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Background: Age and disease affect cardiac expression and localization of Pim1.

Results: Survival and proliferation are enhanced and senescence is antagonized by intracellular targeting of Pim1.
Conclusion: Cardioprotective properties are emphasized by targeting Pim1 expression in human cardiac progenitor cells.
Significance: Compartmentalizing Pim1 to enhance stem cell characteristics can be used for targeted molecular intervention to

improve cell-based regenerative therapy.

Human cardiac progenitor cells (hCPC) improve heart func-
tion after autologous transfer in heart failure patients. Regener-
ative potential of hCPCs is severely limited with age, requiring
genetic modification to enhance therapeutic potential. A legacy
of work from our laboratory with Pim1 kinase reveals effects on
proliferation, survival, metabolism, and rejuvenation of hCPCs
in vitro and in vivo. We demonstrate that subcellular targeting
of Pim1 bolsters the distinct cardioprotective effects of this
kinase in hCPCs to increase proliferation and survival, and
antagonize cellular senescence. Adult hCPCs isolated from
patients undergoing left ventricular assist device implantation
were engineered to overexpress Piml throughout the cell
(PimWT) or targeted to either mitochondrial (Mito-Pim1) or
nuclear (Nuc-Pim1) compartments. Nuc-Pim1 enhances stem
cell youthfulness associated with decreased senescence-associ-
ated P-galactosidase activity, preserved telomere length, re-
duced expression of p16 and p53, and up-regulation of nucleo-
stemin relative to PimWT hCPCs. Alternately, Mito-Pim1l
enhances survival by increasing expression of Bcl-2 and Bcl-X;
and decreasing cell death after H,O, treatment, thereby pre-
serving mitochondrial integrity superior to PimWT. Mito-Pim1
increases the proliferation rate by up-regulation of cell cycle
modulators Cyclin D, CDK4, and phospho-Rb. Optimal stem
cell traits such as proliferation, survival, and increased youthful
properties of aged hCPCs are enhanced after targeted Piml
localization to mitochondrial or nuclear compartments. Tar-
geted Pim1 overexpression in hCPCs allows for selection of the
desired phenotypic properties to overcome patient variability
and improve specific stem cell characteristics.
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The mammalian adult heart harbors niches of clonogenic,
self-renewing, multipotent, c-kit™ cardiac progenitor cells
(CPCs)? to initiate myocardial repair in the face of physiological
stress and oxidative damage (1, 2). An endogenous survival
response and secretion of growth factors recruit the resident
population of CPCs following myocardial injury to drive prolif-
eration, self-renewal, and differentiation into new cardiomyo-
cytes (3). The endogenous system of repair in the heart is not
independently sufficient to effectively repair and regenerate the
failing myocardium, and CPC function further decreases with
age (4-6). Use of exogenously expanded CPCs to mitigate
myocardial damage has demonstrated promising results in ani-
mal models and Phase I clinical trials (7-10). Intracoronary
injection of autologous CPCs has been validated as a safe and
feasible therapeutic option to reduce scar size and significantly
improve left ventricular systolic function in patients with ische-
mic cardiomyopathy in the Phase I SCIPIO clinical trial (10).
However, problems with cell survival and engraftment after
myocardial infarction reduce the regenerative capability of
adoptively transferred CPCs (7-9), highlighting the need for in
vitro genetic manipulation to enhance cellular proliferation,
survival, engraftment, and commitment of CPCs (11-14).

Work from our laboratory with Pim1 kinase reveals pleiotro-
pic roles to enhance proliferation, survival, metabolism, rejuve-
nation, and regeneration of cardiomyocytes and stem cells in
the myocardium (12, 15-18). Pim1 is a highly conserved serine-
threonine kinase and is a downstream target of cardioprotec-
tive nuclear Akt accumulation (12). Pim1 regulates cellular
processes such as cell cycle progression, survival, telomere
preservation, and senescence by interaction, stabilization, and

3 The abbreviations used are: CPC, cardiac progenitor cell; CDK, cyclin-depen-
dent kinase; hCPC, human cardiac progenitor cell; eGFP, green fluorescent
protein; PimWT, whole cell Pim1; Mito-GFP, mitochondrial-targeted GFP;
Mito-Pim1, mitochondrial-targeted Pim1; Nuc-GFP, nuclear-targeted GFP;
Nuc-Pim1, nuclear-targeted Pim1; SA B-gal, senescence-associated 3-ga-
lactosidase; AnV, annexin V; Pl, propidium iodide; TERT, telomerase reverse
transcriptase; NS, nucleostemin; Rb, retinoblastoma; ROS, reactive oxygen
species; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-
1,3-diol; qPCR, quantitative PCR.
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phosphorylation of many downstream targets (14, 16, 17, 19,
20). Pim1 is the main isoform of the kinase in the heart, and
expression level and subcellular localization change over the
course of cardiovascular development. Pim1 is highly expressed
and predominantly localizes to the nucleus of cardiomyocytes
in the neonatal heart, mediating rapid proliferation during car-
diac development (12). Additionally, Pim1 promotes prolifera-
tion through interactions with cell cycle regulators, cyclins, and
cyclin-dependent kinases (CDK) in embryonic, hematopoietic,
and cardiovascular stem cells (14, 21). During postnatal devel-
opment, Pim1 expression decreases and translocates to the
cytosol of cardiomyocytes. Pim1 expression is reactivated and
shuttled to the mitochondria following injury, coinciding with
the role of Pim1 in cell survival (12). Pim1 antagonizes the
intrinsic pathway of apoptosis in the heart by elevating anti-apo-
ptotic proteins Bcl-2 and Bcl-X; at the mitochondria (14). Col-
lectively, these findings support a pivotal role for Pim1 in pres-
ervation of mitochondrial integrity and structure as well as
inhibition of apoptotic signaling during acute heart damage
(19).

