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The Cardioprotective Effects of Pim-1 Kinase 
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Professor Mark A. Sussman, Chair 

 

 Cardioprotection through cell survival kinase signaling endures as a 

highly significant avenue of cardiac research.  Herein we demonstrate the 

proto-oncogenic kinase Pim-1 is developmentally regulated and reappears 

after pathological injury in human and mouse myocardium.  Overexpression of 

Pim-1 induces protective signaling molecules, and inhibits doxorubicin and 
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deoxyglucose induced apoptosis in cardiomyocytes.  IGF-1 mediated induction 

of Pim-1 expression is mediated by AKT and Pim-1 expression is necessary 

for AKT mediated cardioprotection.  Pim-KO hearts are more susceptible to 

pathological injury by TAC, MI, and sI/R, exhibit more senescent myocytes 

and decreased ANP levels despite increased AKT expression and activation.  

Overexpression of inactive Pim-1 in the myocardium induces a potent dilated 

cardiomyopathy by 19 weeks of age with increased apoptosis and fibrosis.  In 

contrast, cardiac-specific overexpression of Pim-1 protects the myocardium 

from pathological injury following TAC and MI, increasing asymmetric division 

of cardiac stem cells and increasing myocardial regeneration and function.  

Additionally, we find Pim-KO animals have a temporal lag in calcium transients 

with decreased SERCA expression, while Pim-1 overexpression induces a 

4.89-fold increase in levels of the calcium handling protein.  Pim-1 

overexpression in NRCM cultures induces dedifferentiation with reemergence 

of cardiac progenitor cell proteins.  Thus Pim-1 is a potent cardioprotective 

molecule operating downstream of AKT.



 

1 

INTRODUCTION 
The human heart is an amazing pump, contracting an average of 70 

beats per minute, a total of 2.8 billion times throughout the individual’s 

lifespan.  As the most vital organ in the body, it is important for the heart to be 

able to compensate in the face of a variety of pathological insults.  

Cardiovascular disease (CVD) and its complications are responsible for one 

third of all deaths worldwide and is the major cause of death in the western 

world.  One of the most prevalent cardiac injuries resulting from CVD is 

myocardial infarction.  A myocardial infarction occurs when a cardiac artery is 

occluded, interrupting myocardial blood flow.  Consequently, an ischemic 

condition occurs in the muscle distal to the occlusion.  The cessation of blood 

flow, and thus oxygen and nutrient supply to the affected region results in 

necrosis of the starved tissue.  Hypoxia-induced cell death through apoptosis 

and cellular necrosis of the surrounding myocardium progresses impairing 

contractility.  

When the area is reperfused through release of the blockage by 

percutaneous transluminal coronary angioplasty (PTCA) or treatment with anti-

clotting agents, an additional, somewhat more significant, period of cell death 

occurs.  This state is referred to as ischemia/reperfusion injury (I/R).  The rapid 

flow of fresh blood infuses the infarcted region with inflammatory cells, and a 

fresh supply of nutrients but also results in the release of reactive oxygen 

species (ROS); further increasing the amount of apoptosis.   Mitochondrial 
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pore permeability is increased resulting in a chain reaction and increased ROS 

levels known as ROS-induced ROS release (RIRR).  Reperfusion, however 

damaging, is necessary to instigate scar formation, which allows the heart to 

“heal” the injured area. 

An acute insult from a myocardial infarction differs in pathology from the 

prolonged insult experienced as a result of hypertension.  Increased load on 

the left ventricle as a result of hypertension or aortic stenosis forces the left 

ventricle to contract more strongly to maintain cardiac output.  The increased 

load on the left ventricle initially results in compensatory hypertrophy; whereby 

the left ventricular wall begins to thicken to compensate for the increased load 

and maintain output.  Individual myocytes either succumb to the increased 

tension, or adapt through cellular hypertrophy.  Unrelieved increases in 

afterload precipitate the transition from a compensated phase to a 

decompensated phase of maladaptive hypertrophy.   As a result of the chronic 

increased pressure, the chamber dilates significantly and increased myocyte 

apoptosis causes thinning and elongation of the surviving myocytes.  Thinning 

of the left ventricular wall proceeds, leading to decreased contractility and 

cardiac output.  Eventually cardiac output drops to levels that no longer 

sustain organism survival.  In many cases, if the heart doesn’t fail first, multi-

system organ failure and pleural effusion follow, leading to patient death.   

