted in Duolink
Antibody Diluent and added to the wells. The slides were incubated with primary antibody
overnight in a humidity chamber at 4 °C. The following day, the slides were washed twice
for 5 minutes each using Wash Buffer A. The plus and minus probes were applied to the
wells and the slides were incubated in a humidity chamber for 60 minutes at 37 °C. The
slides were washed twice for 5 minutes each using wash Buffer A following which the
ligation solution was added and incubated for 30 minutes at 37 °C. After two 5-minute
washes using Wash Buffer A, the amplification solution was added to the wells and the
slides were incubated for 100 minutes at 37 °C. The slides were washed twice for 10
minutes each using Wash Buffer B, followed by one last wash in 0.01x Wash Buffer B for
1 minute. The slides were then mounted with a coverslip using Mounting Medium with
4',6-diamidino-2-phenylindole (DAPI) and were imaged using a Leica SP8 confocal

microscope.
Cell Death Assay

Cardiomyocytes were isolated and plated on 35 mm dishes. Following viral or
pharmacological treatment, cells were treated with 10 yM H202 (Sigma Aldrich; H1009)
for 3 hours. TO-PRO-3 (ThermoFisher; T3605) was added to the wells in a 1:10,000

dilution and cells were immediately imaged using a Leica SP8 confocal microscope.

Statistical Analyses
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Statistical analyses were performed using Student’s t-test, one way-ANOVA or
two-way ANOVA with Tukey’s multiple comparison test on GraphPad Prism v5.0. A value

of p<0.05 was considered statistically significant.
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RESULTS
PIM1 upregulates c-Kit protein expression

PIM1 regulates c-Kit expression in hematopoietic stem cells?*, but this relationship
has not been examined in the myocardial context. Therefore, c-Kit protein level was
measured in whole heart lysates from PIM1 and PIM-triple knockout (TKO) mice by
immunoblot. PIM1 overexpression is driven downstream of the alpha myosin heavy chain
promotor which results in cardiomyocyte specific overexpression of PIM1. PIM1 hearts
displayed significantly elevated c-Kit expression compared to non-transgenic (NTQ)
hearts (Figure 3.1A, Figure 3.2A) whereas PIM-TKO hearts displayed significantly lower
c-Kit expression compared to NTg (Figure 3.1B, Figure 3.2B). To further validate the role
of PIM1 in the regulation of c-Kit expression, cardiomyocytes were isolated and analyzed
for c-Kit expression via immunoblot. PIM1 cardiomyocytes displayed a 2.5-fold increase
in c-Kit expression compared to NTg cardiomyocytes (Figure 3.1C, Figure 3.2C). c-Kit
MRNA level was analyzed by RT-qPCR revealing no significant difference between PIM1
and NTg cardiomyocytes, consistent with the premise that PIM1 does not regulate c-Kit
at the transcriptional level (Figure 3.1D). Overall, these results demonstrate that PIM1

regulates c-Kit expression post-transcriptionally in adult murine cardiomyocytes.
PIM1 interacts with c-Kit

Regulation of c-Kit expression by PIM1 occurs post-transcriptionally [24, Figure
3.1], therefore potential association between PIM1 and c-Kit proteins in heart lysates was
assessed by co-immunoprecipitation (IP) of c-Kit and PIM1 followed by immunoblotting
(Figure 3.3A, Figure 3.4). PIM1 overexpressing whole heart input lysates displayed

elevated expression of PIM1, c-Kit, and SRC. Levels of PIM1 were decreased in post-IP
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supernatant following pull down with PIM1 antibody, validating depletion of PIM1 from
heart lysate. PIM1 and c-Kit were enriched in the IP: PIM1 sample, as evidenced by the
prominent bands corresponding to PIM1 protein and c-Kit (Figure 3.3A) confirming a
protein association between PIM1 and c-Kit. No c-Kit was detected in the negative control
indicating that c-Kit was only enriched in association with PIM1 IP. Protein expression of
SRC, a tyrosine kinase that has no known interaction with PIM1 was also analyzed as a
negative-interaction protein control. PIM1 IP failed to show association with SRC protein
supporting specificity of PIM1:c-Kit interaction. Further corroboration of PIM1:c-Kit
association, a proximity ligation assay (PLA) was performed on isolated PIM1
cardiomyocytes. PLA demonstrates a physical association and protein-protein interaction
of two separate molecules within 40nm (Figure 3.3B). Proximity between PIM1 and c-Kit
was detected in cardiomyocytes as indicated by the red fluorescence which displayed a
significantly higher number of spots of proximity compared to the negative controls
(Figure 3.5). Taken together, these results demonstrate that PIM1 interacts with c-Kit at

the protein level in cardiomyocytes.
Cardioprotective signaling downstream of c-Kit is elevated in PIM1 cardiomyocytes

c-Kit receptor activation is mediated by binding of Stem Cell Factor (SCF) that
activates cardioprotective PI3k-Akt and MAPK/ERK pathways?%222327 Signal cascades
downstream of c-Kit receptor activation by SCF was assessed to determine
cardioprotective signaling upregulation in PIM1 versus normal cardiomyocytes. Isolated
cardiomyocytes from PIM1 overexpressing and non-transgenic (NTg) hearts were treated
with SCF and levels of activated ERK1/2 and AKT measured over a one-hour time course

by immunoblot. Cardiomyocytes from both groups responded to SCF treatment with
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activation of AKT or ERK signaling (Figure 3.6) unaffected by overexpression of c-Kit
(Figure 3.1C). In contrast, PIM1cardiomyocytes displayed significantly increased ERK1/2
activation at the 15-minute time point compared to NTg cardiomyocytes (Figure 3.6A,
Figure 3.7A). AKT was not significantly different between PIM1 and NTg cardiomyocytes
over the time course (Figure 3.6B, Figure 3.7B). In summary, PIM1 cardiomyocytes
responded to SCF treatment by activating both ERK and AKT, but only ERK1/2 activation

was enhanced by the presence of PIM1.

Elevated c-Kit expression enhances resistance against oxidative stress in

cardiomyocytes

c-Kit activity is cardioprotective®®, raising the possibility that elevated c-Kit
expression enhances survival of cardiomyocytes independent of PIM1. Elevation of c-Kit
protein was mediated by adenoviral overexpression in cardiomyocytes (Figure 3.8A).
Validation of adenoviral expression of GFP and c-Kit was confirmed via immunoblot
(Figure 3.8B, Figure 3.9). After viral transduction to induce protein overexpression, the
cardiomyocytes were treated with H202 and cell death was determined using TO-PRO-
3 (Figure 3.8C). Cell viability was comparable between c-Kit overexpressing
cardiomyocytes compared to the GFP controls at baseline (Figure 3.8D). Viability was
significantly higher in c-Kit overexpressing cardiomyocytes following H202-induced
stress compared to the GFP cardiomyocytes, although both groups showed comparable
live cells at baseline prior to exposure (Figure 3.8C, D-Vehicle only). Collectively, these
results demonstrate that elevated c-Kit expression protects cardiomyocytes against

oxidative stress.

PIM1 and c-Kit act independently to confer cardioprotection
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The cardioprotective role of PIM1 is well established®-10-29-31 byt involvement of c-
Kit in PIM1-mediated cardioprotection has not been elucidated. Involvement of c-Kit in
PIM1-mediated cardioprotection was assessed in cardiomyocytes subjected to oxidative
stress following treatment with imatinib, an inhibitor of c-Kit activity®?. Isolated
cardiomyocytes were pretreated with imatinib for 2 hours, then challenged with H202 for
3 hours (Figure 3.10A). Cell viability was determined by quantitation of TO-PRO-3 stained
cardiomyocytes (Figure 3.10B). Viability was comparable between PIM1 and NTg
cardiomyocytes at baseline prior to H202-mediated stress (Figure 3.10C) and imatinib
treatment had no effect on cell viability. In comparison, viability was significantly higher
following H202 exposure in PIM1 cardiomyocytes compared to NTg cells. Pretreatment
with imatinib significantly decreased cell viability following H202 challenge in PIM1 and
NTg cardiomyocytes compared to H202 alone. However, PIM1 cardiomyocytes retain
higher cell viability compared to NTg even after imatinib-blocking of c-Kit signaling. Taken
together, these results are consistent with PIM1 and c-Kit acting independently and

synergistically to protect cardiomyocytes from oxidative stress.
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DISCUSSION

Decades of cardioprotective signal transduction studies have produced an intricate
web of relationships between mediators of cardiomyocyte survival. Our group were
pioneers in establishing PIM1-mediated cardioprotection in over a decade of
studies®®16:29.30.33-35  that was subsequently reinforced by studies from other
researchers” 103637 Similarly, cardioprotection is also conferred by c-Kit activity'7:3238,
with c-Kit biology inextricably linked to myocardial homeostasis3%4°. Synergism between
PIM1 and c-Kit in cardioprotective signaling could be inferred from fundamental biological
roles in hematopoietic cells for both PIM111:4142 and c-Kit643 as well as the ability of PIM1
to increase c-Kit gene translation?*. Following these precedents, this study establishes
the link between c-Kit and PIM1 in cardiomyocyte protection from oxidative stress in vitro.
Specifically, PIM1 interacts with c-Kit protein to increase c-Kit expression which
subsequently promotes ERK activity. These findings provide novel insights into PIM1

mediated signal transduction mechanisms of cardioprotection.