Regeneration of the heart is significantly improved by the
application of Pim1-modified CPCs. Pim1 CPCs have enhanced
proliferation, survival, metabolic activity, and cardiac commit-
ment, along with reduction in infarct size and improved cardiac
function after injection into an infarcted mouse heart (17).
Pim1 antagonizes senescence, elongates telomeres, and rejuve-
nates phenotypically aged stem cells (11, 17, 18). Patients with
end-stage heart failure are a major cohort of the target popula-
tion that would benefit from Piml-modified human CPC
(hCPC)-based regenerative treatment. The role of Pim1 in car-
dioprotection is expansive; the kinase has a precocious role in
heart development and stem cell-based regeneration, and
determining functional effects of Pim1 in hCPCs has provided
valuable insight regarding enhancement of stem cell-based
myocardial regeneration. Characterization of hCPCs from
individual patients delineates the unique properties of each
patient isolate and can be used to decipher modifications
needed to return the cells to a youthful state. Genetic modifica-
tion with Pim1 represents a proven strategy to restore CPCs for
cardiovascular regenerative therapy despite patient diversity or
genetic background. The goal of this study was to demonstrate
that employing targeted Piml preferentially modifies hCPC
characteristics based upon internal localization. Specifically,
differential regulation of cellular processes dictated through
Pim1 in distinct subcellular organelles could provide for tai-
lored molecular intervention in hCPCs. Targeted Pim1 overex-
pression independently influences proliferation, survival, and
senescence, sidestepping variability in stem cell characteris-
tics, growth rates, and regenerative potential of hCPCs and
providing an avenue for increased specificity of genetic
intervention to augment patient-specific cell-based cardiac
regenerative therapy.

Experimental Procedures

Isolation of Human CPCs—Left ventricular heart tissue sam-
ples were collected from patients undergoing left ventricular
assist device implantation for the isolation of hCPCs as previ-
ously described (17, 18). NIH guidelines for human research
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declare this study protocol approved by the IRB (120686). In
brief, the tissue was minced into small pieces, digested in colla-
genase (Worthington Bio Corp.), cells were incubated with
magnetic beads labeled for c-kit (Miltenyi Biotec) and sorted
according to the manufacturer’s protocol. The pellet was resus-
pended in hCPC media and plated at 37 °C overnight in a 5%
CO, incubator. hCPCs from multiple patients were screened
for differences in growth kinetics, survival, and response to
Pim1 overexpression. H10-001 was chosen for the remainder of
the study as the cell line to delineate the effects of Pim1 engi-
neering based on its slow proliferation rate and our previous
publications characterizing its cellular phenotype (17). Fetal
hCPCs were derived from non-surgically obtained second tri-
mester fetal heart tissue purchased from Novogenix Laborato-
ries. Fetal hCPCs utilized in this study are prototypical youthful
stem cells, with enhanced proliferation rates, robust cell pro-
tection, and decreased expression level of senescence markers
(18) (Fig. 1). Patient backgrounds used for isolation of hCPCs
used can be found in Table 2.

Lentiviral Vector Generation—Lentiviruses for the control
GFP or experimental GFP and Pim1 were cloned with either a
mitochondrial targeting sequence or nuclear localization signal
for proper intracellular targeting of Piml and/or GFP.
Sequences were subcloned into a lentiviral backbone by excis-
ing from the pShooter vector (Life Technologies, V821-20 and
V822-20) with restriction enzymes EcoRI and BsrGI (New Eng-
land Biolabs, Inc.). After digestion, the pShooter sequences
were ligated into a construct (also cut with EcoRI and BsrGI)
driven by a myeloproliferative sarcoma virus LTR-negative
control region-deleted promoter using the Roche DNA Rapid
Ligation Kit and transformed in Bp5a-competent cells (Biopio-
neer). Proper ligation of backbone and insert was confirmed by
PCR and DNA sequencing (Eton Biosciences). Upon transloca-
tion, the mitochondrial leader sequence was removed to direct
the protein to the mitochondria, and the presence of three
nuclear localization sequences direct protein to the nucleus.
GFP or GFP and Pim1 were fused to the respective targeting
sequences (mitochondrial, MSVLTPLLLRGSTGSARRLPVPR-
AKIHSL and nuclear, 3X DPKKKRKYV) and the c-myc epitope
for detection. Lentiviral constructs for expression of GFP and
GFP/Pim1 were generated as previously described (18). These
constructs were used as controls in this study to compare the
effects of targeted versus non-targeted Pim1, in a manner con-
sistent with previous findings (11, 17).

hCPC Transduction—hCPCs were plated in a 6-well plate at a
density of 50,000 cells/well and transduced with lentivirus mul-
tiplicity of infection of 20. Cells were expanded to generate cell
lines expressing GFP (eGFP) or GFP and Pim1 (PimWT), mito-
chondrial targeted GFP (Mito-GFP) or GFP and Pim1 (Mito-
Pim1), nuclear targeted GFP (Nuc-GFP) or GFP and Piml
(Nuc-Pim1). Efficiency of GFP expression was analyzed by flow
cytometry and immunocytochemistry. Up-regulation of Pim1
protein and gene expression was confirmed by immunoblot
analysis and real-time quantitative PCR, respectively.

