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2Department of Biology, San Diego State University, San Diego, CA, USA

Abstract

Aging severely limits myocardial repair and regeneration. Delineating the impact of age-
associated factors such as short telomeres is critical to enhance the regenerative potential of
cardiac progenitor cells (CPCs). We hypothesized that short telomeres activate p53 and induce
autophagy to elicit the age-associated change in CPC fate. We isolated CPCs and compared mouse
strains with different telomere lengths for phenotypic characteristics of aging. Wild mouse strain
Mus musculus castaneus (CAST) possessing short telomeres exhibits early cardiac aging with
cardiac dysfunction, hypertrophy, fibrosis and senescence, as compared to common lab strains
FVB and C57 bearing longer telomeres. CAST CPCs with short telomeres demonstrate altered cell
fate as characterized by cell cycle arrest, senescence, basal commitment, and loss of quiescence.
Elongation of telomeres using a modified mRNA for telomerase restores youthful properties to
CAST CPCs. Short telomeres induce autophagy in CPCs, a catabolic protein degradation process,
as evidenced by reduced p62 and increased accumulation of autophagic puncta. Pharmacological
inhibition of autophagosome formation reverses the cell fate to a more youthful phenotype.
Mechanistically, cell fate changes induced by short telomeres are partially p53 dependent, as p53
inhibition rescues senescence and commitment observed in CAST CPCs, coincident with
attenuation of autophagy. In conclusion, short telomeres activate p53 and autophagy to tip the
equilibrium away from quiescence and proliferation towards differentiation and senescence,
leading to exhaustion of CPCs. The study provides the mechanistic basis underlying age-
associated cell fate changes that will enable identification of molecular strategies to prevent
senescence of CPCs.
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Introduction

Advancing age limits myocardial regeneration and repair and is an influencing risk factor for
heart disease[1, 2]. The age-associated loss of tissue homeostasis and function is caused, at
least partly, by the accumulation of exhausted tissue-resident stem and progenitor cells[1, 3].
Niches of c-kit+ cardiac progenitor cells (CPCs) have been identified in the adult heart that
possess the potential to proliferate, self-renew, commit to cardio-myogenic lineages and
regenerate in response to injury[4, 5]. Autologous delivery of exogenously expanded CPCs
has been widely tested in experimental animal models[5-7], making headway into Phase |
clinical trials[8, 9]. However, cell-intrinsic and extrinsic changes induced by age drastically
affect the cellular properties leading to senescence, loss of stemness and impaired
regenerative potential of CPCs limiting their therapeutic application[1, 10, 11]. Delineating
the molecular mechanisms that elicit the age-associated change in cell fate of CPCs is
therefore critical to identify strategies to rejuvenate and enhance CPC-efficacy in autologous
cell-based therapies.

An important hallmark of aging is the shortening of telomeres[3], which are complex
ribonucleoprotein structures with tandem repeats of TTAGGG nucleotide sequences capping
and protecting the ends of chromosomes[12]. Collective stem cell literature reveals a role for
telomere length in regulating cell fate determinants such as proliferation, survival,
commitment, and senescence of stem cells. Telomere shortening is the result of cell division
as well as increased oxidative stress and is the cause, rather than consequence, of cellular
senescence[13, 14]. Additionally, short/dysfunctional telomeres limit tissue renewal capacity
and survival[15], and cause aberrant differentiation in pluripotent stem cells[16]. Conversely,
telomere elongation mediated by ectopic expression of telomerase reverse transcriptase
(TERT) enhances stem cell proliferation and survival, rescues impaired progenitor cell
differentiation, and antagonizes senescence[16—18]. Specifically in the context of CPCs,
telomere shortening shows a strong correlation with growth arrest, impaired proliferation
and cellular senescence in CPCs isolated from aged mice as well as adult patients with end
stage heart failure [10-12, 19]. However, a role for short dysfunctional telomeres in
collectively causing the age-associated change in cell fate of CPCs, and the underlying
molecular mechanism of action are not well established.

Transcription factor p53 functions as a cell-cycle inhibitor and is activated in response to
telomere and DNA damage, aging and pathologic stress in the heart[2, 20-22]. p53
modulates stem cell fate by exerting pleiotropic roles that impact cell survival,
differentiation, senescence and quiescence[23, 24]. Additionally, p53 regulates autophagy, a
catabolic process of bulk protein degradation, in a cell-type specific manner[25]. The
previously unknown influence of telomere length, p53 and autophagy in collectively
modulating CPC fate will be delineated in this study. Specifically, this study tests the
hypothesis that short telomeres activate p53 which induces autophagy and switches cell fate

Stem Cells. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matsumoto et al.

Methods

Results

Page 3

from reversible to ‘irreversible’ cell cycle arrest in CPCs. Reversible cell cycle arrest is
quiescence, a state of metabolic dormancy that stem cells typically reside in, while
senescence and differentiation are considered ‘irreversible’ forms of cell cycle arrest[26].