Collectively, the present study along with previously published reports reinforce
the crucial role of PIM1 in promoting cardioprotective signaling. Overexpression of PIM1
in neonatal rat cardiomyocytes (NRCM) upregulated anti-apoptotic proteins BCL-XL and
BCL-2 and inactivated pro-apoptotic protein BAD by phosphorylation®. Further, PIM1
overexpression protected mitochondrial integrity and decreased mitochondrial swelling in
NRCM after hydrogen peroxide treatment'®. In vivo studies also demonstrated the
cardioprotective role of PIM1. PIM1 knockout mice displayed decreased contractile
function and increased apoptotic death in response to Ml and TAC®®°. Conversely, mice

with cardiac specific overexpression of PIM1 displayed decreased apoptotic cell death

67



after MI, blunting of hypertrophy, decreased infarct size after MI, and preserved

contractility®.

Independent of PIM1, elevated levels of c-Kit enhance resistance to oxidative
stress in vitro by promoting downstream expression of activated ERK. The Ras-Raf-
MEK-ERK cascade has been implicated in promoting survival of cardiomyocytes in

response to oxidative stress!7:19.21:44.45

While the present study introduces a link between PIM1 and c-Kit in
cardiomyocytes, the mechanism of PIM1 mediated upregulation of c-Kit remains to be
elucidated. A previous report demonstrating PIM1 regulation of c-Kit in hematopoietic
cells found regulation to be at the translational level?*. Knockout of PIM1 did not affect
transcription of c-Kit gene, but PIM1 expression enhanced c-Kit 35S methionine labeling
and increased ribosomal incorporation of c-Kit MRNAZ24. Possibilities for how PIM1 exerts
potentiation of c-Kit expression could include direct protein-protein interaction as well as
post-translational modifications and stabilization of c-Kit analogous to the effect of PIM1
upon RelA/P65 phosphorylation*é. The potential of PIM1 to phosphorylate c-Kit is one of

several possibilities based upon our findings to be investigated in the future.

In summary, PIM1 upregulates c-Kit protein expression to promote protection in
cardiomyocytes, consistent with cumulative evidence of cardioprotection as well as
preservation of a more “youthful” phenotype mediated by PIM1 overexpression®2%3447,
Reinforcement of c-Kit activity by PIM1 could account for the ability of PIM1 to antagonize
cellular senescence®*4” and serve as the basis for future studies. Mechanistic
understanding of PIM1 mediated cardioprotection could provide valuable information

towards protection of cardiomyocytes to promote cardiac repair.
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TABLES

Table 3.1. Antibody list

Antibody Catalog Number Dilution Application
PIM1 ThermoFisher 39-4600 1:500 IB, Co-IP
PIM1 ThermoFisher 710504 1:100 PLA
c-Kit R&D AF1356 1:200, 1:100 IB, PLA
GAPDH Millipore Sigma MAB374 1:5000 1B

SRC Abcam Ab47405 1:500 IB
pERK1/2 CST 9101 1:500 IB
ERK1/2 CST 9102 1:500 IB

pAkt (Serd73) CST 9271 1:500 IB

Akt CST 9272 1:500 IB

GFP Rockland 600-101-215 1:1000 IB
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Figure 3.1. PIM1 upregulates c-Kit protein expression. A. Immunoblot analysis
showing expression of c-Kit in PIM1 vs NTg whole heart lysates with quantification below.
N=3, Error bars represent SEM, *p<0.05 vs untreated as measured by Student t test. B.
Immunoblot analysis showing expression of c-Kit in PIM-TKO vs NTg whole heart lysates
with quantification shown below. N=3, Error bars represent SEM, *p<0.05 vs untreated
as measured by Student t test. C. Immunoblot analysis showing c-Kit expression in
cardiomyocytes isolated from PIM1 overexpressing hearts vs NTg with quantification on
the right. N=3, Error bars represent SEM, *p<0.05 vs untreated as measured by Student
t test. D. Gene expression of c-Kit in cardiomyocytes isolated from PIM1 and NTg hearts
as revealed by qPCR. N=3, Error bars represent SEM.
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Figure 3.2. Full blot of cropped image presented in Figure 3.1A., Figure 3.1B, and

Figure 3.1C of the manuscript.
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Figure 3.3. PIM1 interacts with c-Kit. A. Immunoblot analysis of a co-
immunoprecipitation using whole heart lysates from PIM1 hearts in which PIM1 was
pulled down. B. Interaction between PIM1 and c-Kit as determined by proximity ligation
assay (top panel) and in the absence of primary antibody (bottom panel). Proximity events

are shown as red dots.
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Figure 3.5. Negative controls for the Proximity Ligation Assay. Endogenous GFP is
shown in green, the PLA signal is shown in red and DAPI is shown in gray.
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Figure 3.6. Cardioprotective signaling downstream of c-Kit is elevated in PIM1
cardiomyocytes. A. Immunoblot analysis of activated ERK1/2 and B. activated AKT in
NTg and PIM1 cardiomyocytes following treatment with SCF over 60 minutes.
Quantification is shown on the right. N=5, Error bars represent SEM, *p<0.05, **p<0.01
and ***p<0.001 as measured by two-way ANOVA multiple comparison with Tukey.
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Figure 3.8. Cardiomyocytes with elevated c-Kit expression demonstrate enhanced
resistance against oxidative stress. A. Schematic showing the treatment procedure. B.
Immunoblot analysis of isolated cardiomyocytes transduced with GFP or c-Kit-GFP. C.
Fluorescent images of TO-PRO-3 staining on GFP or c-Kit expressing cardiomyocytes
treated with vehicle or H202 overlaid with brightfield images depicting dead or dying cells
in red. D. Quantification of cell viability counted from fluorescent images. N=4, 300-600
cardiomyocytes counted per group, error bars represent SEM, *p<0.05, **p<0.01 and

p<0.001 as measured by two-way ANOVA multiple comparison with Tukey.
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cells. C. Quantification of cell viability counted from fluorescent images. N=5, 300-600
cardiomyocytes counted per group, error bars represent SEM, *p<0.05, **p<0.01 and
***p<0.001 as measured by two-way ANOVA multiple comparison with Tukey.
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Chapter 3, with slight modifications, is a reprint of the material as it appears in
Cells, 2020. PIM1 Promotes Survival of Cardiomyocytes by Upregulating c-Kit Protein
Expression. David E Ebeid, Fareheh Firouzi, Carolina Y Esquer, Julian M Navarrete,
Bingyan J Wang, Natalie A Gude, Mark A Sussman. The dissertation author was the co-

first author and investigator on this manuscript.
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CHAPTER 4

‘Youthful’ Phenotype of c-Kit* Cardiac Fibroblasts
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INTRODUCTION

Fibroblasts constitute the primary subtype of cardiac nonmyocyte populations™2.
Functional diversity including (but not limited to) myocardial development, structural and
mechanical homeostasis, and pathological remodeling®® necessitates fundamental
characterization of cardiac fibroblasts (CFs) to glean insights into normal cardiac biology
coupled with potential therapeutic interventions to mitigate myocardial damage and
aging. However, advancement of CF biology has been limited by 1) molecular
heterogeneity within CF population, 2) understudied biological properties of CF
subpopulations and, 3) rudimentary understanding of gene expression signatures
underlying their functional plasticity. Molecular markers that define phenotypic and
functional properties would refine delineation of CF subsets responsible for biological

responses in development, injury, and aging.

c-Kit is a type Il receptor tyrosine kinase present in different cells throughout
various adult tissues®-2. In the heart, c-Kit* cells encompass multiple cell types including
cardiomyocytes as well as cardiac interstitial cells (CICs) involved in myocardial
homeostasis and reparative remodeling®-'2. Mechanistically, binding of stem cell factor
(SCF) ligand induces c-Kit receptor dimerization, phosphorylation, and activation of
downstream signaling targets”'3. Outcomes of c-Kit activation are cell type-specific and
include cellular activities such as proliferation, survival, cell differentiation and

migration812.14,

c-Kit is expressed in fibroblast subtypes in several tissues and organs including
aorta, lung, and liver'>-'8_In the lung, a subpopulation of fibroblasts upregulates c-Kit in

response to pathological injury while lacking myofibroblast associated markers such as
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a-SMA and collagen 1'8. In addition, cultured fibroblasts with induced c-Kit expression
resulted in “rejuvenation” of cells with youthful biological traits such as smaller cell size
and higher proliferative capacity’®. Nevertheless, biological significance of c-Kit and
functional contribution of c-Kit signaling within the CFs population remains obscure.
Based upon substantial experience of our laboratory studying cardiac c-Kit biology'%2°-

24 the present study examines c-Kit signaling within CICs of fibroblast lineage.