Real Time RT-PCR—Total RNA was isolated from hCPCs
with a Quick-RNA MiniPrep kit (Zymo Research) according to
the manufacturer’s protocol (18). mRNA was reverse tran-
scribed to cDNA with iScript cDNA Synthesis kit (Bio-Rad) and
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TABLE 1
Primer sequences used for RT-PCR/qPCR assay
Sequences

Pim1 (Fwd) TGCCATTAGGCAGCTCTCCCCA
P53 (Fwd) GCAGCGCCTCACAACCTCCG
P16 (Fwd) AGCATGGAGCCTTCGGCTGA
NS (Fwd) GGGAAGATAACCAAGCGTGTG
18S (Fwd) ACGGACCAGAGCGAAAGCAT
ERRa (Fwd) CTTCGCTCCTCCTCTCATC
TFAM (Fwd) AATCTGTCTGACTCTGAA
NRF1 (Fwd) TTTGTATGCCTTTGAAGAT

Sequences

Pim1 (Rev) GCGGCTTCGGCTCGGTCTACT
p53 (Rev) TGATTCCACACCCCCGCCCG
p16 (Rev) CCATCATCATGACCTGGATCG
NS (Rev) CCTCCAAGAAGTTTCCAAAGG
18S (Rev) TGTCAATCCTGTCCGTGTCC
ERRa (Rev) CTGGAGTCTGCTTGGAGTTAT
TFAM (Rev) CACATCTCAATCTTCTACTT
NRF1 (Rev) AACCTGGATAAGTGAGAC

real time PCR was completed in triplicate using iQ SYBR Green
(Bio-Rad) on a CFX real time PCR Detection System (Bio-Rad)
(18). Samples were normalized to 18S for analysis. Primer
sequences are listed in Table 1.

Immunocytochemistry of Fixed Cells—hCPCs were plated on
2-chamber permanox slides at a density of 1,500 cells/chamber.
Cells were fixed with 4% paraformaldehyde overnight at 4 °C,
permeabilized with 0.2% Triton X-100 in PBS for 15 min or
100% methanol for 10 min, and blocked with 10% horse serum
in PBS for 1 h. Incubation with primary antibodies was carried
out overnight at 4 °C. Slides were washed with PBS, followed by
secondary antibody incubation for 1 h. TO-PRO-3 iodide was
used to stain nuclei and slides were imaged using a Leica TCS
SP8 confocal microscope.

Subcellular Fractionation—To isolate nuclear and cytosolic
extracts, hCPCs were washed with ice-cold PBS and collected in
200 ul of ice-cold isolation buffer (70 mm sucrose, 190 mm
mannitol, 20 mm HEPES solution, 0.2 mm EDTA solution).
Samples were repeatedly plunged through a 100-ml insulin
needle to homogenize the collected cells. To obtain nuclear
fractions, samples were centrifuged at 800 X g for 15 min,
washed with isolation buffer, and centrifuged a second time.
Supernatant from the preliminary centrifugation was used as
the cytosolic fraction and the final nuclear pellet was resus-
pended in isolation buffer. Total cytosolic and nuclear protein
was measured by immunoblot analysis.

Immunoblot Analysis—hCPC protein lysates were collected
on ice in sample buffer (pH 6.8), boiled, and sonicated. Protein
was separated on a 4-12% NuPage Novex BisTris gel (Life
Technologies), transferred onto an Immobilon-P polyvi-
nylidene fluoride (PVDF) membrane (Millipore), and blocked
for 1 h in 5% skim milk in TBST (1% Tris-buffered saline, 0.1%
Tween). Membranes were probed with primary antibody over-
night at 4 °C, washed three times with TBST solution, and incu-
bated with secondary antibody for 1 h at room temperature.
Membranes were imaged on a Typhoon scanner. Primary anti-
bodies used were: Pim1 (39 —4600) (Life Technologies, discon-
tinued); GFP (A10262) (Life Technologies); myc tag (2278),
Bcl-2 (2872), Bcl-X; (2762), Cyclin D1 (2978), aTubulin (2144),
phospho-PRAS40 (Thr-246) (2640), PRAS40 (2691), p16 (F12,
sc-1661), p53 (F393, sc-6243), Nucleostemin (His-270, sc67012),
B-actin (sc-81178) (Santa Cruz); CDK4 (ab-3112) (Abcam);
Lamin A (C-terminal) (L1293) (Sigma).

Senescence-associated B-Galactosidase Staining—Senescence-
associated -galactosidase (SA B-gal) assay (Abcam number
ab65351) was used according to the manufacturer’s protocol to
detect senescent cells. In short, hCPCs at late passage (p13)
were plated in 2 chamber permanox slides, fixed, and stained
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overnight at 37 °C with staining supplement, staining solution,
X-Gal (lyophilized) and dimethyl sulfoxide. Images were cap-
tured on an Olympus IX70 microscope.

Telomere Length Measurements (RT-PCR)—Genomic DNA
was prepared from cultured cells using Macherey-Nagel Nucleo-
Spin Tissue Kit (740952.50), according to the manufacturer’s
protocol. Modified monochrome multiplex quantitative PCR
was used to measure telomere lengths by real time as described
previously (22).

Cell Morphology Measurements—hCPCs were plated in 2
chamber permanox slides (10,000 cells/well) and imaged on a
Leica TCS SP8 Confocal Laser Scanning Microscope after fix-
ation. Cell morphology was measured using Image] tracing
software.

Cell Death Assay—hCPCs were plated in a 6-well plate
(30,000 cells/well) and incubated overnight. Apoptotic chal-
lenge was administered by a overnight serum starvation, fol-
lowed by a 3-h treatment of 30 um hydrogen peroxide (H,O,) in
low serum media, simulating the oxidative stress seen in an
infarct region. Adherent and non-adherent cells were collected
and stained per the manufacturer’s instructions with Annexin
V (AnV) (BD Pharmingen) and propidium iodide (PI) (Life
Technologies). The simultaneous use of AnV and PI allowed for
quantification of early stage apoptosis (AnV ™), late stage apo-
ptosis (AnV/PI"), and necrosis (PI"). Apoptotic cells were dis-
tinguished on a BD FACS Canto and data were analyzed by
FACS Diva software (BD Biosciences).