In order to develop clinically efficacious treatments that ameliorate the 

devastating effects of cardiac failure in these disease states, an understanding 
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of the molecular mechanisms involved in cell death or survival, and cellular 

replacement are necessary to improve survival of the affected population. 

 
Cell Death And Survival Signaling In The Myocardium 

 Cell death in the myocardium occurs mainly through two distinct 

mechanisms: apoptosis, and necrosis.  Apoptosis, a form of programmed cell 

death occurs through mitochondrial and non-mitochondrial pathways.  One 

family of proteins plays a particularly prominent role in the mitochondrial 

pathway.  The bcl family of proteins includes pro-apoptotic and anti-apoptotic 

members. Pro-apoptotic proteins include Bax, Bad, Puma, and Bnip.  Bax and 

Bad homodimerize and embed themselves into the outer mitochondrial 

membrane (OMM) disrupting the voltage-dependent anion channel (VDAC) 

and changing the mitochondrial pore permeability (reviewed in 1).  This results 

in release of cytochrome c, and cleavage of procaspase 8, which 

subsequently mediates cleavage of caspase 3, poly-ADP ribose (PARP) and 

lastly DNA fragmentation.  Bnip is cleaved prior to insertion into the OMM 2, 

and Puma operates downstream of p53 to induce mitochondria-mediated 

apoptosis3.  Anti-apoptotic members of the bcl family, namely bcl-2 and bcl-XL, 

inhibit the apoptotic cascade through homodimerization and blocking of the 

site for pro-apoptotic protein insertion into the mitochondrial membrane, 

effectively preserving outer mitochondrial membrane permeability (reviewed in 

1).   
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In contrast to apoptosis, necrosis is not programmed and is brought 

about through rapid changes in the cellular environment like those which occur 

during ischemia/reperfusion injury4.  In necrosis, the cell membrane weakens 

and the cell ruptures, releasing its contents into the intracellular space.  The 

toxins released can then affect surrounding cells inducing further necrosis.  In 

the case of a myocardial infarction, the level or severity of the infarction is 

measured in part through the patient’s serum levels of troponin I/T, myoglobin, 

and creatine kinase isoenzymes as direct measures of cellular necrosis. 

Though increased cell survival would certainly be beneficial to 

maintaining cardiac function, even partial restoration of function through 

myocyte replacement would have significant effects on patient survivability. 

 
Cellular Replacement In The Myocardium—Is Cardiac Regeneration 

Possible? 

The nascent and controversial field of cardiac regeneration and cellular 

replacement therapy as a therapeutically relevant treatment for cardiac failure 

developed out of initial findings by the Anversa laboratory in 1996 that 

hypertrophied human hearts had an increase in the number of myocytes5.  

Additional evidence supplied in a 2001 New England Journal of Medicine 

paper by this laboratory suggested significant increases in cardiac myocyte 

mitotic division occurred in the human heart following infarction6(and reviewed 

in7), challenging the canonical notion established in the 1920’s that the heart 

was a post-mitotic organ8.  A further study by the same group unequivocally 
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established that cardiac myocyte hyperplasia due to stem cell differentiation 

was partially responsible for the increase in cardiac mass as a result of aortic 

stenosis in humans9.   Not only did the heart have a resident pool of cardiac 

stem cells10,11, but bone marrow cells were shown to be capable of 

transdifferentiating into the three cardiac lineages: cardiac myocytes, 

endothelial cells12, and vascular smooth muscle cells13.  These controversial 

findings by the Anversa laboratory and others14-17 including our own18 

countered the existing paradigm.  Though still in its infancy and somewhat 

controversial, the finding that the heart is able to regenerate even to a limited 

extent after infarction provides hope for therapeutic interventions using stem 

cells.  

Controversy aside, evidence from the cited studies demonstrably 

proves that both bone marrow cells and resident cardiac stem cells are 

capable of regenerating the myocardium.  The reason complete cardiac 

regeneration is not observed however is because the myocardium has a 

limited number of resident stem cells, and is incapable of recruiting enough 

bone marrow stem cells as well as inciting sufficient cardiomyocyte cytokinesis 

to heal completely following injury.  Limits to regeneration capacity could be 

countered therapeutically through intramyocardial injection of genetically 

modified cells thus increasing the stem cell pool available for engraftment, and 

releasing cytokines that extend the regeneration process through increased 
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recruitment, symmetric stem cell division, and/or cardiac myocyte division.  In 

particular, one kinase has been previously shown to illicit just such effects. 