CF is a challenging population of cells to study due in part to the lack of unique
marker proteins. Simply put, multiple cell types express most fibroblast markers?.
However, there are organ-specific characteristics to distinguish fibroblasts in different
tissues. For example, in human and mouse cardiac tissue Discoidin domain-containing
receptor 2 (DDR2): a collagen-induced receptor tyrosine kinase is expressed mainly by
fibroblasts'-25. Therefore, DDR2 was used as the primary marker of the CF population
that served as the basis for our investigation of c-Kit biology. Findings of the present study
document phenotypic properties in the DDR2* CF population relative to c-Kit expression

and reveal that youthful pre-committed characteristics are coincident with c-Kit* in CF.
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METHODS
Mouse models

Three-month-old FVB/J mice and inducible c-Kit reporter mouse models (named
CKH2B) were used. As described previously'?, CKH2B transgenic mouse was created
by crossing a c-Kit-rtTA mouse line; harboring rtTA transcription factor under the control
of c-Kit promoter, with a TRE-H2BEGFP line; with tetracycline responsive H2BEGFP
reporter construct. Doxycycline treatment of double transgenic mice drives expression of
H2BEGFP construct with active c-Kit promoter. In vivo, H2BEGFP reporter expression
was induced by administering 0.2 mg/ml doxycycline in the drinking water for up to four

days.
Myocardial infarction

All animal procedures and experiments were approved by the Institutional Animal
Care and Use Committee at San Diego State University (IACUC). Mice were housed on
ventilated racks provided with ambient temperature of 70-72 °F, on a 12-h light dark
cycle. Myocardial infarction (MI) was induced on FVB/J strain mice under 2% isoflurane
as previously reported?. Briefly, a small incision was made between the 3rd and 4th ribs
and the heart was squeezed out by gently pressing the thorax. The left anterior
descending artery (LAD) was then ligated at the distal diagonal branch with a 7-0 silk
suture. Infarction was confirmed by paling of anterior left myocardium wall. Squeezing
heart out of the chest and placing it back in the chest without ligation of the LAD was
considered a sham surgery. Seven days post Ml or sham surgery, hearts were either
retro-perfused and fixed in formalin for paraffin processing or lysed for protein collection

and immunoblotting.
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CIC isolation and expansion

CICs were isolated from 3-month-old FVB/J mice or CKH2B mouse models
following enzymatic dissociation (Liberase™ DH Research Grade, 26 U/ ml, Sigma-
Aldrich, 5466202001) of the whole heart on a Langendorff apparatus (Radnoti, 158831)
as previously described??. For young vs old cell analysis, CICs were isolated from 1.5-
month-old and 9-month-old mice respectively. Cell suspension was then passed through
a 100-micron nylon mesh and cardiomyocytes were separated by centrifugation for 2
minutes at 150 x g. Total non-myocyte CICs were either directly analyzed by flow
cytometry or cultured at 37 °C in 5% CO2 incubator in growth media [DMEM/F12
supplemented with 10% FBS and 1% Penicillin-Streptomycin-Glutamine (100X)] for
subsequent analysis (Figure 4.1A). Cultured CICs were used at p3 for the experiments.
In vitro, H2BEGFP reporter expression was induced by administering 0.1 mg/mi

doxycycline at 1:1000 dilution in growth media for 24 hours.
Flow cytometry and cell sorting

Freshly isolated CICs were blocked in 10% HS in 1X PBS on ice for 30 minutes.
Following, cells were washed with wash buffer (0.5% BSA in 1X PBS) and incubated with
antibodies on ice for 30 minutes. For fixed cell analysis, cells were suspended in 4%
paraformaldehyde for 10 minutes at room temperature prior to blocking and antibody
staining. Post antibody incubation, cells were washed with wash buffer, resuspended in
300 pl wash buffer and analyzed and/or sorted based on surface expression of c-Kit and
DDR2 by flow cytometry [BD FACS Melody™ cell sorter or BD FACS Canto™ (BD
Biosciences)]. To deplete for CD45, cell suspension was incubated with CD45-labeled

beads (Miltenyi Biotec, catalog #130-052-301) and sorted according to the manufacturer’s
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protocol. CD45" population was then stained for c-Kit and DDR2. Unstained and isotype
controls were used to establish gating strategies and baseline fluorescence levels.

Antibodies and dilutions are listed in table 4.1.
Immunohistochemistry and confocal microscopy

Heart tissues from uninjured, sham and MI mice were fixed in formalin and
processed for paraffin embedding as previously described'®. For immunolabeling, 5um-
sections were deparaffinized and subjected to antigen retrieval (10mM citrate pH 6.0).
Endogenous peroxidase activity was quenched in 3% H202 in 1X PBS for 30 minutes.
Tissues were incubated with primary antibodies overnight followed by secondary antibody
incubation for 90 minutes. Nuclei were stained with 4',6-diamidino-2-phenylindole, (DAPI)
diluted in 1X PBS at room temperature for 15 minutes and slides were coverslipped with
Vectashield mounting media. Images were captured on a Leica SP8 confocal microscope
and Imaged software (National Institutes of Health) was used to quantify staining intensity
presented as a percentage of the area of each image. Antibodies and dilutions are listed

in table 4.1.
Immunoblotting

Whole heart tissue and cultured cells were homogenized in lysis buffer containing
protease and phosphatase inhibitor cocktails (Sigma-Aldrich; P8340, P5726, P2850).
Bradford assay was performed to analyze and normalize protein concentrations and
lysates were prepared by addition of NUPAGE LDS Sample Buffer (ThermoFisher;
NPO0007) and 100 yM dithiothreitol (Bio-Rad; 161-0611). Samples were sonicated and
boiled for 5 minutes at 95 °C and stored at -80 °C. Proteins were separated on a 4-12%

NuPAGE Bis-Tris gel (ThermoFisher; NP0321BOX) and transferred onto a polyvinylidene
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fluoride membrane. Nonspecific binding sites were blocked using Odyssey blocking buffer
(LICOR, 927-60001) and proteins were labeled with primary antibodies in 0.2% Tween in
Odyssey blocking buffer overnight. After multiple washes, blots were incubated with
secondary antibodies in 0.2% Tween 20 in Odyssey blocking buffer for 1.5 hours at room
temperature and scanned using the LICOR Odyssey CLx scanner. Quantification was

performed using ImageJ software. Antibodies and their dilutions are listed in table 4.1.
Immunocytochemistry and confocal microscopy

Three CIC populations of c-Kit" DDR2-, c-Kit- DDR2* and c-Kit" DDR2* were plated
on a 2-well chamber slide (10,000 per well). Cells were fixed in 4% paraformaldehyde for
20 minutes, washed in 1% Tween in 1X PBS and blocked in 10% HS in 1X PBS.
Phalloidin staining was performed at room temperature for 1.5 hours. Nuclei were stained
with DAPI diluted in 1X PBS at room temperature for 15 minutes. Cells were imaged using
a Leica TCS SP8 confocal microscope. Antibodies and dilutions are listed in table 4.1.
For nucleation status measurement, images of phalloidin-stained cells were used to count

the number of nuclei per cell in each group.
Senescence-associated beta-galactosidase (SA-B-Gal) staining

Three populations of CICs were seeded on a 6-well plate at a density of 20,000
cells per well. Senescence detection kit (Abcam, ab65351) was used per manufacturer’'s
instruction. Briefly, cells were washed in 1X PBS and fixed in fixative Solution for 10 - 15
minutes at room temperature. Next, cells were incubated with staining solution including
X-gal for 1 hour at 37°C. Cells were observed under microscope for development of blue

color and imaged using a Leica DMI6G0O00 live imaging microscope. Images were
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processed using Imaged software (National Institutes of Health) and number of SA-B-