CyQUANT Direct Assay—hCPCs were plated in triplicate at
2,000 cells/well in growth media in a 96-well black flat bottom
plate with a total volume of 100 ul/well. The cellular DNA con-
tent was measured by the binding of a fluorescent dye to indi-
rectly determine the cell number using a CyQUANT Direct
Cell Proliferation Assay (Life Technologies) on days 0, 1, 2, and
3 as previously described (18). Population doubling time was
determined using the values given during the CyQUANT read-
ings with the formula: N(¢) = C2““, where N(£) = the number of
objects at time ¢, d = doubling period, C = initial number of
objects, and ¢ = time.

ATP Assay (Bioluminescent)—hCPCs were plated in full
medium at 100 cells/well in a 96-well flat bottom plate. ATP
levels were measured using an ADP/ATP Ratio Assay Kit
(Abcam number ab65313) according to the manufacturer’s
protocol.

MitoSOX Red Assay—hCPCs were plated in a 96-well plate in
triplicate at 2000 cells/well. Superoxide production in the mito-
chondria of hCPCs was recorded with and without rotenone
treatment using a MitoSOX Red mitochondrial superoxide
indicator (Life Technologies, M36008) per the manufacturer’s
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FIGURE 1. Characterization of hCPC. A, proliferation rate shows increases in fetal hCPCs versus adult hCPCs on days 2 and 3 as measured by CyQUANT assay.
Bars refer to fast-growing fetal hCPCs (black), medium-growth rate adult hCPCs (black stripes), and slow-growing adult hCPCs (gray). B, population doubling
time varies in different hCPC lines as measured by CyQUANT assay readings. C, adult hCPC are more susceptible to apoptosis than fetal CPC when treated with
30 um H,0, for 3 h as measured by FACS analysis of annexin V and Pl staining. D, disparity in endogenous Pim1 expression of adult hCPC represented as
fold-change over fetal CPC measured by immunoblot analysis (each sample was normalized to a-tubulin). £, telomere lengths decrease in hCPC as measured
by qRT-PCR. F, TERT protein expression measured by immunoblot analysis shows variability in hCPC lines. G, endogenous Pim1 localization, as shown in whole
cell versus cytosolic and nuclear subcompartments in fetal versus adult hCPCs, is shown by immunoblot analysis (whole cell and cytosolic fractions were
normalized to a-tubulin and nuclear fractions were normalized to Lamin A/C). *, p < 0.05; **, p < 0.01; ***, p < 0.001. Significance is calculated for fetal versus

adult hCPC.

protocol. Production of reactive oxygen species (ROS) was mea-
sured by a plate reader quantified as red fluorescence.

Statistical Analysis—All statistical analyses were performed
using GraphPad Prism 5 software. When comparing two
groups, Student’s ¢ test was used. One- or two-way analysis of
variance with Tukey’s and Bonferroni’s post-test, respectively,
were used to compare multiple groups. p values less than 0.05
were considered statistically significant, and error bars repre-
sent mean * S.E. Each experiment was repeated at least four
times to determine statistical significance.

Results

Characterization of hCPC from Various Patients—Adult
hCPCs were isolated from cardiac explants of patients under-
going left ventricular assist device implantation. Proliferation
rate, survival, endogenous Pim1 expression level, and telomere
lengths of adult versus fetal hCPCs (isolated from second tri-
mester fetal heart samples) were consistent with our previous

13938 JOURNAL OF BIOLOGICAL CHEMISTRY

findings (18). Fetal hCPCs exhibit the highest levels of prolifer-
ation, survival, telomere preservation, and possess desirable
phenotypic characteristics of youthful stem cells and were thus
used as a reference standard (18). The proliferation rate was
decreased in multiple adult hCPC lines relative to fetal hCPCs
(H13-064, —2.47-fold, p < 0.001; H13-068, —2.73-fold, p <
0.001; H13-061, —2.32-fold, p < 0.001; H12-047, —4.34-fold,
p <0.001; and H10-001, —4.59-fold, p < 0.001), as determined
by CyQuant Assay 3 days after plating (Fig. 1A). Consistently,
population doubling times of adult hCPCs were significantly
longer than fetal hCPCs, ranging from 1.74- to 2.95-fold
increases (p < 0.001, Fig. 1B). Susceptibility to H,O,-induced
apoptosis was increased in adult hCPCs compared with fetal
hCPCs, as determined by the percentage of AnV and PI positive
cells (10.13 up to 20.48%, p < 0.01; Fig. 1C). Coincident with
increased proliferation and survival rate, fetal hCPCs have ele-
vated endogenous Pim1 levels up to 3.79-fold higher relative to
adult hCPCs (Fig. 1D). Fetal hCPCs also exhibit elongated
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FIGURE 2. hCPC engineered with Pim1. A, vectors driving expression of GFP (Lv-eGFP), GFP and Pim1 (Lv-PimWT), mitochondrial targeted GFP (Lv-Mito-GFP),
mitochondrial targeted GFP and Pim1 (Lv-Mito-Pim1), nuclear-targeted GFP (Lv-Nuc-GFP), and nuclear-targeted GFP and Pim1 (Lv-Nuc-Pim1) were used in this
study. B, percentage of GFP-positive hCPCs after lentiviral modification as measured by confocal microscopy. G, increased PIM1 gene expression in Pim1-
modified hCPCs as measured by qPCR analysis. All samples normalized to 18S transcription. D, genetic modification confirmed by localization of GFP and/or
Pim1 protein expression in engineered hCPCs by immunocytochemistry. £, expression of Pim1 and GFP confirmed by immunoblot analysis. F, kinase activity
of Pim1 lentiviral constructs is intact, as shown by phosphorylation of PraS40 Thr-246 in engineered hCPCs. ***, p < 0.001.

telomeres (9.3 kbp) and elevated expression of TERT (the pro-
tein responsible for elongation and maintenance of telomeres)
compared with adult hCPCs, which exhibit telomere lengths
ranging from 4.24 to 7.39 kbp (Fig. 1, E and F). Cell prolifera-
tion, susceptibility to apoptosis, and telomere lengths are char-
acteristics used to assess the “biological age” of human stem
cells as can be seen collectively in Fig. 1. Furthermore, fetal
hCPCs show increased expression of endogenous Pim1 in the
whole cell and cytosolic fraction with slightly elevated levels
detected in the nucleus relative to adult hCPCs. Variations in
loading were corrected by normalization to «-tubulin and
Lamin A/C, respectively. Endogenous Pim1 expression is de-
creased and mainly localized to the cytosol, whereas nuclear
expression is undetectable in adult hCPCs.