 
AKT In The Myocardium—A Welcome Defense 

Cardiac specific overexpression of insulin-like growth factor-1 (IGF-1) in 

transgenic mice increased cardiomyocyte proliferation in the myocardium19.  

This cytokine activates a number of pathways through its cognate receptor 

tyrosine protein kinase including phosphoinositide-3 kinase (PI3K), and janus 

kinase/signal transducers and activators of transcription (JAK/STAT).  Upon 

PI3K activation by IGF-1, AKT/PKB is phosphorylated via 3-phosphoinositide-

dependent protein kinase 1 (PDK1) and transits through the cytosol ultimately 

becoming nuclear localized.  A multitude of effects have been attributed to 

AKT both in the cytosol and the nucleus (reviewed in20).  In the cytosol it 

targets substrates involved in metabolism, cellular survival and protein 

translation.  Nuclear targets of the kinase play roles in cell cycle regulation21, 

apoptosis22, senescence23, and transcription24 .  Though previous studies 

indicated that constitutive AKT overexpression in the myocardium induced 

hypertrophy25, overexpression of wildtype nuclear-targeted AKT (AKT-nuc) in 

myocytes was shown by our group to inhibit hypertrophic signaling both in vitro 

and in vivo, delaying the compensatory phase following trans-aortic 

constriction (TAC) 26, a surgical model increasing afterload.   In conjunction 

with these effects, AKT-nuc overexpression in the myocardium increased the 

number of myocytes, enhanced ventricular function by increasing individual 
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myocyte contractility, and increased the resident cardiac stem cell pool, thus 

enhancing the regeneration potential of the myocardium18,27.  Though these 

effects mitigated cardiac pathology to some extent, the search for other 

cooperative or downstream kinases initiated an investigation of other 

molecules that could further increase the cardioprotective effect.   

 
Pim-1, A Hyperactive Kinase 

Previous studies in the hematopoetic system indicated that AKT 

cooperated with the more primitive Pim-1 kinase, and induced its expression 

through direct promoter binding in Nb2 lymphoma cells following prolactin 

administration28-30.  Similar to AKT, Pim-1 is a proto-oncogenic 

serine/threonine kinase, originally characterized as the proviral integration site 

for the Moloney murine leukemia virus (MuLV) 31. The gene, located on human 

chromosome 6p21.1, is highly susceptible to cancerous translocations. The 

coding region encodes two proteins with molecular weights of 34 and 44kDa. 

The latter from a non-traditional upstream CUG codon was recently found to 

be expressed in both mice and humans32.  The 34kDa protein is 

predominantly localized in the cytoplasm and nucleus, whereas a recent report 

indicates the 44kDa protein is plasma membrane bound 32. Two other family 

members also exist, Pim-2 and Pim-3, which may have some functional 

redundancy.   

Regulation occurs at multiple levels.  Translation is regulated by eIF-4e 

due to a 400 nucleotide long GC-rich region in its 5’ UTR33.  Stabilization of 
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Figure I.1.  Pim-1 expression is induced by a variety of cytokines.  Pim-1 is induced by 
cytokines that regulate cell cycle progression and apoptosis.  Adopted from Bachmann and 
Moroy 200537. 

the protein is provided by Hsp9034,35 binding, since it is quickly degraded 

following dephosphorylation by PP2A (reviewed in 36).  To enhance expression 

response following cytokine induction Pim-1 mRNA, stabilized by an extensive 

cap structure, remains at increased levels in tissues where it is expressed 

(reviewed in 36).    

Pim-1 expression levels are highest in spleen, thymus, and bone 

marrow (reviewed in 31and36).   Its expression is rapidly induced by a variety of 

cytokines with kinetics mimicking those of an early response gene.  The litany 

of circulating cytokines that induce its expression includes: the interleukins 

2,3,5,6,7,12,15,18; erythropoiten (Epo), leukemia inhibitory factor (LIF), 
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cardiotrophin-1 (CT-1), stem cell factor (SCF) through its receptor c-kit, 

interferon gamma (IFNγ), epidermal growth factor (EGF), granulocyte colony 

stimulatory factor (G-CSF), granulocyte-macrophage colony stimulatory factor 

(GM-CSF) and vascular endothelial growth factor (VEGF) 30,31,37-43.   Such 

rapid induction of Pim-1 expression decreases the temporal lag between 

cytokine induction and protein expression allowing Pim-1 to act like an early 

response gene. 