A naturally occurring, wild mouse strain Mus musculus castaneus (CAST) bearing short
telomeres from birth[27] has been used to study the effects of short telomeres in CPCs.
Telomere length in CAST mouse ranges from 18-20Kb, which is similar to humans (5
15Kb), and differs from common laboratory mouse strains such as FVB or C57/BL6 (C57)
bearing long, hypervariable telomeres ranging from 30-120Kb (averages of 75 and 50Kb for
FVB and C57 mice respectively)[27]. By comparing hearts and CPCs isolated from the 3
mouse strains, this study — a) demonstrates that CAST mice display phenotypic
characteristics of early cardiac aging, b) establishes that CAST CPCs exhibit altered cell fate
consistent with aged mouse and human CPCs, c) delineates the molecular mechanism by
which short telomeres modulate cell fate in CPCs, and d) defines clinically-relevant
strategies to rejuvenate aged CPCs.

A detailed, expanded Methods section has been included in the Online Supplement.

Experimental animals include male FVB, C57 and CAST mice that were purchased from
Jackson Labs. c-kit+ CPCs were isolated from these mice strains and cultured as described
previously[11]. All animal protocols and studies were approved by the review board of the
Institutional Animal Care and Use Committee at San Diego State University and University
of California, Davis.

CAST Mice Display Functional, Cellular and Molecular Characteristics of Cardiac Aging

The first objective in the study was to establish the CAST mice as a model of cardiac aging
and to this end the myocardium of 2-12 month old, male FVB, C57 and CAST mice were
compared. Cardiac functional analyses revealed that CAST mice exhibit significantly
decreased left ventricular (LV) inner diameter (LVID) both at diastole (d) and systole (s; Fig.
S1AB), as well as reduced diastolic and systolic LV volume over 1 year (Fig. SICD). CAST
mice had preserved systolic function as measured by fractional shortening (FS) and ejection
fraction (EF; Fig. LAB). Interestingly however, diastolic dysfunction was evident in CAST
mice as measured by clinically relevant parameters[28] such as the abnormally increased
ratio of peak velocity of early to late filling of mitral inflow (E/A; Fig. 1C), a decrease in A
wave velocity, reduction in the absolute value of early diastolic mitral annular tissue velocity
(E”) and an increase in the absolute ratio of E/E” (Supplemental Table 1). Survival rate of
CAST mice was significantly decreased in comparison to FVB, but not C57 mice (Fig. 1D).
LV hypertrophy is well documented during cardiac aging[29] and consistently, CAST mice
displayed a significant increase in the LV weight to body weight (BW) ratio (LVw/BW) at 4
and 8 months after birth (26.6 and 25.7%; Fig. 1E), although no increases in diastolic or
systolic LV posterior wall (LVPW) thickness were observed (Fig. SLEF). This was
accompanied by a small (20%), but significant increase in the cardiac myocyte cross
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sectional area in the CAST mouse heart (Fig. 1FG), indicating cardiac myocyte hypertrophy.
Markers of fibrosis were elevated in the CAST myocardium within 2 months after birth, as
exemplified by increased collagen1A1 messenger ribonucleic acid (MRNA) levels (2.1-fold,
Fig. 1H), higher collagenl/collagen3 ratio (4.9-fold, Fig. S1G) and more interstitial blue
stain with Mason’s Trichrome staining (Fig. S1H). Plasma catecholamine levels were
dramatically elevated in the CAST mice at 2 months of age (Fig. S11), consistent with
previous studies reporting their increased levels and reduced clearance during cardiac
aging[30]. Expression of cell cycle inhibitors typically associated with cellular senescence,
such as p53 and p16, were also significantly increased in the mRNA (2 and 9-fold; Fig. 11)
and protein levels (2 and 2.4-fold; Fig. 1J, Fig. S1J) in the CAST heart at 2-4 months.
However, protein levels of cell cycle inhibitor Retinoblastomal (Rb) was not changed in the
CAST myocardium (Fig. S1J). Additionally, activation of p53 and Rb as determined by
phosphorylation at Serine 15 (P-p53) and Serine 780 (P-Rb) respectively were similar in
FVB, C57 and CAST mouse hearts (Fig. S1K). Consistent with acquisition of senescence,
telomere length was significantly shorter in the CAST myocardium, as determined by
quantitative real time polymerase chain reaction (QPCR; Fig. S1L) and quantitative
fluorescence in-situ hybridization (qFISH) assays (—89%; Fig. SLMN), corroborating with
established evidence that wild mice bear short telomeres[27]. Furthermore, accumulation of
senescent p16+ c-kit+ CPCs was observed in the CAST myocardium (Fig. 1K), suggesting
that the CAST mouse exhibits molecular markers of senescence in the heart as well as
endogenous CPCs therein. Collectively, the data indicates that CAST mice exhibit
functional, cellular and molecular characteristics typical of cardiac aging.