Genetic Modification of hCPC with PimI—hCPCs from line
H10-001 were genetically modified to overexpress GFP or Pim1
and GFP throughout the cell (eGFP, PimWT) or targeted to
nuclear (Nuc-GFP, Nuc-Pim1) or mitochondrial (Mito-GFP,
Mito-Pim1; Fig. 2A) compartments. Efficiency of lentiviral
transduction as measured by GFP positive cells was determined
by immunocytochemistry (Fig. 2B). Increased PIM1 gene
expression in Pim1-modified cell lines was confirmed by qPCR
analysis as compared with relative eGFP controls (Fig. 2C).
Genetic modification was confirmed by immunocytochemistry
showing co-localization of GFP and Pim1 in hCPCs transduced
with WT, Mito-Pim, or Nuc-Pim viruses. Additionally, stain-
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ings with Phalloidin, Tom20, and DAPI or TOPRO confirmed
localization to the cytosol, mitochondria, or nucleus, respec-
tively (Fig. 2D). Overexpression of Pim1, GFP, and Myc tag
protein were also confirmed by immunoblot analysis of lysates
from engineered hCPCs (Fig. 2E). Collectively, these results
demonstrate the efficacy of lentiviral vectors to overexpress
whole cell and targeted Pim1 kinase and GFP in hCPCs.
Replicative Senescence Is Antagonized by Nuc-Pim1—hCPCs
undergo replicative senescence in culture and exhibit increased
SA B-gal activity at late passage (p13) (18). At passage 13, hCPC
progression through the cell cycle decreases and cells undergo
replicative senescence, as evidenced by a high percentage of
SA B-gal™ cells after GFP modification. PimWT and Mito-
Pim1 modification resulted in a reduction of SA B-gal™ cells
(—16.73%, p < 0.001 and —16.44%, p < 0.05, respectively; Fig.
3, A and B). SA B-gal positive cells were least prevalent in Nuc-
Pim1 hCPCs, witha —30.25% decrease (p < 0.001) as compared
with Nuc-GFP (Fig. 3, A and B). Cell morphology was assessed
to examine cell flattening indicative of a post-mitotic senescent
cell withdrawn from undergoing cellular growth or prolifera-
tion as previously demonstrated (18). Longer, spindle-shaped
hCPCs were evident after Nuc-Pim1 modification as measured
by the length to width ratio and cell roundness (Fig. 3, Cand D).
Concurrently, Nuc-Pim1 modification increased the Hayflick
limit of hCPCs as compared with PimW T, prolonging the post-
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representation of percent of SA B-gal positive cells at passage 13. C, Pim1 modification shows decreased roundness and increased length to width ratio of hCPC
at passage 13. Image displays characteristic round, flat cell (right) and a long, spindle shaped cell (left). D, passage at which growth arrest occurs in hCPC,

indicative of replicative senescence. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

mitotic phenotype as demonstrated by the extended expansion
capability of modified cells (Fig. 3E).

Aged Adult hCPCs Are Rejuvenated with Nuc-PimI—Main-
tenance of telomere length was observed in PimWT, Mito-
Pim1, and Nuc-Pim1 hCPCs with the addition of 0.8 (ns), 1.37
(p <0.05),and 1.43 (p < 0.05) kbp, respectively (Fig. 44). TERT
is markedly up-regulated in hCPCs modified with Nuc-Pim1
with a 2.96-fold increase (p < 0.001) (Fig. 4B). Gene and protein
expression of the cell cycle arrest/senescence marker p53
decreased after Nuc-Pim1 modification with a 1.15-fold reduc-
tion of mRNA and a 1.45-fold reduction of protein, as measured
by qPCR and immunoblot analysis, respectively (Fig. 4, C and
D). Concurrent down-regulation of the pl6 gene and protein
expression occurred in Nuc-Pim1 hCPCs as evident by 1.85-
and 1.96-fold reductions, respectively (Fig. 4, E and F). Overall,
the lowest levels for gene and protein expression of senescent
markers were consistently observed in Nuc-Piml hCPCs.
Nucleostemin (Ns), a marker for youthful stem cells, is a nucle-
olar protein that plays a role in regulation of stem cell self-
renewal, genomic stability, telomere preservation, and regener-
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ation of proliferating cells (23—28). A highly significant increase
in NS gene expression resulted from Nuc-Pim1 expression in
hCPCs (2.59-fold, p < 0.001) compared with PimWT and
Mito-Pim1, as measured by qPCR analysis (Fig. 4G). Concur-
rent up-regulation of Ns protein expression was also detected
in Nuc-Pim1 hCPCs (2.17-fold, p < 0.01) compared with con-
trols (Fig. 4H). Collectively, these results corroborate pheno-
typic characteristics of rejuvenation for adult hCPCs with
Nuc-Pim1 modification with a coincident up-regulation of Ns.
Nuc-Pim1 preferentially antagonizes senescence, demon-
strated here by reduced SA B-gal positive staining, improved cell
morphology, elongated telomeres, increased TERT expression,
and decreased senescent markers. Up-regulation of Ns correlates
with the attenuation of senescence seen in Nuc-Pim1 hCPCs and
indicates a phenotypic shift to a more youthful stem cell.
Increased Resistance to Apoptosis with Mito-Piml—Pim1
modification in hCPCs results in increased survival during apo-
ptotic challenge, consistent with previously published findings
(17, 18). Survival was compared between hCPCs modified with
Pim1-targeted or PImWT constructs utilizing flow cytometric
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analysis in conjunction with AnV and PI staining. PimWT
modification in hCPCs blunted progression from early to late
stage apoptosis, evidenced by a decrease of 18.3 to 12.17% (p <
0.05) in AnV/PI" cells (Fig. 5A4). Inhibition of apoptotic shift
was more pronounced with Mito-Pim1 modification, with a
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decrease of 17.58 to 7.58% (p < 0.01) AnV/PI" cells, and
Nuc-Pim1 did not significantly affect survival of hCPCs (Fig.
5, A and B).