Much like AKT, Pim-1 has many substrates with roles in transcription, 

cell cycle regulation, signal transduction and apoptosis.  The transcription 

factors NFATc1, c-Myb through its transcriptional activator p100, HP1 and 

PAP-1 have all been shown to be phosphorylated by Pim-144-47.   Pim-1 also 

targets cell cycle regulators cdc25A, and p21Cip1/Waf1, allowing progression into 

S-phase through the phosphorylation of these substrates 48,49.  Pim-1 enables 

Figure I.2.  Pim-1 targets substrates involved in transcriptional regulation, cell cycle, 
signal transduction, and apoptosis.  Pim-1 is stabilized at the RNA and protein level by 
eIF-4E and Hsp90 respectively, and degraded by PP2A.  Adopted from Bachmann and 
Moroy 200537. 
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the progression from G2 into mitosis through phosphorylation of cdc25c 

associated kinase (C-TAK1) activating cdc25c, and phosphorylation of the 

nuclear mitotic apparatus protein (NuMA), resulting in mitotic spindle 

formation50,51.  Pim-1 mediated phosphorylation of suppressors of cytokine 

signaling 1 and 3 (SOCS1 and SOCS3) results in feedback inhibition of 

STAT3 and STAT552 two proteins defined as upstream inducers of Pim-1 

expression. Further studies suggest Pim-1 is involved in tumor necrosis factor 

alpha (TNF-α) signal transduction through binding and subsequent 

translocation of tumor necrosis factor receptor associated factor 2/sorting 

nexin 6 (TFAF2/SNX6) to the nucleus.  This study also suggests Pim-1 

contains a nuclear localization sequence at amino acids 230-313 53.   

In addition to the effects exerted on cell cycle and signal transduction, 

Pim-1 targets proteins involved in mitochondrial apoptosis.  The most potent 

effect of Pim-1 here is through inactivation of Bad via phosphorylation at 

Ser11254 and Ser13655; the latter the same site attributed earlier to AKT56.   It 

has been shown that Pim-1 modulates bcl-2 and to a lesser extent, bcl-XL 

levels in hematopoetic cell lines, resulting in resistance to apoptosis in cells 

expressing Pim-1 in sufficient quantity 57.  Activation of mouse double minute 

protein 2 (Mdm2) resulting in p53 nuclear exclusion and degradation has been 

attributed to both Pim-1 and AKT in separate studies58,59.   Other experiments 

indicate Pim-1 also phosphorylates and inactivates the pro-apoptotic factor 

PTP-U2S 60.   
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The findings of Pim-1 function in the hematopoetic system and its 

relationship and similarities to AKT caused us to question whether Pim-1 may 

be expressed in the myocardium and what role it may play downstream of 

AKT in this system.   Because Pim-1 appeared to be so strongly protective 

and pro-proliferative in the hematopoetic system, I hypothesized Pim-1 is a 

cardioprotective molecule downstream of AKT.  I set up four specific aims 

to prove this hypothesis: 

1. Pim-1 expression in the myocardium is developmentally regulated 

and reactivated following pathological injury. 

2. Pim-1 functions downstream of AKT. 

3. Pim-1 is anti-hypertrophic. 

4. Pim-1 protects the myocardium following infarction. 

Use of such a potent molecule could be advantageous as a clinical tool 

in treating cardiac failure.  Thus an investigation of this kind could provide the 

prolegomena necessary to develop therapeutic interventions aimed at 

ameliorating myocardial injury. 
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MATERIALS AND METHODS 

Neonatal Rat Cardiomyocyte Cultures Infections And Treatments.   

Neonatal rat cardiomyocyte cultures were prepared as described 

previously 61.  Cells subjected to treatments were placed in media with 2% 

serum overnight, then stimulated with the appropriate agent, and harvested or 

fixed at prescribed time point(s).  Cardiomyocytes were infected with 

adenovirus for two hours, washed in PBS and then refed M199 with 2% FBS 

and 50µg/ml pen/strep, and 100µM glutamine.   