Altered Cell Fate in Aged CPCs with Short Telomeres

To specifically understand how short telomeres and cardiac aging affect myocardial stem
cell biology, CPCs were isolated from FVB, C57 and CAST mice and cultured ex vivo.
Flattened cellular morphology (Fig. S2A) coincident with significantly decreased
proliferation rate (-49%, Fig. 2A) and elevated population doubling time (55.3%, Fig. 2B)
were evidenced in CAST CPCs, indicating slower growth kinetics and cell cycle arrest. Cell
cycle analyses confirmed arrest in the G2/M phase, marked by decreases in G1 (—33.5%)
and S (-66.6%) concomitant with increase in G2/M phase (110%; Fig. 2C). Cell death was
also increased in CAST CPCs, as demonstrated by a decline in the percentage of live cells
(-21.8%) and increase in cells undergoing early apoptosis (148%, Fig. 2D) in comparison to
FVB CPCs. Cell cycle arrest was accompanied by higher frequency of senescent CAST
CPCs (62%), as measured by senescence associated p-galactosidase assay (SA-p-gal; Fig.
2EF). Additionally, molecular markers of senescence such as short telomeres (—43%, Fig.
S2BC) as well as increased expression of cell cycle inhibitors p53 (4.6-fold), p16 (4.3-fold),
p27 (28.3-fold) and Rb (3.9-fold, Fig. 2G) were evidenced in CAST CPCs. Expression of P-
p53 was similar between FVB, C57 and CAST CPCs, while P-Rb was significantly
decreased in C57 and CAST CPCs, indicating activation of Rb (Fig. S2D). Interestingly,
cardio-myogenic lineage commitment markers were also elevated under basal conditions in
CAST CPCs, as evidenced by increased expression of a-smooth muscle actin (a-SMA,
28.6-fold), Tie2 (6.9-fold), and sarcomeric actinin (s-actinin, 2-fold), indicative of smooth
muscle, endothelial and cardiac myocyte lineages respectively (Fig. 2H). However, no
further increase in expression of commitment markers was evidenced in CAST CPCs upon
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addition of dexamethasone, a non-specific inducer of differentiation of CPCs[11] (Fig.
S3AB). Furthermore, expression of cell cycle inhibitors associated with stem cell quiescence
such as p21[31] (-45%) and p57[32] (—44%), as well as ‘stemness’ marker
nucleostemin[11] (NS, —49%) were dramatically reduced at baseline in CAST CPCs,
suggesting loss of quiescence and stemness (Fig. 21). Overall, the data indicates that CAST
CPCs exhibit a switch from reversible (quiescence) to ‘irreversible’ (senescence and
commitment) forms of cell cycle arrest, suggestive of a change in cell fate.

CPCs isolated from young (YCPC) and old (OCPC) FVB mice were compared to further
correlate the change in cell fate with short telomeres. Prior evidence from our group has
established that OCPCs exhibit shorter telomeres[12], slower growth kinetics[11] and
increased SA-B-gal positivity coincident with loss of NS[11], as compared to YCPCs.
Corroborating with findings from CAST CPCs, expression of senescence markers p53 (2-
fold), p27 (3.4-fold) and Rb (3.7-fold), as well as lineage commitment markers a-SMA (6.3-
fold) and s-actinin (1.7-fold) were elevated in OCPCs, concurrent with loss of quiescence
markers p21 (—34%) and p57 (-76%; Fig. S4ABC). Additionally, hypophosphorylation of
Rb and p53 were evidenced in OCPCs, indicating activation of Rb, but not p53 (Fig. S4D).
Altered cell fate with increased basal lineage commitment marker expression was also found
in adult human CPCs with critically short telomeres (Fig. S4E), consistent with our prior
findings establishing correlations between telomere length, proliferation rate and senescence
marker expression in multiple adult human CPC lines[19].

Telomere Elongation Partially Reverses Cell Fate

A causal role for short telomeres in eliciting the age-associated change in CPC fate was
determined by transiently elongating telomeres using a modified mMRNA (mmRNA)
encoding wild type telomerase reverse transcriptase (TERT-WT), as described
previously[33]. Coincident with a significant increase in endogenous TERT expression
(30%, Fig. 3A) telomere fluorescence intensity was increased in CAST CPCs transfected
with TERT-WT mmRNA (42%, Fig. 3B), suggesting telomere elongation. Increased
proliferation rate (32%, Fig. 3C), reduced senescent cell frequency (-17%, Fig. 3D),
concomitant with decline in expression of senescence and commitment markers p27 (-25%)
and Tie2 (—24%) as well as increased expression of quiescence marker p57 (32%, Fig. 3E)
were observed, collectively indicating attenuation of senescence and restoration of youthful
cell fate in CAST CPCs transfected with TERT-WT mmRNA.

Autophagy Is Activated and Modulates Cell Fate of CPCs with Short Telomeres

The role of autophagy in mediating the change in cell fate of CPCs was investigated
following evidence establishing its involvement in cellular remodeling and stem cell
aging[34, 35]. Expression of autophagy marker LC3-1I declined under basal conditions in
CAST CPCs (-59% Fig. 4A), but increased significantly in the presence of Bafilomycin Al
(BF; 3 fold, Fig. 4AB), an inhibitor of autophagome-lysosome fusion[36]. LC3-11/LC3-I
ratio also increased in CAST CPCs treated with BF (Fig. S5A). Additionally, expression of
p62 that gets sequestered in autophagosomes for lysosomal degradation decreased
significantly (-55%, Fig. 4C), indicating increased autophagy flux. Presence of autophagic
puncta was revealed by transducing CPCs with a baculovirus harboring tandem fluorescent
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proteins - red fluorescent protein (RFP)-green fluorescent protein (GFP)-tagged LC3. CAST
CPCs exhibited increased number of autophagosomes and autolysosomes/cell (Fig. 4DE),
identified respectively as yellow and red dots in overlaid micrographs, as described
previously[36]. Autophagic puncta further increased in CAST CPCs following amino-acid
deprivation (AAD; Fig. 4D), a positive inducer of autophagy[37]. Overall, the data
demonstrates increased and rapid autophagy flux in CAST CPCs. Consistent findings of
reduced p62 expression (—64%, Fig. S5B) is evidenced in OCPCs, collectively indicating
enhanced activation of autophagy in CPCs bearing short telomeres.