Gal+ cells was counted.
Morphology measurement

Bright field images of the three CIC populations of c-Kit* DDR2", c-Kit DDR2* and
c-Kit* DDR2" were obtained using a LEICA DM IL microscope and cell boundaries were
outlined by image analysis using ImagedJ software (National Institutes of Health). Cell
surface area, length to width ratio and roundness were determined as previously

described?.
Proliferation assay and doubling time

Three populations of CICs were seeded on 12-well plates in quintuplicate at a
density of 20,000 cells per well. At 3 time points (days 1, 4, and 7) cells were dissociated
and counted manually using a hemocytometer. Cell proliferation rate was determined for
each cell population as fold change over day 1. Cell doubling time was calculated for each
group using online population doubling time software (http://www.doubling-

time.com/compute_more.php).
Cell motility measurement

Three populations of CICs were plated on a 6-well plate at a density of 20,000 cells
per well. Time-lapse video microscopy was conducted using Leica DMI6000 live imaging
microscope equipped with a 37°C temperature-controlled stage with a humified
atmosphere containing 5% CO2 to allow the cells to remain viable during the image
acquisition. Images were acquired with a 30-second time interval over the course of 96

hours and compiled into time-lapse videos. Four cells from each time-lapse video
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corresponding to each population of cells were manually tracked using ImagedJ software

and their velocity of movement (uM/s) was calculated.
scRNA-Seq

Freshly isolated single cell suspensions were loaded on a Chromium™ Controller
(10x Genomics) and single-cell RNA-seq libraries were prepared using Chromium™
Single Cell 3’ Library & Gel Bead Kit v3 (10x Genomics; 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 quantified 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). Sequencing libraries were
submitted to the UCSD IGM Genomics Core for sequencing (NovaSeq 6000). For single
cell selection and quality control, the raw data was processed with the Cell Ranger
pipeline (10X Genomics; version 3.0.1, Figure 4.7). 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 droplet multiplets were excluded using the Interquartile Range Rule (Values
over the third quartile and 1.5 the interquartile range are considered outliers). Cell with
more than 20% of mitochondrial gene UMI count and genes detected in fewer than three
cells were filtered out using Seurat R Package (v4.0.4)?*. The first 12 principal
components were significant to perform dimensionality reduction. Preparations derived
from cell surface sorting strategy yielded 12286 barcoded cells for analysis, from which

3603 corresponded to c-Kit* DDR2, 2755 corresponded to c-Kitt DDR2*, 4546
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corresponded to CND c-Kit" DDR2*, and 1382 corresponded to c-Kit* DDR2* CD45-. Final
removal of unwanted sources of variation and batch effect corrections was performed
using Seurat R Package (v4.0.4)?*. Dimensionality reduction and unsupervised clustering
approximately 2000 variable genes were selected based on their expression and
dispersion. Prior dimensionality reduction, data was scaled to mean expression equal to
0 and variance across cells equal to 1. Principal component analysis was performed on
the scaled data as a linear dimensionality reduction approach. The first 12 most significant
principal components (PCs) were selected for non-linear dimensional reduction (PCA,
tSNE and UMAP; Figure 4.9A) and unsupervised clustering 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; Figure 4.9B). 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). Gene ontology (GO) enrichment analysis for DEGs lists
derived from c-Kit* DDR2-, c-Kit DDR2*, CND c-Kit* DDR2* and c-Kit* DDR2* CD45- cells
was performed using enrichGO and compareCluster functions of clusterProfiler (3.16.1)
R package?®. GO terms were selected with p-value cutoff of 0.05 using BH method. RNA
velocity and pseudotime analysis RNA velocity was performed to explore transitional
states of c-Kit* DDR2-, c-Kit- DDR2*, CND c-Kit* DDR2* and c-Kit"* DDR2* CD45- derived
cells. Expression data from 12286 cells was used to generate a cds object to process
through monocle326. Analysis was performed using 12 PCs for dimensionality reduction

and trajectory inference. Gene expression module scores for single cells were calculated
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for Secretory Associated Senescence Phenotype factors (SASPs), and Growth Factors,
using the AddModuleScore function in the Seurat R package. SASP and growth factors
are listed in table 4.2. Cell Cycle score and analysis was performed as described by the
Satija group based upon cell cycle markers developed for scRNA-seq analysis?’. scRNA-
Seq data generated in this study has been uploaded to the Gene Expression Omnibus

(GEO) database (GSE188804).
Statistical analysis

All data are expressed as mean + SEM. Statistical significance was assessed
using Student t-test for comparison between two groups and one-way or two-way ANOVA
for multiple comparisons, followed by the Tukey or Bonferroni post hoc tests to compare
groups with a control group in GraphPad Prism version 5.0. P<0.05 was considered

statistically significant.
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RESULTS
c-Kit promoter is active in cardiac fibroblasts in vitro

To identify c-Kit gene expression in CFs, non-myocyte CICs were isolated from a
previously described CKH2B reporter mouse model. Cultured CICs were treated with
doxycycline for 24 hours to induce EGFP reporter expression in cells with active c-Kit
promoter. Subsequently, cells were immunolabeled for EGFP and fibroblast markers and
analyzed through flow cytometry (Figure 4.1B). EGFP* cells comprised about 70% of
cultured CICs (Figure 4.1C). EGFP colocalized with DDR2 and vimentin in approximately
50% and 40% of CIC population, respectively (Figure 4.1D-E). In addition, TCF21; an
essential transcription factor for CF function?®; and periostin; a marker of activated
fibroblast with essential role in regulating collagen organization?® are expressed in a
subset of EGFP* CICs (TCF21, 21.77%; periostin, 9.26%) (Figure 4.1F-G). Taken

together, EGFP reporter is expressed in cultured transgenic CFs.
c-Kit promoter is active in cardiac fibroblasts in vivo

Culture condition impacts cellular gene expression profile and biological
properties3%-3'. Correspondingly, cells cultured in two different growth media adapted for
c-Kit* CICs decreased DDR2 expression and coincidence with EGFP compared to cells
cultured in fibroblast and endothelial progenitor cell (EPC) growth media (Figure 4.2A-D).
To avoid influence of culture conditions, H2BEGFP reporter expression was induced in
vivo with doxycycline in the drinking water for up to four days followed by isolation and
analysis of the freshly isolated CICs for DDR2 expression and colocalization with EGFP
(Figure 4.3A). EGFP* cells comprised more than half of the freshly isolated CICs (Figure

4.3B-C) with coincidence with DDR2 in about 30% of the total population (Figure 4.3D-
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E). These results provide further evidence that c-Kit promoter is active in transgenic

DDR2* CFs.

c-Kit protein is expressed in a subset of cardiac fibroblast population and diminishes with

physiological aging

c-Kit promoter activation does not necessarily correlate with c-Kit protein
expression'232, Consistently, half of the EGFP* CICs from the doxycycline treated hearts
are labeled for c-Kit protein (Figure 4.4A-B). To determine c-Kit protein expression within
CF population, freshly isolated CICs from WT mice were immunolabeled for DDR2 along
with c-Kit and analyzed via flow cytometry (Figure 4.4C-D). Approximately, 30% of CICs
express either c-Kit or DDR2 with coincidence of the two markers in 8% of the total
population (Figure 4.5A). Immunolabeling of paraffin sections confirms c-Kit protein
expression in DDR2* CFs (Figure 4.5B). Colocalization of c-Kit and DDR2 is mainly
identified in the cells along the epicardial border. Aging influence upon c-Kit and DDR2
coincidence in freshly isolated CICs from young and old mice reveals increased presence
of c-Kit DDR2* CFs consistent with the fibrotic remodeling of senescent hearts (Young,
12.5%; old, 34.0%). Notably, c-Kit* DDR2* CFs diminished in the aged hearts (Young,
10.3%; old, 3.9%), similar to c-Kit* DDR2- CICs (Young, 12.2%; old, 3.4%). Cumulatively,
these data confirm presence of c-Kit in CF population and demonstrate age-associated

reduction in c-Kit expressing CFs (Figure 4.5C).