 
Nuclear And Cytosolic Extraction  

Subcellular fractionation was performed as previously described 62.  

 
Quantitative RT-PCR   

RNA was extracted using Trizol (Invitrogen) as described 26.  

Generation of cDNA and real-time PCR was performed using the cDNA 

preparation kit and SYBR real-time PCR (Applied Biosystems) according to 

manufacturer’s protocol.  Primers for analysis of hypertrophic markers and 

GAPDH standards were as described 26.  Primers for analysis of Pim-1 mRNA 

were as follows:  

• human Pim-1 sense, GTCCAAAATCAACTCGCTTGCC;  

• human Pim-1 antisense, CACCTGGTACTGCGACTCCA;  

• mouse Pim-1 sense, GTGGGGATGCTCCTGTCCAA; 

•  mouse Pim-1 antisense, TTGGTGGCGTGCAGGTCGTT;  
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• rat Pim-1 sense, TGCTCTTGTCCAAGATCAACTC;  

• rat Pim-1 antisense, CAGGGGCTCCTTCTCTTTGC.   

Cytokine and apoptosis arrays for qRT-PCR were obtained from SuperArray 

and performed following manufacturer instructions. 

 
Immunoblotting 

Immunoblotting was performed as described previously63.  The 

following primary antibodies were used Pim-1 (Cell Signaling Technology and 

Zymed), c-jun (Cell Signaling Technology), Histone3 (Cell Signaling 

Technology), GFP (Molecular Probes), bcl-2 (Santa Cruz), bcl-XL (Cell 

Signaling Technology), phospho-BadS112 (Biosource), STAT3 (Biosource), 

phospho-STAT3Y705 (Biosource), AKT (Cell Signaling Technology), GAPDH 

(Research Diagnostics Inc.), SERCA2a (Santa Cruz), PLB (Santa Cruz), 

phospho-PLB (Chemicon), phospho-AKTS473(Cell Signaling Technology), 

phospho-AKTT308(Cell Signaling Technology), total PARP (Biosource), cleaved 

PARP (Biosource), and cleaved caspase3 (Cell Signaling Technologies)) 

diluted in blocking solution overnight at 4°C.  Blots were washed in TBS-0.5% 

Tween three times and probed with fluorescent or alkaline phosphatase 

conjugated secondary antibodies diluted 1:5000 in blocking solution for 1hour 

at room temperature followed by three washes in TBS-0.5%Tween.  Blots 

were scanned using a Typhoon 9410 (GE Healthcare) and quantitated using 

ImageQuant 5.2 software (GE Healthcare).  All quantitation is based on 

standardization to loading controls. 
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Myocardial Infarction And Cardiac Hemodynamics  

Myocardial Infarction And Cardiac Hemodynamics were performed 

under ketamine-acepromazine anesthesia, At sacrifice, mice were 

anesthetized with chloral hydrate (400 mg/kg b.w., i.p.) and the right carotid 

artery was cannulated with a microtip pressure transducer (SPR-671, Millar 

Instruments, Houston, TX or 1.2F Scisense) connected to an A/D converter  to 

record data on a PC. Subsequently, the catheter was advanced into the LV 

cavity for the evaluation of LV pressures and + and − dP/dt in the closed-chest 

preparation 27. Animals were sacrificed at the timepoints described in the text 

and following hemodynamic measurements hearts were arrested in diastole 

and perfused with phosphate-buffered formalin 27. 

 
Morphological Measurements  

Morphological Measurements were performed as described 64.  A 

minimum of eight animals per group were analyzed. 

 
Heart Weight:Body Weight or Tibia Length  

HW:BW ratios were obtained by weighing the animal and subsequently 

euthanizating it and harvesting the heart.  Following several washes in PBS, 

and expelling all liquid possible from the tissue the mass of the heart was 

obtained.  Tibia length was determined by measuring the animal tibia from 

tibial tuberosity to the inferior articular capsule. 