Mechanistic involvement of autophagy in regulating CPC fate was verified using
pharmacological inhibitors that blunt different stages of the autophagy process. Coincident
with reduced LC3-11 levels (-54%), expression of commitment and senescence markers a.-
SMA (-47%) and p27 (-94%, Fig. 5A), as well as senescent cell frequency (-60%, Fig. 5B)
were diminished in CAST CPCs treated with 3-methyladenine (3-MA), an inhibitor of
autophagosome formation[38]. Similarly, reduced levels of p16 (=37%) and Tie2 (-40%)
with increased LC3-11/LC3-1 (46%) and p62 (32%, Fig. 5C) were evidenced in CAST CPCs
treated with SB1-0206965, a small molecule inhibitor of Ulk1 kinase (Ulk1-1n)[39] that
regulates autophagosome initiation[40] and maturation[41]. Interestingly however, no
reduction in expression of senescence and lineage commitment markers (Fig. 5D) or SA-B-
gal activity (Fig. 5E) were observed upon blocking autophagosome-lysosome fusion via
treatment with BF, suggesting that blunting the early stages of autophagy attenuates
senescence and basal commitment and rejuvenates CAST CPCs.

p53 Regulates Cell Fate and Modulates Autophagy in CAST CPCs

Establishing the signaling mechanism underlying autophagy regulation in CAST CPCs
prompted examination of the role of p53, based on prior evidence demonstrating that p53
regulates senescence[11] and cell fate of CPCs[23] and induces autophagy in cardiac
cells[42]. Stable knockdown of p53 (—28%, Fig. 6A) significantly increased the proliferation
rate (31%, Fig. 6B) and decreased the frequency of senescent CAST CPCs (-19%, Fig. 6C).
Additionally, p53 silencing reduced the expression of molecular markers of senescence and
commitment in CAST CPCs, including p27, Rb, s-actinin (—23% each) and Tie2 (-44.5%,
Fig. 6D), without affecting levels of P-Rb or P-p53 normalized to actin (Fig. S6A). The
reversal of cell fate of CAST CPCs mediated by p53 inhibition correlates with blunting of
autophagy activity, as evidenced by decreased LC3-11 (-26%, Fig. S6A) and increased p62
levels (2 fold, Fig. S6B) upon gene knockdown or treatment with Pifithrin-a. (PFT), a
pharmacological inhibitor of p53. Overall, the data suggests that loss of p53 mediates
youthful cell fate at least partially via autophagy suppression in CAST CPCs.

Discussion

An inherent limitation of CPC-based therapy is that the cells are often isolated from an aged,
stressed source, which significantly impacts their regenerative potential and function[11].
CPCs isolated from aged mice and human patients exhibit impaired cellular and molecular
characteristics including cell cycle arrest, reduced proliferation, increased susceptibility to
cell death, senescence, loss of ‘stemness’, compromised ability to commit in response to
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stimulus, as well as defects in mitochondrial biogenesis and paracrine factor secretion[11,
19, 43]. The cell-autonomous biological age of the exogenous stem cells influences the
efficiency and outcome of cellular therapy, as indicated by a strong positive correlation
between CPC function and cardiac anatomy in patients with ischemic cardiomyopathy[44].
Biologically youthful CPCs with superior growth characteristics facilitate better repair and
preserve cardiac structure, whereas biologically old, senescent cells are associated with
negative remodeling of the heart[44]. Thus, understanding the basic biology of how aging
affects stem cell maintenance is of paramount importance to enhance the regenerative
potential of CPC-based therapy that is largely targeted to an elderly patient population.