c-Kit and DDR2 expression as well as coincidence upregulate following pathological

damage

c-Kit upregulates in response to myocardial damage and promotes survival in

multiple cell types'?3334  Tissue sections from uninjured and infarcted hearts were
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immunolabeled for c-Kit and DDR2 to determine the impact of pathological damage on
DDR2 expression and colocalization with c-Kit. Consistent with previous findings, c-Kit
expression increased in the injured hearts (Uninjured, 0.18%; sham, 0.15%; MI, 0.59%
Area). Similarly, DDR2 substantially upregulated in infarcted heart sections (Uninjured,
0.24%; sham, 0.20%; MI, 5.0% Area). Moreover, c-Kit and DDR2 colocalization is
elevated approximately threefold (Uninjured, 2.7%; sham, 2.0%; MI, 5.6% Area) indicative
of expansion for this cell subtype in the injured heart (Figure 4.6A-C). As opposed to
uninjured tissue sections, coincidence of c-Kit and DDR2 is detected in interstitium along
with epicardial region in the damaged heart. Immunoblot of tissue lysates from uninjured
and infarcted hearts confirms enhanced expression of c-Kit and DDR2 upon myocardial

infarction (Figure 4.6D).
Transcriptomic phenotype of c-Kit expressing CFs

Single-cell RNA sequencing (scRNA-seq) was used to evaluate phenotypic
differences of freshly isolated CICs based upon surface presence of c-Kit and / or DDR2
alone or in combination (Figure 4.7). Consistent with previous reports in lung, skin and
liver3®:36, a large fraction of freshly isolated c-Kit* DDR2* CFs express CD45 (Figure 4.8)
indicative of their hematopoietic origin. Accordingly, CD45 depletion was performed on
double positive derived cells and transcriptional phenotype of the non-hematopoietic
double positive CFs (c-Kit* DDR2* CD45") was analyzed along with CD45-non-depleted
(CND) c-Kit" DDR2* fibroblast population. Dimensionality reduction and unsupervised
clustering revealed 16 clusters (Clusters 0-15) segregated according to transcriptional
phenotype (Figure 4.10A-B, and Figure 4.9). Dimensionality reduction projections of

single cell data revealed distinct distribution of c-Kit* DDR2- cells (shown in red) and three
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CIC populations of fibroblast lineage: 1. c-Kit- DDR2* (shown in green), 2. c-Kit" DDR2*
CD45" (shown in purple) and CND c-Kit* DDR2* (shown in teal) (Figure 4.10C).
Differential expression analysis reveals transcriptional differences across all populations,
with 375 differentially expressed genes (DEGs) identified on c-Kit* DDR2-, 820 DEGs on
c-Kit- DDR2* CFs, 947 DEGs on c-Kit* DDR2* CD45- CFs and 630 DEGs on CND c-Kit*
DDR2* cells (Figure 4.10D). The CND c-Kit* DDR2* population displays a unique
expression profile compared to all other populations. c-Kit* DDR2* CD45" CFs display an
expression profile relatively similar to c-Kit* DDR2- and c-Kit DDR2" cells. DEGs derived
from differential expression analysis were used as input for gene ontology (GO) analysis.
GO term analysis of biological processes reveals enrichment of various ontologies
associated with cardiac development on the c-Kit"* DDR2" population, while the c-Kit
DDR2* population displays enrichment on ECM and fibril organization consistent with
fibroblast phenotype (Figure 4.10E). Expression profile of the CND c-Kit* DDR2*
population was enriched for GO terms associated to myeloid, leucocyte, lymphocyte and
hemopoeisis consistent with hematopoietic origin. Expression profile of c-Kit* DDR2*
CD45 CFs reveals mild enrichment (<0.02 ratio) on GO terms associated with antigen
presentation via MHCI (Figure 4.10E). Pseudotime analysis using Monocle3 established
progression of cells from distinct origins in a single transcriptional trajectory, pseudotime
abstract units were calculated, and directionality of the system was authenticated (Figure
4.10F-H). Based upon literature*36-38 nodes 1 and 2, corresponding to clusters 7 and 1
respectively, were selected as origins of transcriptional progression for the cells.
Pseudotime analysis confirms CND c-Kit" DDR2* CFs of hematopoietic origin in a

transitional state toward c-Kit- DDR2* as well as c-Kitt DDR2* CD45- CFs. In addition,
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cells derived from the c-Kit* DDR2" and c-Kit* DDR2* CD45" groups position on cluster 7,
progress towards terminal leaves of the pseudotime plot via cluster 4 which is mainly
composed of c-Kit- DDR2* population (Figure 4.10F-H). Together, these results reveal c-
Kit expressing CF population (c-Kit" DDR2* CD45") in a transitional state toward c-Kit

DDR2* CFs.

c-Kit expressing CFs transcriptionally associate with higher cell cycle progression and

lower senescence-associated secretory phenotype

Assessment of cell cycle progression on all populations was performed through
cell cycle scoring previously developed using markers for scRNA-Seq analysis?’ (Figure
4.11A-C). Interestingly, c-Kit* DDR2" and c-Kit* DDR2* CD45" groups had comparable
cell cycle profiles. The c-Kit" DDR2" CD45" CFs display a 2.8-fold increase in G2M, while
CFs without c-Kit expression (c-Kitt DDR2*) show a ~1.5-fold increase upon cells
restricted to G1 (Figure 4.11B). Expression of Senescence Associated Secretory
Phenotype (SASP) factors3® was also surveyed. c-Kit* DDR2- cells express most of the
soluble receptors/ligands (Icam1, lI6st). Growth factors and regulators (Kitl, Cxcl12, Ngf,
lgfbp3, Igfbp4, Igfbp6 and Igfbp7) were mostly overexpressed in c-Kit- DDR2* and c-Kit*
DDR2* CD45 CFs, while overexpression of interleukins (111B), chemokines (Cxcl1, Cxcl2,
Ccl3) and proteases (Ctsb) was characteristic in CND c-Kit" DDR2* population (Figure
4.11C). Further confirmation using expression of 33 genes generated SASP (26 genes)
and growth factor (18 genes) scores for each cell in our dataset (see methods). c-Kit*
DDR2* CD45 CFs score lower for SASP targets similar to c-Kit* DDR2-, while maintaining

a score similar to c-Kitt DDR2* CFs for growth factor expression (Figure 4.11D-E).
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Collectively, these results demonstrate a transcriptome associated with higher cell cycle

progression and lower SASP for c-Kit expressing CFs.
c-Kit expressing CFs are morphologically distinct

Based upon surface expression of c-Kit and DDR2, three CIC populations of c-Kit*
DDR2, c-Kitt DDR2* and c-Kit* DDR2* were concurrently isolated, cultured and
characterized in vitro. Phalloidin staining reveals morphological variation between the
three populations (Figure 4.12A). Cell morphology measurements of area, length to width
(L/W) ratio and roundness for each population confirms their distinct morphologies.
DDR2* CFs without c-Kit expression exhibits significantly larger cell area (c-Kit* DDRZ2,
0.011 x104; c-Kit- DDR2*, 0.28 x104; c-Kit* DDR2*, 0.03 x104 uM?), lower L/W ratio (c-
Kit* DDR2", 4.5; c-Kit- DDR2*, 1.3; c-Kit* DDR2*, 3.1) and higher level of roundness (c-
Kit* DDR2-, 0,08; c-Kit- DDR2*, 0.38; c-Kit* DDR2*, 0.09) compared to the other two

populations of c-Kit"* DDR2" and c-Kit* DDR2* (Figure 4.12B).
Cellular senescence is attenuated in c-Kit expressing CFs

Enlarged and irregular cell shape is a hallmark of senescence in cultured cells*°.
Therefore, senescence associated cellular properties were assessed in the cultured CIC
populations. Beside nuclear enlargement, c-Kit- DDR2* CICs demonstrate higher levels
of binucleation. A large fraction of the c-Kit- DDR2" population is binucleated (40%) as
opposed to c-Kit* DDR2" and c-Kit" DDR2* populations with 13% and 9.5% binucleated
cells, respectively (Figure 4.13A). Binucleated cells go through premature senescence*
which was assayed using SA-B-Gal staining (Figure 4.13B). Compared to c-Kit* DDR2"
and c-Kit* DDR2* CICs, a significantly higher proportion of c-Kit- DDR2* population

exhibits SA-BGal accumulation (c-Kit* DDR2", 21.2%; c-Kit- DDR2*, 51.4%; c-Kit* DDR2*,
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30.6%). In addition, cellular senescence marker P53 is highly expressed in c-Kit- DDR2*
CICs with nearly sixfold increase in expression level relative to c-Kit* DDR2- and c-Kit*

DDR2* populations (Figure 4.13C).
Self-renewal and cellular motility are enhanced in c-Kit expressing CFs

P53 is associated with inhibition of cell cycle progression as well as suppression
of cell polarization and cellular motility*243, To understand the functional impact of
senescence, the three populations of cultured CICs were assayed for proliferative
characteristics and cellular motility. Proliferation rate of c-Kit- DDR2* population is
significantly reduced with an average fold-change (FC) of 3.99 over the course of 7 days
in culture reflected in a doubling time of 71 hours. Interestingly, c-Kit expressing DDR2*
CICs exhibit the greatest proliferative capacity with an average FC of 9.32 and a doubling
time of 45 hours, exceeding even that of c-Kit* DDR2- with a FC of 6.99 and a doubling
time of 51 hours (Figure 4.14A-B). Consistent with proliferation assay results, time-lapse
video microscopy evidently demonstrates reduced cell spreading and cellular movement
in c-Kit- DDR2* cell culture. Measurement of cell motion velocity confirms reduced cell
motility in c-Kit- DDR2* CICs and illustrates a trend toward an elevated cell movement in
c-Kit* DDR2* population (c-Kit* DDR2-, 147.1; c-Kit- DDR2*, 43.9; c-Kit"* DDR2*, 181.4
MM/S) (Figure 4.14C). Collectively, in vitro characterization validates distinct phenotypic

and biological properties of c-Kit expressing CFs.