 
Infarct Size Measurements  

Infarct Size Measurements were performed as described in 64,65.   
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Myocyte Isolation 

Following chloral hydrate anesthesia (400 mg/kg body weight, i.p.), the 

heart was excised and left ventricular (LV) myocytes were enzymatically 

dissociated 27.  Briefly, the myocardium was perfused retrogradely through the 

aorta at 37°C with a Ca2+-free solution gassed with 85% O2 and 15% N2. After 

5 minutes, 0.1 mM CaCl2, 274 units/mL collagenase (type 2, Worthington 

Biochemical Corp, Lakewood, NJ) and 0.57 units/mL protease (type XIV, 

Sigma, St. Louis, MO) were added to the solution which contained (mM): NaCl 

126, KCl 4.4, MgCl2 5, HEPES 5, Glucose 22, Taurine 20, Creatine 5, Na 

Pyruvate 5 and NaH2PO4 5 (pH 7.4, adjusted with NaOH). At completion of 

digestion, the LV was cut in small pieces and re-suspended in Ca2+ 0.1 mM 

solution. 

 
Myocyte Contractility and Ca2+ Transients 

Isolated myocytes obtained from WT and TG hearts were placed in a 

bath on the stage of an inverted microscopes (Axiovert, Zeiss, Germany) for 

contractility and Ca2+ transient measurements. Experiments were conducted 

at room temperature 27. Cells were bathed continuously with a Tyrode solution 

containing (mmol/L): NaCl 140, KCl 5.4, MgCl2 1, HEPES 5, Glucose 5.5 and 

CaCl2 1.0 (pH 7.4, adjusted with NaOH). Measurements were performed in 

field-stimulated cells by using IonOptix fluorescence and contractility systems 

(IonOptix, Milton, MA). Contractions were elicited by rectangular depolarizing 

pulses, 2 ms in duration, and twice-diastolic threshold in intensity, by platinum 

electrodes. Changes in mean sarcomere length were computed by 

determining the mean frequency of sarcomere spacing by fast Fourier 

transform and then frequency data were converted to length. Ca2+ transients 
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were measured by epifluorescence after loading the myocytes with 5 mM 

Fluo-3 AM (Molecular Probes, Eugene, OR). Excitation length was 550 nm 

with emission collected at 580 nm using a 40x objective. 

 
Isolation And Staining Of Bone Marrow And Circulating Cells  

Bone marrow was harvested from the femurs and tibias of wild-type 

mice and Pim knockout mice. Peripheral blood was also collected. Following 

lysis of erythrocytes, cells were stained in suspension with c-kit (R&D AF1356) 

and Sca-1 (BD557405), mixed with Vectashield and mounted on coverslides. 

Cells positive for c-kit and Sca-1 were counted and the values were expressed 

as fraction of the whole BMC or blood cell populations.   The specificity of the 

staining was determined by isotype-matched IgG. 

 
Adenoviral Constructs  

AKT-nuc, myr-AKT, and AKT-wt adenoviruses were prepared as 

described previously61.  The K179M AKT-DN adenovirus described 

previously66,67 , was a generous gift from Dr. Thomas Franke at Columbia 

University.  Pim-wt and Pim-DN adenoviruses were prepared by subcloning of 

the NheI/SmaI fragments from pEGFP-C1 Pim-1 and pEGFP-C1Pim-DN 

plasmids described previously51, into the pDC315io (Microbix) adenoviral 

shuttle vector68.  Sequence verified shuttle vectors were cotransfected with the 

genomic pBHGloxΔE1,3Cre into 293iq™ cells (Microbix) to generate the 

adenovirus.  Purified plaques were isolated and expanded for use in 

experiments. 
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Immunohistochemistry  

Immunohistochemical stainings were performed as described 

previously63. Confocal imaging of stained slides was performed on a Leica 

LCS confocal microscope.  For comparison purposes, all slides were treated 

identically and scanned using the same settings in each experiment. 

 
Doxorubicin And Deoxyglucose Induction Of Apoptosis 

Cardiomyocytes were treated with 1µM Doxorubicin or 1mM 

deoxyglucose for 16 hours then labeled for TUNEL using the In Situ Cell 

Death Detection Kit, TMR red (Roche Applied Science) per manufacturer 

instructions.  Number of infected TUNEL positive cells was counted for each 

treatment. 

 
Trans-Aortic Constriction 

Trans-aortic banding and transthoracic echocardiography was 

performed as described previously26.  