Results of our study delineate a novel mechanism involving short telomeres and protein
homeostatic mechanisms in the modulation of cell fate of CPCs. Cell fate changes
characterized by loss of quiescence, impaired proliferation, increased senescence and basal
commitment are observed in CAST CPCs as well as old mouse and human CPCs bearing
short telomeres (Fig. 2 and Fig. S4), corroborating with findings in geriatric skeletal muscle
stem cells[45]. The switch from reversible to ‘irreversible’ cell cycle arrest likely accounts
for exhaustion of the endogenous stem cell pool that occurs with aging (Fig. 7). Our results
indicate that short telomeres cause the age-associated change in CPC fate, as elongating
telomeres via overexpression of TERT-WT attenuates senescence and basal commitment
while increasing proliferation and markers of quiescence in CAST CPCs (Fig. 3). CPCs
have high endogenous telomerase activity that declines coincident with telomere
shortening[10], suggesting that CAST CPCs have lower telomerase activity relative to FVB
or C57 CPCs concomitant with reduced TERT expression (Fig. 3A). This study utilizes a
modified mMRNA to overexpress human TERT-WT, which represents a transient, clinically
relevant, and safe strategy to elongate telomeres, delay senescence and enhance proliferation
without immortalizing cells[33]. Single transfection with TERT-WT mmRNA partially
restores youthful cellular characteristics to CAST CPCs (Fig. 3), which may be extended by
repeated rounds of transfection, as demonstrated in fibroblasts and myoblasts[33].
Interestingly, TERT-WT increases cellular proliferation without elongating telomeres in C57
CPCs (Fig. 3BC). TERT-induced increase in cellular growth and proliferation may be
mediated via mechanisms that are dependent or independent of telomere elongation[46]. In
addition to its primary function as a reverse transcriptase that is crucial for telomere
elongation, TERT interacts with other proteins, regulates chromatin structure and modulates
gene expression leading to induction of pro-proliferative and inhibition of anti-proliferative
genes, collectively resulting in increased cell number[46]. Strain-specific differences likely
account for the disparate regulation of proliferation upon TERT-WT overexpression in
CPCs, such that C57 CPCs exhibit increased cellular proliferation without telomere
elongation, while CAST CPCs demonstrate increased cell number that correlates with
elongated telomeres. Interestingly, TERT-WT overexpression also increases expression of
quiescence marker p57 in C57 and CAST CPCs (Fig. 3E). High proliferation at the cost of
quiescence is not always desirable, as it causes stem cell exhaustion leading to decline in
regenerative potential. Our data indicates that TERT-WT enhances both proliferation and
quiescence of C57 and CAST CPCs thus preventing their exhaustion. Additionally, TERT-
WT transfection reduces senescent cell counts to varying degrees in all three strains of CPCs
(albeit not significantly in FVB or C57 CPCs, Fig. 3D) that correlates with either reduced
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expression of cell cycle inhibitory proteins such as p27, as evidenced in FVB and CAST
CPCs (Fig. 3E), or with increase in proliferation, as seen in C57 and CAST CPCs (Fig. 3C).
Corroborating effects of enhanced proliferation, survival and attenuation of senescence are
also evidenced in CPCs modified with upstream modulators of TERT, such as Pim1 kinase
or Nucleostemin[11, 12, 19]. Thus, molecular mechanisms that elongate telomeres via
activation of TERT hold robust potential to rejuvenate CPCs. Overall, our data establishes
that telomere length is a determinant of CPC fate and function, consistent with findings in
other adult stem cells [47]. It is however important to note that telomeres can be damaged or
uncapped independent of length [48] and thus telomeric integrity and not just the length may
also predict cellular outcome.

Cell fate changes occurring during aging are accompanied by induction of autophagy in
CPCs, as evidenced by increased accumulation of LC3-11 following BF treatment, increased
autophagic puncta upon starvation and reduced p62 levels in CAST CPCs (Fig. 4) and
OCPCs (Fig. S5). Our data suggests that autophagy is induced differentially in all three
strains of CPCs (Fig. 4B) and likely plays different roles in youthful and senescent CPCs. In
relatively youthful FVVB CPCs, autophagy likely contributes to maintenance of stemness and
proliferation as seen in skeletal muscle and hematopoietic stem cells[49, 50].
Consequentially, inhibition with 3-MA and Ulk1-In increases expression of cell-cycle
inhibitors p16 and p27 in FVB CPCs, while decreasing senescent cell number (Fig. 5ABC),
suggesting impaired cellular proliferation. A plethora of studies report impairment of
autophagy during aging as well as the alleviation of senescence, elongation of lifespan and
restoration of cardiac structure and function in the aged heart upon stimulation of
autophagy[49, 51]. Paradoxically, our data indicates that autophagy is activated and plays a
role in inducing senescence and basal commitment of aged CPCs. Inhibiting autophagosome
formation using 3-MA attenuates senescence and commitment, as evidenced by a reduction
in senescent cell counts and expression of p27 and a-SMA in CAST CPCs (Fig. 5AB).
Similarly, blunting autophagosome maturation via treatment with Ulk1-In also decreases
expression of senescence and commitment markers in CAST CPCs (Fig. 5C). These findings
are consistent with several recent studies demonstrating induction of autophagy during
telomere dysfunction, oncogene-induced- and DNA damage-triggered senescence in
fibroblasts as well as aged hematopoietic stem cells [52-57]. Cellular remodeling and
reorganization of the endomembrane system occurs in senescent cells and activates
autophagosome formation[54, 55]. The high flux of aminoacids and metabolites generated
by induction of autophagy drives increased protein synthesis and the senescence-associated
secretory phenotype typically seen in metabolically active, senescent cells[54-56].
Mechanisms of autophagy induction during senescence involve activation of Ulk1 and UIk3
kinases[52, 53] as well as spatio-temporal coupling with mammalian target of rapamycin[54,
55]. Furthermore, blunting autophagy delays the acquisition of senescence while
overexpression of UIk3 is sufficient to induce both autophagy and senescence, suggesting a
causal role for autophagy in modulating senescence in some mammalian cells [52, 54].
Similarly, autophagy is activated and necessary for stem cell commitment, as reported
during differentiation of myocardial progenitors[58] and myoblasts[59]. Collectively, our
data supports a role for autophagy as aged CPCs switch from reversible to ‘irreversible’
forms of cell cycle arrest (senescence and commitment), and demonstrate that blunting the
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early stages of autophagy may at least partially reverse the cell fate of CAST CPCs (Fig. 5
and Fig. 7). Thus, clearly the regulation and role of autophagy appears to be highly cell-type
and stimulus specific.