c-Kit expressing CFs are enriched for signaling genes implicated in proliferation and cell

migration

Biological distinctions corresponding to underlying molecular mechanisms

between the three CIC populations were assessed with respect to activated ERK1/2 and
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pro-caspase-3 using protein lysates. ERK1/2 is associated with protective and
proliferative signaling in a plethora of cell types34. Likewise, caspase-3 confers
nonapoptotic effects such as regulating proliferation and cell motility involving non-
proteolytic functions exerted by its pro-domains*+4°. c-Kit expressing DDR2* CFs highly
express activated ERK1/2 with approximately 2-fold and 3-fold increase levels relative to
c-Kit* DDR2" and c-Kitt DDR2" CICs, respectively. Similarly, pro-caspase-3 protein
expression is upregulated in c-Kit* DDR2* CICs by 64% and 88% compared to c-Kit*
DDR2- and c-Kitt DDR2* CICs. In contrary, activated ERK1/2 and pro-caspase-3 is
significantly downregulated in c-Kit- DDR2* CICs compared to both c-Kit* DDR2" and c-
Kit" DDR2* populations (Figure 4.14D-E). Overall, these data reflect pro-proliferative and

pro-migratory properties of c-Kit expressing CFs.
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DISCUSSION

The consensus outcome from decades of myocardial therapeutic interventions
targeting fibroblasts#6-3' uncovers CF heterogeneity as a challenge for fundamental
understanding of CF biology and advancement of treatment strategies. Therefore,
characterization of CF subpopulations defined by patterns of protein expression and
associated functional activities represents the frontier of fibroblast-based cardiac
research and development. While the critical role of c-Kit signaling in myocardial biology
and response to pathological damage is established, assessment of c-Kit biology within
CF population has not been addressed. Findings presented here report biological
significance of c-Kit in CF population. Presence of c-Kit identifies a subset of CFs with

youthful and pre-committed cell phenotype.

Presence of c-Kit in fibroblasts derived from skin and liver upon isolation and
expansion in vitro'” is consistent with H2BEGFP reporter expression indicative of c-Kit
promoter activation in CFs isolated from the c-Kit transgenic reporter mouse heart (Figure
4.1B-G). Ex vivo expansion can alter cellular phenotype including expression of molecular
markers3%31, Similarly, transgenic fibroblasts exhibited variation in EGFP and DDR2
expression as well as colocalization (Figure 4.2A-D) depending upon media formulation.
In comparison to in vitro findings, adult fibroblasts in vivo express c-Kit mainly in lung
tissue as well as liver and aorta'6.185253, Correspondingly, freshly isolated DDR2* CFs
from the CKH2B mouse exhibited c-Kit promoter activation, albeit at a lower level
compared to cultured CFs (Figure 4.3A-E). Analysis of c-Kit protein expression in freshly

isolated adult CFs by flow cytometry demonstrated coincidence of DDR2 and c-Kit in 8%
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of total CICs (Figure 4.5A-B and Figure 4.4D). Notably, c-Kit expressing CF subpopulation

diminished in the aged mice (Figure 4.5C).

The percentage of cells expressing DDR2, c-Kit, and/or EGFP showed variation
because of multiple factors including 1) c-Kit protein and mRNA expression levels don'’t
directly correlate®?%*, 2) c-Kit exhibits a highly dynamic expression pattern; cells
transiently express c-Kit protein while labeled with H2BEGFP with a reported half-life of
several months in vivo'?>5%56, and 3) intracellular c-Kit expression and internalized c-Kit
exhibit differences in live vs. fixed cells that influences assay sensitivity'2. Collectively,
these factors can readily explain detection of c-Kit in half of EGFP* CICs from Doxy

treated hearts (Figure 4.4A-B).

More than a decade of intense research has concluded that c-Kit biology in the
cardiac context is relevant to a transitional cardiac cell population exhibiting
heterogeneous expression characterized by temporal and spatial variations3'57. Under
normal conditions c-Kit* cells reside mainly in subepicardial regions as well as interstitial
spaces with an epicardial to endocardial gradient®®-0. Epicardial activation upon injury
leads to c-Kit upregulation, proliferation, and migration of epicardial-derived cells
(EPDCs) through epithelial-mesenchymal transition (EMT), giving rise to mainly
noncardiomyocyte lineages with presumptive roles in myocardial repair3'6°, EPDCs are
considered the main source of CFs*8' undergoing EMT and differentiate into cardiac
interstitial fibroblasts®? under the influence of PDGF, FGF and TGF signaling. Presence
of c-Kit* DDR2" cells exclusively along epicardial border in heart sections from uninjured
mice (Figure 4.5A, Figure 4.6A) contrasts with abundant colocalization of c-Kit and DDR2

in interstitium (along with epicardial region) in infarcted heart sections (Figure 4.6B). In

106



the lung, a transitional non-myofibroblastic population with a presumed protective role in
response to pathological damage was linked to a fibroblast subset with active c-Kit
signaling®. Similarly, myocardial damage following infarction prompted increased c-Kit*
and DDR2* and coinciding with a peak at 7 days post M, consistent with a protective role

for cardiac c-Kit" and DDR2" cells (Figure 4.6C-D).

scRNA-seq revealed transcriptional diversity within freshly isolated CIC
populations based upon surface c-Kit* and/or DDR2*. Fibroblasts and fibrocytes with a
hematopoietic origin have been identified in lung, skin and liver336:63, Hematopoietic-
derived fibroblasts express CD45 along with fibroblast markers such as DDR2 and
collagen | exhibit transitional precursor cell traits and contribute to pathological
response®-6_ In the heart, CD45* fibroblast precursor population was detected upon
myocardial damage, although hematopoietic progenitor cell contribution to the CF
population is considered very limited under normal conditions of development and
aging7-%9, In our hands, CD45 expression and hematopoietic lineage accounted for a
considerable fraction of freshly isolated c-Kit* DDR2* CF population (Figure 4.8A).
Possibly due to the distinct origin of CND c-Kit* DDR2*, a unique expression profile
(Figure 4.10D) enriched for GO terms associated with a hematopoietic lineage (Figure
4.10E) is evident relative to other populations. CND c-Kit* DDR2* CICs appear to be in a
transitional state toward CFs based upon pseudotime trajectory analysis (Figure 4.10F-
H). CD45 depletion prior to the selection for c-Kit+ DDR2+ CFs yields c-Kit* DDR2* CD45
CFs with a transcriptome similar to both c-Kit* DDR2- and c-Kit- DDR2* CICs (Figure
4.10D). GO term analysis of biological processes suggested their potential role in immune

response (Figure 4.10E). Moreover, pseudotime trajectory analysis of freshly isolated
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CICs revealed a subpopulation of c-Kit* cells (cluster 7) in a transitional state progressing

toward c-Kit- DDR2* CFs.

c-Kit* DDR2*" CD45 cells exhibited higher G2/M and lower SASP scores,
resembling c-Kit" DDR2- CICs, while maintained a similar score to c-Kit- DDR2* CICs for
growth factor expression (Figure 4.11). Overall, phenotypic characteristics such as 1)
comprising a subpopulation of proliferating cells, 2) transcriptome profile similar to both
c-Kit* DDR2" as well as c-Kit- DDR2* CICs along with the results of the pseudotime
analysis suggest a transitional phenotype for c-Kit expressing CFs (c-Kit* DDR2* CD45
)-

Characterization of isolated DDR2" CFs with and without c-Kit illustrated discrete
morphological phenotypes. The c-Kit- CFs displayed a large stellate-shaped morphology
with long cytoplasmic extensions (Figure 4.12A, Figure 4.13A) corresponding to a
myofibroblast phenotypic trait’?. Consistently, cell morphology measurements of area,
roundness, and L/W ratio were significantly distinct in c-Kit- DDR2* cells compared to c-
Kit" DDR2* and c-Kit* DDR2- populations (Figure 4.12A-B). TGF-b, a key regulator of
fibroblasts to myofibroblast trans-differentiation, induces cellular binucleation”'. Studies
also showed that TGF-b signaling reduced expression of c-Kit and SCF in lung
fibroblasts”. Remarkably, DDR2* CFs without c-Kit expression exhibited higher level of
binucleation (Figure 4.13A). Senescence following binucleation” is an established
myofibroblast transition post fibrosis™. Senescent myofibroblasts contribute to ECM
degradation and cardiac dysfunction3®75. c-Kit DDR2* culture was highly senescent
determined by significantly greater SA-B-Gal activity and P53 expression (Figure 4.13A-