Pim1 interacts with pro- and anti-apoptotic signaling mole-
cules at the mitochondria (19). Mito-Pim1 mediated up-regu-
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lation of anti-apoptotic Bcl-2 protein as confirmed by immu-
noblot analysis of hCPCs treated with serum starvation or
H,O,. Bcl-2 protein expression was similar in all groups of
untreated control and serum-starved hCPCs. Upon treatment
with 30 um H,O,, however, Mito-Pim1 induced a 2.05-fold
(p < 0.001) increase in protein expression with a more modest
increase in PimWT hCPCs, yielding a 1.38-fold (p < 0.05)
increase (Fig. 5C). Nuc-Pim1 did not up-regulate Bcl-2 expres-
sion. Coincidently, Bcl-X; expression was induced by serum
starvation with a greater fold increase of Bcl-X; in Mito-Pim1
compared with PimWT and Nuc-Pim1 hCPCs, with 1.78- (p <
0.001), 1.53- (p < 0.001), and 1.22-fold (ns) increases, respec-
tively (Fig. 5D). Similar results were evident upon treatment
with H,O,, wherein Bcl-X; expression increased 1.73- (p <
0.01) and 1.35-fold (» < 0.01) in Mito-Pim1- and PimWT-mod-
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ified hCPCs, respectively. Nuc-Pim1 did not cause an increase
in Bcl-X; protein expression after H,O, treatment. Collec-
tively, these findings support mitochondrial localization-en-
hanced protective effects of Pim1, and induces a greater anti-
apoptotic response consistent with up-regulation of Bcl-2
signaling proteins.

Enhanced Proliferation Prompted by Mito-PimI—The effect
of targeted Piml upon hCPC proliferation was determined
using CyQuant assay. The proliferation rate was increased in all
Pim1-modified hCPC lines relative to controls, with Mito-Pim1
showing the most profound effect with a 2.78-fold (p < 0.001)
increase on day 3. PimWT and Nuc-Pim1 increased the prolif-
eration rate on day 3 by 1.46- (ns) and 2.21-fold (p < 0.05),
respectively (Fig. 6A). Population doubling time as measured by
CyQUANT assay readings showed significantly decreased pop-
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ulation doubling times by 1.47-fold in PimWT (p < 0.05), 1.94-
fold in Mito-Pim1 (p < 0.001), and 1.45-fold (p < 0.05) in Nuc-
Pim1 hCPCs relative to GFP modified controls (Fig. 6B).
Enhanced proliferation due to mitochondrial localization of
Pim1 was confirmed by analysis of cell cycle regulating proteins
in modified hCPCs. Transition from G, to S phase of the cell
cycle is driven in part by the Cyclin D/CDK4 complex and
inhibited by the tumor suppressor retinoblastoma (Rb) (15, 29).
Protein expression of Cyclin D was up-regulated by 1.87- (p <
0.05) and 2.44-fold (p < 0.001) in PimWT and Mito-Pim1
hCPCs, respectively, as revealed by immunoblot analysis (Fig.
6C). Concurrent up-regulation of Cdk4 was observed in Mito-
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Pim1 hCPCs (2.83-fold, p < 0.001) as compared with PimWT
and Nuc-Piml (Fig. 6D). PimWT and Mito-Pim1l demon-
strated elevated Phospho-Rb, indicating inactivation down-
stream of Cyclin D (Fig. 6E).

A decrease in energy reserve is reminiscent of loss of mito-
chondrial function, which can be measured by ATP production.
ATP levels were increased by 1.66- and 1.9-fold in PIimWT and
Mito-Pim1 hCPCs, respectively (Fig. 6F), consistent with pre-
vious publications (16, 19) and the premise that Mito-Pim1
maintains mitochondrial function. Reactive oxygen species
(ROS) levels did not vary between engineered hCPC samples
with and without rotenone treatment as measured by superox-
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ide production via MitoSOX Red assay (Fig. 6G). Concurrent
with mitochondrial function, Mito-Pim1 enhances mitochon-
drial biogenesis as seen by increased gene expression of TFAM
(mitochondrial transcription factor A) and NRF1 by qPCR anal-
ysis (Fig. 6H). Our recent study demonstrates that the Pim1-
mediated increase of regulators of mitochondrial biogenesis is
dependent upon c-Myc (16), a downstream target of Piml
kinase (15, 35). Consistently, silencing c-Myc by shRNA
decreases mRNA levels of mitochondrial biogenesis regulators
TFAM, NRF1, and ERRa, regardless of Pim1 overexpression
(Fig. 6H), suggesting a role for c-Myc in the beneficial effects of
Mito-Pim1 overexpression in hCPCs. Collectively, increased
proliferation is associated with Pim1 targeting to the mitochon-
dria of hCPCs, consistent with enhanced mitochondrial bio-
genesis and function and up-regulation of drivers of cell cycle
progression.