A nodal signaling molecule acting downstream of short telomeres is p53, which likely serves
as an intermediate and modulates autophagy in CAST CPCs (Fig. S6). p53 is highly
expressed during senescence, as seen in CAST CPCs (Fig. 2), OCPCs (Fig. S4A), adult
human CPCs[19], and in young mouse CPCs that are forced to undergo senescence via cell-
culture passaging[12] or silencing of key signaling molecules such as NS[11]. Stable
knockdown of p53 attenuates senescence by decreasing molecular marker expression and
senescent cell counts and increasing proliferation in C57 and CAST CPCs (Fig. 6),
consistent with our prior results in mouse and human CPCs with NS knockdown[11].
Additionally, p53 silencing also reduces expression of commitment markers in CAST CPCs
(Fig. 6D), collectively suggesting that loss of p53 restores youthful cell fate in aged CPCs.
Interestingly, a recent study by Kannappan et al demonstrates that CPCs isolated from
transgenic mice with a single extra copy of p53 (super-p53 mice) display a younger
phenotype with higher proliferation, lower senescence marker expression and increased
DNA damage repair[23]. Unlike transgenic mice with constitutively active p53, the super-
p53 mice exhibit moderately higher p53 activity and regulation by post-translational
modifications that is similar to the endogenous gene[23]. Reconciling our findings with
Kanappan et al, it appears that the dose of p53 and method of regulation is critical for
modulation of CPC youth. Lt-sh-p53-mediated knockdown induces partial, but not complete
ablation of p53 levels (Fig. 6) consistent with our prior study[11], suggesting that a moderate
amount of p53 may indeed be beneficial for CPCs. This study also measures activation of
p53 by detecting phosphorylation at Ser15, that is important in stimulating transactivation at
p53-responsive promoters, thus regulating target gene expression[60]. Surprisingly, our data
demonstrates no significant differences in P-p53 levels in the CAST mouse myocardium or
CPCs, as compared to FVB or C57 (Fig. S1K, S2D). It is likely that under basal conditions
in the absence of an external DNA damage stimulus, p53 recruitment to target gene
promoters occurs independent of Serl5 phosphorylation, as shown in a recent study[60].
Future work detecting other post-translational modifications of p53 will provide more
information about the activation status and the mechanistic basis of p53-mediated regulation
of CPC fate. Our data reveals attenuation of autophagy upon p53 inhibition in CAST CPCs
(Fig. S6), but the precise mechanism by which p53 modulates autophagy remains a topic of
future investigation. To our knowledge, this is the first study that suggests a link between
telomere shortening and activation of autophagy in CPCs. However, the direct effect of p53
silencing or autophagy inhibition on telomere length is unclear and remains to be
investigated. Findings from other cell types demonstrate that p53 inhibition activate
telomerase as well as recombination mechanisms known as alternative lengthening of
telomeres that lead to telomere elongation[61, 62]. Clearly elucidating the mechanistic role
of p53 in autophagy regulation and telomere elongation will pave way for future studies that
focus on selectively modulating the pleiotropic functions of p53.

Hypophosphorylation of Rb at Ser 780 that indicates activation is also measured in this
study. Inactivation of Rb occurs via phosphorylation by cyclin-dependent protein kinases
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and permits cell cycle progression[63]. Reduced P-Rb levels in CAST and OCPCs (Fig.
S2D, S4D) is consistent with acquisition of cell cycle arrest and senescence.

It is important to note that the three strains of CPCs exhibit differential responses to genetic
manipulation. In our hands, FVB CPCs are most sensitive to lentiviral transduction as
evidenced by increased cell death (data not shown), higher senescent cell counts as well as
increased p53 expression in FVB CPCs transduced with scramble control lentivirus (Lt-sh-
control; Fig. 6) as compared to uninfected cells of the same strain under basal conditions
(Fig. 2). The differential response of FVB, C57 and CAST CPCs to mmRNA transfection,
treatment with autophagy inhibitors as well as lentivirus transduction in combination with
puromycin treatment has required normalization of the data relative to each strain (Figs. 3, 5,
6).