C). Functionally, c-Kit- DDR2* population demonstrated considerably lower proliferative
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capacity and cell motility, whereas proliferation rate and motility of c-Kit expressing
DDR2* population were enhanced exceeding that of c-Kit" DDR2- CICs (Figure 4.14A-
C).Overall, these observations associate c-Kit signaling with fibroblast morphology and
biological activities such as proliferation and migration'®5276_¢c-Kit confers protective and
proliferative properties partially via ERK and AKT downstream signaling pathways’. In the
myocardial context, c-Kit activation enhanced phosphorylation of ERK1/2 in myocytes as
well as cCICs and promoted cell survival and proliferation'2. Under basal conditions,
ERK1/2 was highly expressed and activated in the c-Kit* DDR2" culture as opposed to c-
Kit- DDR2* cells (Figure 4.14D). Recently, caspase-3 has emerged to participate in non-
apoptotic functions such as differentiation, proliferation, and cell migration*>77-78, During
heart development, caspase-3 deficiency reduced expression of genes implicated in cell
cycle progression and impaired cardiomyocyte proliferation’. In mouse embryonic
fibroblasts (MEFs), pro-caspase-3 regulates cell morphology and mediates cell migration
independent of its catalytic activity**. Similarly, pro-caspase-3 nonenzymatically
suppresses ROS production and mitochondrial dysfunction®8'. Correspondingly, c-Kit
expressing DDR2* CFs significantly upregulated pro-caspase-3 (Figure 4.14E), indicative
of a potential contribution of pro-caspase-3 to cell proliferation and motility. Taken
together, in vitro characterization of the DDR2* CFs with or without c-Kit demonstrated

correlation of c-Kit expression with a youthful biological phenotype.

Recent studies challenge straightforward fibroblast to myofibroblast trans-
differentiation and indicate greater heterogeneity of cell state and functional complexity
within CF population748283_ Fibroblast subsets from distinct origins with unique gene

expression profiles differentially mediate development of fibrotic responses and post-

109



fibrotic processes*. Three fates for activated fibroblasts include: 1) ECM production, 2)
senescence or apoptosis, or 3) re-acquisition of resting phenotype®'. Based upon these
fibroblast fate outcomes, selection favoring CF subpopulations with preferentially reduced
ECM production, decreased maladaptive fibrotic remodeling, and pre-senescent state is
a desirable goal. Alternatively, elimination of fibroblasts with undesirable phenotypic
attributes by senolytic approaches®8% could be advantageous for preservation of
“youthful” c-kit" CFs described in this report. The debut of c-Kit biology within DDR2* CFs
detailed herein shows c-Kit expressing CFs are morphologically and functionally distinct
with pro-proliferative and pro-migratory phenotypes, linking c-Kit to CF polarization toward
a pre-committed state (Figure 4.15). This report is the first to our knowledge evaluating
c-Kit biology within CF population and provides valuable insight regarding CF

heterogeneity.
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TABLES

Table 4.1. List of Antibodies

Marker Company # Catalog Species Dilution Application
a-actinin Sigma A7811 Mouse 1:100 IHC
c-Kit R&D AF1356 Goat 1:50 IHC
c-Kit-PE-Vio Milteni biotec | 130-125-226 | Rat 1:50 Flow
770
CD45 R&D AF114 Goat 1:500 WB
CD45-FITC Invitrogen 11-0451-82 Rat 1:100 Flow
DDR2 Invitrogen PAS5-27752 Rabbit 1:50 IHC
DDR2 Invitrogen PAS5-27752 Rabbit 1:200 WB
c-Kit R&D AF1356 Goat 1:50 WB
DDR2-APC LS-bio LS-C255959 | Rabbit 1:100 Flow
ERK1/2 Cell 9107s Mouse 1:250 WB
signaling
GAPDH Sicgen AB0067-200 | Goat 1:3000 WB
p53 Abcam ab131442 Rabbit 1:500 WB
P-ERK1/2 Cell 9101s Rabbit 1:500 WB
signaling
Periostin Invitrogen PA5-34641 Rabbit 1:100 Flow

111




Table 4.1. List of Antibodies-Continued

Marker Company # Catalog Species Dilution Application

Pro-caspase 3 | Cell 9662s Rabbit 1:500 wB
signaling

Phalloidin 488 | Life A12379 N/A 1:500 ICC
technologies

TCF21 Invitrogen PA5-68595 Rabbit 1:100 Flow

Vimentin Invitrogen PA1-10003 Chicken 1:100 Flow
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Table 4.2. List of SASPs and Growth Factors

SASPs Growth Factors
IL6 AREG
IL1B EREG
MIF NRG1
NRG1 EGF
FGF2 FGF2
HGF HGF
FGF7 FGF7
VEGFA VEGFA
ANG ANG
CXCL12 KITLG
IGFBP3 CXCL12
IGFBP4 PIGF
IGFBP6 NGF
IGFBP7 IGFBP2
MMP1 IGFBP3
TIMP2 IGFBP4
SERPINE1 IGFBP6
PLAT IGFBP7
CTSB

ICAM1

ICAM3

TNFRSF11B
TNFRSF1A

FAS

IL6ST

EGFR
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FIGURES

Figure 4.1. Transgenic cardiac fibroblasts express EGFP upon Doxy treatment in vitro. A.
CIC isolation protocol: following enzymatic digestion of the heart (1), cardiomyocytes were
separated (Il) and total CICs were cultured for further analyses (lIl). B. CICs were cultured for 72
hours followed by Doxy treatment for 24 hours. Next, cells were collected, fixed and stained for
GFP and fibroblasts markers. GM: growth medium. C-G, Fellow cytometry plots showing
expression of EGFP reporter and fibroblast markers in cultured CICs.
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Figure 4.2. DDR2 expression and coincidence with EGFP adapt to culture media. A-D.
Fellow cytometry plots for DDR2 staining in fixed CICs cultured in fibroblast, EPC and two different
cCIC growth media. GM: growth medium, EPC: Epithelial Progenitor Cells, cCICs: c-Kit* Cardiac
Interstitial Cells
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Figure 4.3. Transgenic cardiac fibroblasts express EGFP upon Doxy treatment in vivo. A.
Transgenic mice imbibed Doxy for four days. Next, CICs were isolated, fixed, stained and
analyzed via flow cytometry. B-E. Fellow cytometry plots showing expression of EGFP reporter

and DDRZ2 in freshly isolated cells.
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Figure 4.4. c-Kit protein colocalization with EGFP and DDR2. A. Transgenic mice imbibed
Doxy for four days. Next, CICs were isolated, fixed, stained and analyzed via flow cytometry. B.
Fellow cytometry plot showing expression of EGFP reporter and c-Kit in freshly isolated cells. C.
CICs isolated from WT murine hearts were stained for c-Kit and DDR2 and analyzed via flow

cytometry. D. Fellow cytometry plot showing expression of c-Kit and DDR2 in freshly isolated
cells. WT: wildtype.
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Figure 4.5. c-Kit protein is present in a subset of cardiac fibroblast population. A. CICs
isolated from WT murine hearts were stained for c-Kit and DDR2 and analyzed via flow cytometry.
Quantification shows percentage of cells expressing c-Kit and DDR2 in CICs from n of 7
independent isolations analyzed via flow cytometry. Error bars represent +SEM. *** p< 0.001 vs
c-Kit DDR2- as measured by one-way ANOVA followed by the Tukey post hoc test B. IHC for c-
Kit (red) and DDR2 (green) on WT heart section. Right panels show higher magnification of a cell
expressing both c-Kit and DDR2 shown within white dotted box (B’). DAPI (gray) was used to
visualize nuclei. a-Actinin (blue) was used as the cardiac label. WT: Wild type. C-C” CICs isolated
from young (1.5-month-old) and old (9-month-old) murine hearts were stained for c-Kit and DDR2
and analyzed via flow cytometry. Quantification represents n of 6 experimental replicates from 4
mice (2 per age). Error bars represent £SEM. *** p< 0.001
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Figure 4.6. Expression as well as coincidence of c-Kit and DDR2 increase in response to
myocardial infarction. A. IHC for c-Kit (red) and DDR2 (green) on uninjured WT heart sections.
Right panels show higher magnification of a cell expressing both c-Kit and DDR2 shown within
white dotted box (a’). WT: wildtype. B. IHC for c-Kit (red) an DDR2 (green) on 7-day post Ml heart
section. Right panels show higher magnification of a cluster of cells expressing both c-Kit and
DDR2 shown within white dotted box (b’). MIl: myocardial infarction. DAPI (gray) was used to
visualize nuclei. a-Actinin (blue) was used as the cardiac label. C-C”. Quantification of c-Kit and
DDR2 expression as well as colocalization presented as the percentage of area of each image.
Dashed line represents sham group. Error bars represent +SEM. *p< 0.05 and ***p< 0.001 vs
sham group as measured by one-way ANOVA followed by the Tukey post hoc test. D-D”.
Immunoblot analysis showing expression of c-Kit and DDR2 in whole heart lysates from uninjured
and 7-day post MI mice. GAPDH is the loading control. Dashed line represents uninjured group.
Error bars represent £SEM. ***p< 0.001 vs uninjured as measured by Student t test.
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Figure 4.7. Quality control for scRNA-seq experiment. A-E. CellRanger 3.0.1 quality control
summary for c-Kit+ DDR2-, c-Kit- DDR2+, CND c-Kit+ DDR2+ and c-Kit+ DDR2+ CD45-. F.
CellRanger 3.0.1 Library aggregation summary. CND: CD45-non-depleted.
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Figure 4.8. CD45 expression in freshly isolated CICs. Fellow cytometry plots depicting CD45
expression in freshly isolated CICs of c-Kit+ DDR2-, c-Kit- DDR2+ and c-Kit+ DDR2+ populations.