Discussion

Current heart failure treatment options are increasingly
expensive and at best modestly effective. Aged CPCs have a
reduced capacity to repair the myocardium due to a decline in
replication and differentiation potential (5-7). The endoge-
nous CPC response to injury in an adult heart is insufficient to
produce the amount of regeneration needed to recover lost car-
diac function (30). Isolation, expansion, and injection of adult
CPCs after myocardial infarction augment myocardial regener-
ation and mediate functional cardiac repair in the rodent model
(4). The SCIPIO clinical trial provides evidence to support
autologous transfer of c-kit™ hCPCs as a safe and efficacious
treatment for patients with chronic ischemic cardiomyopathy
as seen with improvements in cardiac function (10). Although
the outcome of the trial was promising, there is ample room for
further improvement. Autologous transplantation of hCPCs
requires isolation and expansion of cells originating from an
already aged and injured environment, potentially contributing
to modest functional improvement observed in patients (10).
Isolated cells benefit from reinforcement through ex vivo mod-
ification to improve their regenerative potential before reintro-
duction into a failing heart. Therefore, our group has focused
upon modifying aged hCPCs to bolster these cells with the help
of Pim1. Pim1 modification “turns back” the biological clock of
senescent hCPCs, increasing proliferative potential, decreasing
susceptibility to apoptosis, elongating telomeres, antagonizing
senescence, and ultimately extending myocardial youth (17,
18). Pim1 increases the cardioprotective potential of aged and
diseased adult hCPCs derived from heart failure patients and
augments the benefits of autologous transplantation (17).

Genetic and environmental (Table 2) influences contribute
to biological aging of hCPCs irrespective of chronological age.
DNA damage and environmental stressors contribute to a
senescent phenotype that decreases stem cell function in the
diseased heart (31). Factors such as disease etiology, alcohol and
cigarette consumption, medication, and diabetes contribute to
the variability in hCPC populations isolated from multiple
patients, as evident by differences in proliferation rate, cell
death, and telomere lengths (Fig. 1). hCPCs isolated from vari-
ous patients respond to Pim1 modification differently, and tar-
geted Pim1 provides the option to individualize hCPC modifi-
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TABLE 2
Clinical profile of hCPC lines isolated from multiple human patients
Patient ID H13-064" H13-068 H13-061 H12-047 | H10-001
Age 57 62 65 72 68
Sex Male Male Male Male Male
Hypertension No Yes No No Yes
Smoking No Yes, stopped No No No
2 years prior
Aleohol Abuse No No Drinks No No
occasionally
Hypercholesterolemia No Yes Yes No No
Diabetes No Low grade No No Yes
Kidney Disease No No Yes No Yes
Pacemaker” No AICD ICD ICD ICD
Cardiogenic 5 Dilated
CVD* shock after An;?;lsorril\/g 2 cardiomyopathy No No
recent MI y P with HF
5 Yes, large Yes, stented

Ischemic anterior MI after MI No No No
Ace Inhibi Yes Yes No No Yes
Beta-Block Yes Yes Yes No No
Anti-Arrhythmia Yes Yes Yes Yes Yes
NYHA' v 11 v 1\% A%

“ Patient identification signifies the year the explant was collected (H-) followed
by sample number.

> Automatic implantable cardioverter-defibrillator (AICD) and implantable car-
dioverter-defibrillator (ICD).

¢ History of cardiovascular disease.

4 New York Heart Association Functional Classification (NYHA) describes extent
of heart disease.

cation. A patient with slow growing hCPCs that are highly
susceptible to cell death (H13-061) may benefit more from
Mito-Pim1 modification, whereas Nuc-Pim1 would ideally be
used to modify hCPCs that display a more pronounced
senescent phenotype (H13-064), but are resistant to cell
death (Fig. 1).

This study demonstrates for the first time that subcellular
targeting of Piml preferentially regulates cardioprotective
properties, enhancing proliferation or survival, and supporting
the antagonism of senescence in hCPCs. Pim1 expression and
localization in the heart changes with age; nuclear accumula-
tion is associated with neonatal development and postnatal
proliferation, whereas Pim1 in the adult heart acts in the mito-
chondrial context with apoptotic-signaling molecules (11, 12,
19, 21). Pim1 also rejuvenates aged and diseased hCPCs to a
youthful phenotype as demonstrated by overexpression of
PimWT in our recent study (18). However, mechanisms of
nuclear or mitochondrial targeted Pim1 sharpen and clearly
illuminate the varying roles of this kinase depending upon the
subcellular location in senescent hCPCs.

eGFP and PimWT constructs used in this study to demon-
strate the effects of Pim1 engineering in hCPCs have been pre-
viously published (11, 17, 18). The four targeting vectors used in
this study contain a small 29-base pair myc epitope. The myc
epitope has been extensively used to tag and detect proteins as
an alternative to commercially available antibodies that fail to
detect endogenous protein expression by immunoblot or con-
focal microscopy (41). In anticipation of this issue with Pim1
antibodies, we deliberately left the myc epitope in the four tar-
geting vectors. Mito- and Nuc-Pim1 perform analogous roles
when compared with PimWT in hCPCs (Figs. 3—6), suggesting
that the presence of the myc epitope does not adversely affect
the function of these constructs. In addition, the Mito-Pim1 and
Nuc-Piml constructs exhibit comparable kinase activity to
PimWTT, as seen by an increase in phosphorylation of Pras40 (Fig.
2F), a negative regulator of mammalian target of rapamycin activ-
ity that is directly phosphorylated at Thr-246 by Pim1 kinase (40).
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The Mito- construct, which uses the cytochrome ¢ oxidase VIIIa
MLS sequence to localize Pim1 to the mitochondria, specifically
targets to the mitochondrial matrix. Whether or not the PimWT
construct also localizes to the mitochondrial matrix or to other
compartments in the mitochondria is an important and interest-
ing question to address and remains a topic of future investiga-
tions. This finding will help shed light on identifying mitochon-
drial specific targets and functions of Pim1.