The discovery that CAST mice have short telomeres has resulted in their use to study the
effects of short telomeres on age-associated disorders[13, 15]. Homozygous knockout mice
for telomerase acquire short telomeres and consequently display functional defects only after
5 generations of breeding and at 6-8 months of age[64, 65]. However, the naturally-
occurring CAST mice which are not genetically engineered exhibit short telomeres from
birth and are more susceptible to limited tissue renewal, degenerative diseases and increased
cellular senescence that occurs with aging[13, 15]. Surprisingly, no known studies till date
have delved into understanding the cardiac biology and pathogenesis of age-associated heart
diseases using the CAST mice. Our findings demonstrate that relative to common lab mouse
strains such as FVB or C57, CAST mice display phenotypic characteristics consistent with
clinical manifestations of cardiac aging[29] as early as 2 months after birth, such as diastolic
dysfunction, cardiac hypertrophy, fibrosis, elevated plasma catecholamines, and increased
cellular senescence (Fig. 1, Fig. S1). The increase in systolic function in aged CAST mice is
likely associated with elevated hypertension/vascular pressure concomitant with high
adrenaline/noradrenaline levels, corroborating recent findings of significantly increased EF
in patients with high blood pressure[66]. Interestingly, the survival rate of the CAST mice is
significantly lower than FVB, but comparable to C57 (Fig. 1D), suggesting that telomere
length has a partial role in regulating lifespan. Findings from a recent study demonstrate that
telomere length in early life is a better predictor of organismal lifespan such that individuals
with longer telomeres from birth continuing throughout life have relatively long lifespans
while those with short telomeres from birth have a shorter lifespan [67]. Alternatively,
cellular and organismal longevity are also impacted by the accumulation of dysfunctional
telomeres, which can be independent of absolute telomere lengths [48]. Future research is
needed to establish the clear link between telomere shortening/dysfunction and organismal
lifespan. The effects of short telomeres are also tissue-specific with a rather limited role in
post-mitotic tissues such as the heart and cardiac myocytes there in, as compared to
proliferating cells such as CPCs. Coincident with aging of the myocardium, CAST CPCs
isolated and expanded ex vivo demonstrate age-associated molecular changes in cell fate,
which are similar to aged human CPCs (Fig. 2 and Fig. S4)[19]. Collectively, our findings
indicate that CAST mice and CPCs therein closely recapitulate human biology and thus
represent an innovative and superior model to study myocardial aging and regeneration.
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Overall, this study uses CAST as a mouse model of short telomeres and delineates a
signaling cascade involving telomere shortening, p53 and autophagy in modulating the age-
associated-change in cell fate of CPCs. The switch from reversible to ‘irreversible’ forms of
cell cycle arrest in CAST CPCs likely leads to exhaustion of the stem cell pool that
correlates with aging cardiomyopathy evident in the CAST mouse heart (Fig. 7). Defining
these cell-intrinsic processes regulating cell fate has revealed novel, therapeutically-relevant
strategies including TERT-WT mmRNA-mediated transient telomere elongation, p53
silencing and autophagosome inhibition to rejuvenate and augment the reparative potential
of aged CPCs. Future investigations will need to test if the strategies proposed herein reverse
myocardial stem cell fate /7 vivoand if autologous infusion of the modified, rejuvenated
CPCs holds potential to antagonize the cardiac aging process.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A-B. Characterization of CAST mouse as a model of early cardiac aging
M-mode echocardiographic measurements of fractional shortening (FS%) (A) and ejection

fraction (EF%) (B) in mice at different ages (2 months (mo): N=13FVB, 13C57, 15CAST;
4mo: N=9/strain; 6mo: N=9FVB, 9C57, 6CAST; 8mo: N=9FVB, 8C57, 6CAST; 12mo:
N=8FVB, 7C57, 4CAST) C. Pulse wave Doppler based measurement of peak velocity of
early (E) and late (A) filling of mitral inflow (E/A) (2mo: N=6FVB, 4 C57 and CAST; 4mo:
N=9/strain; 6mo: N=9FVB, 9C57, 6CAST; 8mo: N=8FVB, 9C57, 6CAST; 12mo: N=7FVB,
5C57, ACAST)

D. Kaplan-Meier survival analyses (N=15FVB, 15C57, 18CAST). E. Left ventricular (LV)
weight normalized to body weight (LVw/BW) (4mo: N=7FVB, 8C57, 10CAST; 8mo: N=3/
strain). F—G. Micrographs of LV sections stained with wheat germ agglutinin (WGA,
white), nuclear marker (green) and sarcomeric actin (red) (F) and quantification of cardiac
myocyte size (G). H-1. mRNA levels of Collagen1Al and Collagen3A1 (H) and p53 and
p16 (1) as determined by qPCR in mouse hearts. J. Immunoblots and densitometric analyses
of p53 and p16 expression in mouse hearts. Immunoblot for p16 with additional samples is
included in the Supplement to address sample heterogeneity. K. Confocal micrographs of
mouse hearts stained with c-kit (green), p16 (red), desmin (des, blue) and nucleus (nucl,
white). Arrow indicates senescent (c-kit+, p16+) CPC. Male FVB, C57 and CAST mice at 2
months of age (N=3/strain) were used for experiments from F-K, except p16 in J, which
includes samples from 2—-4 months of age (N=8 FVB, 8 C57, 6 CAST). Units are listed in
parantheses (A-B,E,G). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. * and # indicate
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comparison to FVB and C57 respectively and number of # represents p value similar to *
(A-C, E). Two-way Anova (A-C, E), One-way Anova (D,G-J).
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Figure 2. CAST CPCs exhibit altered cell fate
A. Cell number normalized to day 0 and assessed by microscopic counting of live cells

(N=9). B. Population doubling time calculated from live cell counts (N=12). C. Cell cycle
stage assessed by measuring DNA content using flow cytometry (N=4). D. Flow cytometry
based cell death analyses as assessed by propidium iodide (PI) and AnnexinV (Anv) staining
of live cells (N=4). E-F. Phase contrast micrographs (E) and counts (F) of CPCs stained
with senescence associated B-galactosidase (SA-p-gal). Arrows indicate senescent, blue
cells (N=7). G-I. Immunoblots and densitometric analyses of senescence markers p53, p16,
p27 and Rb (G), cardiomyogenic lineage commitment markers a.-smooth muscle actin (a.-
SMA), Tie2 and sarcomeric actinin (s-actinin) (H), and quiescence/stemness markers p21,
p57 and nucleostemin (NS) (1) (N=4-15). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,
* and # indicate comparison to FVB and C57 respectively and number of # represents p
value similar to * (C,D). Two-way Anova (A,C,D), One-way Anova (B,F-I).
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Figure 3. Elongation of telomeres partially restores youthful cell fate in CPCs
A. Immunoblot and densitometric analyses of endogenous telomerase reverse transcriptase