124



A seurat_clusters B seurat_clusters

e 0 . 50 e 0
e 1 ® 1
e 2 ® 2
® 3 e 3
e 4 25 e 4
e 5 e 5
® 6 N ® 6
3! e 7 |.uI 0 ® 7
& es 5 e 8
e 9 = e 9
e 10 25 ® 10
e 11 e 11
e 12 e 12
e 13 y e 13
e 14 0 e 14
® 15 ® 15
D.
® 0
® 1
e 2
® 3 =
® 4 a
® 5 —
o~ —
\ ® 6
% s 3
= e 8 “
[« 5]
= e 9 =
e 10 ﬁ
® 11
® 12
e 13
e 14 —— T F— 77— 77—
s 15 DN UD ™D TN D DO
Identity
F RplpO
— 4 : 1 .:
7] = .
= =
= e - * K.
S k= -4
= = 3. -
iy GO o1 -1 1 -
O + e e - O . =
SHSUD BB SN DA SALD =D O D AD T DS
Identity Identity
BZm Ywhaz

%
T

s
p— —_— 3
D 4 T
D D - "
—3 o -
== S 2 i3 T P
D 2 £ | -
= = 1 I B
>< > 1 -
o N $% ‘

S A D o DA D ST e S oA D =D DA D OOt Do
Identity Identity

Figure 4.9. Unsupervised clustering reveals 16 clusters. A-C. Dimensionality reduction

projections of single cell data color coded by detected unsupervised clusters: Principal component

analysis (PCA; Top panel), t-Distributed Stochastic Neighbor Embedding (t-SNE; middle panel)

and Uniform Manifold Approximation and Projection (UMAP; Bottom panel). D-H. Violin plots

indicating expression of Gapdh, Actb, Rplp0, B2m and Ywhaz.
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Figure 4.10. c-Kit* cardiac fibroblasts are transitional in the transcriptional trajectory. A.
UMAP projection of cardiac interstitial c-Kit" DDR2", c-Kitt DDR2*, CND c-Kit* DDR2" or c-Kit*
DDR2* CD45 cells color-coded according to unsupervised clustering of gene signatures. B. Cell
contributions of each population normalized to input of each clusters as shown in UMAP. C.
Dimensionality reduction projections of single cell data color-coded by population of origin. D.
Heatmap representing the differential expressed genes from each isolated population (DEGs in
parenthesis). E. GO terms results from Gene Ontology analysis annotated by Biological Process.
Circle diameter represents the gene ratio, while significance level is color-coded according to
heatmap scale. F-H. Monocle generated UMAP projection of cells color-coded according to
cluster (F), population of origin (G) and calculated pseudotime units (H). Pseudotime
transcriptional trajectory visualized by line across UMAP projection. Origin indicated by white
number one circle. Nodes annotated in black circles and leaves numbered in gray.
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Figure 4.11. c-Kit* cardiac fibroblasts are transcriptionally associated with higher cell cycle
progression and lower SASP. A. UMAP projection of cells color-coded by transcriptional cell
cycle score. B. Stacked bar graph representing ratio of cells in G2M, G1 and S stages according
to cell cycle score and population of origin. C. Heatmap representing expression of SASP genes
in all populations. D-E. Ridge plots representing cell distribution of all populations and their
respective calculated module scores for Senescent Associated Secretory Phenotype factors
(SASPs) and growth factors.
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Figure 4.12. c-Kit expressing cardiac fibroblasts are morphologically distinct. A-A”.
Representative images of phalloidin staining for p3 c-Kit" DDR2", c-Kit DDR2* and c-Kit" DDR2*
CICs. DAPI (gray) was used to visualize nuclei. P3: passage 3. B-B”. Cell morphometric
parameters of area, length-to-width (L/W) ratio and roundness. Error bars represent +tSEM. ***p<
0.001 as measured by one-way ANOVA followed by the Tukey post hoc test.
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Figure 4.13. c-Kit expressing cardiac fibroblasts exhibit lower level of cellular senescence.
A-A’’. Representative images of phalloidin staining for p3 c-Kit" DDR2, c-Kit DDR2* and c-Kit*
DDR2* CICs with quantification of mononucleated (solid) and binucleated (shaded) cells shown
below. Numbers represent percentage of binucleated cells in each group. Error bars represent
+SEM. ***p< 0.001 as measured by one-way ANOVA followed by the Tukey post hoc test. DAPI
(gray) was used to visualize nuclei. Green arrows show binucleated cells. B-B’”’. Representative
images of SA-B-Gal staining for p3 c-Kit" DDR2", c-Kitt DDR2" and c-Kit" DDR2" CICs with
quantification of cells negative (solid) and positive (shaded) for SA-3-Gal shown on top. Numbers
represent percentage of SA-B-Gal* cells in each group. Error bars represent +SEM. ***p< 0.001
and **p<0.01 as measured by one-way ANOVA followed by the Tukey post hoc test. Dashed line
delineates boundary of a SA-B-Gal* cell. C-C’. Immunoblot analysis showing expression of p53
in cell culture lysates from p3 c-Kit" DDR2, c-Kitt DDR2* and c-Kit" DDR2* CICs with
quantification on the right. GAPDH is the loading control. Dashed line represents c-Kit* DDR2".
Error bars represent +tSEM. *p<0.05 as measured by one-way ANOVA followed by the Tukey
post hoc test. P3: passage 3.
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Figure 4.14. Self-renewal and cellular motility are enhanced in c-Kit expressing cardiac
fibroblasts. A. Proliferation rate of p3 c-Kit* DDR2, c-Kit DDR2* and c-Kit* DDR2* CICs
represented as fold change over day 1. Error bars represent +£SEM. $ p< 0.05 and $$ p< 0.01 vs
c-Kit* DDR2", *** p< 0.001 vs c-Kit DDR2* as measured by two-way ANOVA followed by the
Bonferroni post hoc test. B. cell doubling time represented in hours. Error bars represent +SEM.
$$ p< 0.01 vs c-Kit* DDR2", *** p< 0.001 vs c-Kit DDR2* as measured by one-way ANOVA
followed by the Tukey post hoc test. C. Measurement of cell motility for n of 4 cells from p3 c-Kit*
DDR2, c-Kit DDR2* and c-Kit" DDR2* CICs. Error bars represent £tSEM. *** p< 0.001 as
measured by one-way ANOVA followed by the Tukey post hoc test. D-D’. Immunoblot analysis
showing expression of p-ERK and ERK in cell culture lysates from p3 c-Kit" DDR2", c-Kit" DDR2*
and c-Kit" DDR2* CICs with quantification on the right. E-E’. Immunoblot analysis showing
expression of pro-Cas-3 in cell culture lysates from p3 c-Kit* DDR2, c-Kit DDR2" and c-Kit*
DDR2* CICs with quantification on the right. Error bars represent +SEM. Dashed line represents
c-Kit* DDR2. $ p< 0.05 and $$$ p<0.0001 vs c-Kit* DDR2", * p< 0.05, ** p<0.01 and *** p< 0.001
vs c-Kitt DDR2" as measured by one-way ANOVA followed by the Tukey post hoc test. P3:
passage 3.
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Figure 4.15. c-Kit protein is present in a subset of CFs. A fraction of c-Kit expressing DDR2*
cells also express CD45. Regardless of CD45 expression, c-Kit expressing DDR2* CFs exhibit a
transcriptionally transitional phenotype and progress toward DDR2* CFs. In vitro characterization
confirmed CFs with c-Kit expression are morphologically and functionally distinct revealing a
youthful and pre-committed phenotype.
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