Expression of SA B-gal activity, enlarged and flattened cellu-
lar morphology, induction of senescence regulators and short-
ened telomeres comprise the phenotypic characteristics of
senescence (18, 32-34). Nuc-Pim1 successfully alters senes-
cence-associated phenotypic characteristics relative to PimWT
and Mito-Pim1 overexpression; significant blunting of hCPC
senescence was shown by a 30% decrease in SA 8-gal positivity,
restoration to a youthful morphology, suppression of senescent
markers p16 and p53, and the ability to undergo several succes-
sive passages indicative of a more youthful cell (Fig. 3). Nuc-
Pim1 hCPCs also displayed elongated telomeres with a coinci-
dent up-regulation of TERT and Ns compared with whole cell
Pim1 overexpression. Nuc-Pim1-mediated up-regulation of Ns
could mechanistically contribute to maintenance of youth, consis-
tent with our recent findings demonstrating that Ns is required to
maintain properties of stemness and antagonize senescence in a
p53-dependent mechanism (35). In conclusion, nuclear overex-
pression of Pim1 supports both phenotypic and biological changes
in senescent hCPCs to enhance stem cell youthfulness associ-
ated with increased growth potential, telomere maintenance,
and reduced markers of senescence (Fig. 4).

The role of Pim1 expression at the mitochondria has been
previously addressed in our laboratory, as Pim1 preferentially
localizes to the mitochondria in heart lysates subjected to ische-
mia/reperfusion injury (19). Indeed, Mito-Pim1 hCPCs had
increased resistance to apoptosis as compared with PimWT, with
an almost 2-fold reduction in cell death (Fig. 5). Pim1 up-regulates
anti-apoptotic protein Bcl-X; during serum starvation, which is
further increased after H,O, treatment. Similarly, Bcl-2 was up-
regulated in Mito-Pim1 hCPCs after oxidative stress. Increased
resistance to apoptosis is an indispensable trait for stem cells that
are to be used for injections into a region of the myocardium bom-
barded by oxidative stress. These data indicate that mitochondrial
targeted Pim1 works synergistically with Bcl-2 and Bcl-X; proteins
to inhibit apoptosis and preserve mitochondrial integrity far more
effectively than PimWT alone.

Heightened proliferative potential, desirable for regenerative
cell therapy, is improved by modification of hCPCs with Mito-
Pim1 (Fig. 6). Pim-1, -2, and -3 kinases exhibit a vital role in
maintaining functional cellular metabolic pathways (16), which
are directly related to regulation of proliferation of stem cells
(36, 37). Pim1 stabilizes mitochondrial membrane permeability
and organelle morphology (19), both of which impact mito-
chondrial function and energy metabolism (38). Cardiac me-
tabolism utilizes oxidative phosphorylation to generate ATP,
unfortunately creating ROS as a byproduct (36). Efficient cellu-
lar metabolism produces lower levels of ROS, which correlates
with greater proliferative rates in stem cells (39). Based on pre-
vious and current data, we speculate that Mito-Pim1 preserves
metabolic function and stimulates fatty acid oxidation, thereby
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boosting the pro-proliferative and anti-apoptotic effects of tar-
geting Pim1 to the mitochondria. Therefore, mitochondrial tar-
geted Pim1 likely supports maintenance of energy metabolism
and mitochondrial biogenesis evidenced by increased ATP lev-
els and up-regulation of gene regulators, respectively. These
effects collectively prompt an upsurge of proliferative capacity
of Mito-Pim1 hCPCs (Fig. 6).

Cell cycle progression is regulated by cyclins and CDKs, and
Pim1 has previously been shown to stabilize the interaction of
Cyclin D with CDKs (20, 29). The Cyclin D/CDK4 complex
promotes G;-S transition of the cell cycle, which is inhibited by
Rb protein. The tumor suppressor Rb controls gene expression
of cell cycle regulators based on its phosphorylation status. Rb
phosphorylation results in inactivation and release of an inhib-
itory hold on the Cyclin D/CDK4 complex (29). This study
shows that mitochondrial localization of Pim1 increases pro-
tein expression of Cyclin D and Cdk4 more effectively than
PimWT. A concurrent increase of phosphorylated Rb relative
to total Rb protein was measured in Mito-Pim1 hCPCs (Fig. 6).
Collectively, mitochondrial localization of Piml results in
increased proliferation and subsequent up-regulation of mod-
ulators of cell cycle progression, two processes that could cor-
relate with the stabilization of hCPC energy metabolism.

This study demonstrates that Pim1 localization preferen-
tially enhances proliferation, survival, and youthful properties
of aged hCPCs dependent upon intracellular localization. cMyc
regulates a large portion of human genes and is a downstream
target of Pim1 kinase with known roles in a wide variety of
biological functions (42, 43). Research from our laboratory has
shown that Pim1-mediated stimulation of TERT activity and
telomeric lengthening is dependent upon cMyc activation (20),
metabolic dysfunction associated with loss of Pim kinase is res-
cued by cMyc overexpression (16), and cMyc silencing blunts
the Pim1-mediated up-regulation of nucleostemin contribut-
ing to cellular senescence (35). Silencing cMyc results in substan-
tial alterations in mitochondrial biogenesis regulators in the pres-
ence of both targeted and whole cell Pim1 overexpression (Fig.
6H), providing evidence that cMyc is a likely target of Pim1 at the
mitochondria and nucleus of hCPCs. The functional effect of Pim1
is dependent upon intracellular localization, suggesting that the
location of the kinase within the cell determines its interaction
with cMyc to mediate multifarious downstream effects. The dif-
ferential outcome of targeted Pim1 overexpression provides an
attractive and clinically applicable solution to address patient-to-
patient variability. Heart failure patients possess variability in dis-
ease etiology, contributing to individually distinct biological age
and characteristics of hCPCs (Fig. 1). Controlled localization of
Pim1 allows for preferential enhancement of specific stem cell
properties, customizing the benefits of modification. This study
brings us one step closer to a more personalized method of
approaching cardiac regenerative therapy.
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