(TERT) and green fluorescent protein (GFP) in CPCs transfected with 0.6-2ug/ml modified
MRNA expressing GFP or wild type TERT (TERT-WT) (N=8). GFP expression indicates
success of transfection. B. Mean fluorescence intensity of telomere staining as determined
by gFISH (N=39-56 cells from 3 experiments). C. Cell counts as determined by
microscopic counting of live cells at 4 days after plating (N=4). D. Senescent cell counts as
determined after staining with SA-B-gal (N=3). E. Immunoblots and densitometric analyses
of p27, Tie2 and p57 expression (N=4-5). For all experiments, except D, data is expressed
relative to GFP transfected CPCs of each strain. *p<0.05, **p<0.01, ***p<0.001. Multiple t-
tests (A-E).

Stem Cells. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matsumoto et al.

Page 19

A [ FVB 3 C57 MM CAST B B Control [ BF
Control BF, 4h 5 BE4 oty
= = 7 e —— 5
0 N~ O o~ 0 84 — oc3
2 0 < > n <« s 28
L oo oo 53 Sd,
| T2 82
LC3 , — EE—— 8, 221
. s — —— ® "y E
Actin — 20 8o
<  Control BF FVB C57 CAST
['4
C D 1 Autophagosome
El Autolysosome
15

5
# dots/cell

Relative p62 expression
°
o

=4
°

FVB C57 CAST

Figure 4. Activation of autophagy in CAST CPCs
A-B. Immunoblots and densitometric analyses of LC3-11 expression in CPCs cultured under

control conditions or treated with autophagy inhibitor bafilomycin (BF, 100nM, 4hours).
LC3-11 is normalized to Actin expression and expressed relative to FVB control CPCs (A) or
control of each strain (B) (N=3-4). C. Expression of p62 as determined by immunoblots and
densitometric analyses (N=8). D—E. CPCs were transduced with Premo Autophagy sensor, a
baculovirus expressing RFP-GFP-LC3. Counts of autophagosomes and autolysosomes/cell
under basal conditions and following amino acid deprivation (AAD), achieved by 1 hour
treatment with Hanks balanced salt solution (D). Yellow dots in overlaid images indicate
autophagosomes and red dots that do not overlay with green puncta indicate autolysosomes.
Representative micrographs of autophagy puncta are shown (E) (N=4-5). *p<0.05,
**p<0.01, ***p<0.001. Multiple t-tests (A—B), One-way Anova (C), Two-way Anova (D).
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A. Immunoblots and densitometric analyses of CPCs cultured under control conditions or

treated with 3-Methyladenine (3-MA, 10mM

, 24h). Ponceau was used to determine loading

(N=4-5). B. Senescent cell counts (N=3-5). C. Immunoblots and densitometric analyses of
CPCs treated with Ulk1-inhibitor SBI-0206965 (Ulk1-In, 10uM, 2h, N=4-5) D.
Immunoblots and densitometric analyses of CPCs treated with BF (100nM, 4hours, N=3-6).
E. Counts of cells positive for SA-B-gal (N=4-5). *p<0.05, **p<0.01, ***p<0.001,
****pn<0.0001, N.S not significant. Data is expressed relative to control of each strain,
except B. and E, where data is not normalized to control. Multiple t-tests (A, C, D), Two-

way Anova (B, E).
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Figure 6. p53 inhibition attenuates senescence and basal commitment of CAST CPCs
A. Immunoblots and densitometric analyses of CPCs treated with lentivirus harboring short-

hairpin RNA against p53 (Lt-sh-p53) or scramble control (Lt-sh-control) (N=7). B. Cell
counts as determined by microscopic counting of live cells at 1-2 days after plating (N=3).
C. Senescent cell counts (N=3-4). D. Immunoblots and densitometric analyses of
senescence (p27, Rb) and commitment markers (s-actinin, Tie2) in CPCs (N=5-6). *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Data is expressed relative to Lt-sh-control
transduced CPCs of each strain, except C. Multiple t-tests (A-D).
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Figure 7. Schematic of hypothetical signaling cascade

The cell fate of CPCs changes with age and is characterized by a switch away from
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proliferation and quiescence (reversible form of cell cycle arrest) towards senescence and
increased basal commitment (“irreversible’ forms of cell cycle arrest) accounting for age-
associated stem cell exhaustion. Mechanistically, short telomeres activate p53 that induces

autophagy and at least partially contributes to the age-associated change in cell fate.

Blunting telomere shortening via overexpression of TERT-WT, silencing p53, or treating

with pharmacological inhibitors of p53 (PFT) and autophagy (3-MA, Ulk1-In, BF)

selectively attenuate senescence and basal commitment and reverse cell fate of aged CPCs.
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