 
Ex Vivo Ischemia/Reperfusion 

Ex vivo ischemia/reperfusion was performed on a Lagendorff apparatus 

as described previously63.  Sections from four hearts from each experimental 

group were cut and analyzed for cell death using TUNEL labeling (In Situ Cell 

Death Detection Kit, TMR red (Roche Applied Science)) according to the 

manufacturer directions. 
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Generation of Transgenic animals  

Pim-wt and Pim-DN cDNAs were subcloned NheI/SmaI from pEGFP-

C1 Pim-1 and pEGFP-C1Pim-DN plasmids described previously51, into the α-

MHC plasmid.  Following linearization by NotI restriction digest, the fragment 

was gel purified and injected into 0.5dpc zygotes of FVB/NJ mice using 

standard microinjection techniques. 

 
Stem Cell Counts  

Three slides of three sections each taken from the midwall of the left 

ventricle of paraffin embedded cardiac sections were stained as described 

above with antibodies to c-kit, Pim-1, and ki67.   The number of cells was 

counted per section and measurement of the left ventricle was taken using 

Leica LCS Lite (Leica AG) software. 

 
TUNEL staining 

TUNEL staining was performed as previously described26 using the In 

Situ Cell Death Detection Kit, TMR red (Roche Applied Science) and following 

manufacturer instructions. 

 
Statistical Analysis  

Statistical analysis was performed using student T test, and ANOVA as 

appropriate.  P values less than 0.05 were considered significant. 
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CHAPTER 1 

Pim-1 Expression In The Myocardium Is Developmentally 

Regulated And Induces Protective Signaling 

Introduction 

Though Pim-1 has been extensively characterized in hematopoetic and 

cancer cells, it has been largely ignored in the myocardial context.  The 

potential of Pim-1 to rescue or prevent cell death and induce proliferation in 

these cellular contexts and its reported cooperation with AKT prompted us to 

investigate its expression in the myocardium.  

 
Pim-1 Is Expressed In Mouse Myocardium And Is Developmentally 

Regulated 

Whole cell lysates from a 48-day-old wildtype (NTG) heart with HeLa 

cells as a positive control are immunoblotted for Pim-1 (Fig 1.1 a).  The 34 

kDa isoform of Pim-1 is represented by two bands an upper phosphorylated 

and lower unphosphorylated moiety as previously described46.  To determine 

the developmental expression profile of Pim-1 in the mouse myocardium, 

whole cell lysates from mouse hearts at ages ranging from less than 1 week to 

30 week were immunoblotted for Pim-1 (Fig 1.1 b). These immunoblot 

analyses demonstrate Pim-1 expression decreases with age in mouse 

myocardial lysates, with neonatal heart samples exhibiting 6.3-fold more Pim-1 

than 30-week old mice (Fig. 1.1 b bottom, **p<0.01). Postnatal expression 

levels decline, but remain significantly elevated, until 8 weeks of age when 
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Figure 1.1 Pim-1 expression is developmentally regulated in mouse myocardium. a) 
Immunoblot of whole heart lysate from a 48 day old NTG with HeLa cells as a positive control.  
Pim-1 expression is indicated by two bands at 34kDa. b) Representative immunoblot of whole 
heart lysates for Pim-1, and actin as a loading control.  Histogram below depicting 
developmental time course immunoblot quantitation* p<0.05, **p<0.01, vs. 30wk; n=4 for each 
timepoint. c) Quantitative RT-PCR of myocardial RNA samples for Pim-1 mRNA from <1week, 
8 week, and 30 week old NTG animals.  All samples standardized to 30 week old (n=4, 
*p<0.05). d) Representative confocal micrographs of paraffin embedded sections from 
wildtype mouse hearts at <1 week, 8 weeks, and 30 weeks stained for Pim-1 (green), 
tropomyosin (red), and nuclei (blue) left column.  Arrowheads in grayscale and arrows in 
overlay of top panel indicate cardiomyocytes with Pim-1 nuclear localization.  All slides 
prepared and scanned using identical settings (scale bar=40µm left column, 10µm right 
column). e) Representative immunoblot of nuclear and cytosolic fractions of hearts from <1wk, 
8wk, and 30wk old animals blotted for Pim-1, GAPDH as a cytoslic loading control, and 
Histone 3 as a nuclear loading control.  Graph below from quantitation of 3 separate 
experiments (*p<0.05, **p<0.01).  Acknowledgements: a) in total by Kim Fischer. 
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protein levels become comparable to 30-week old hearts (*p<0.05, Fig. 1.1 b 

bottom).  Similarly, 3.5 fold more Pim-1 mRNA exists in neonatal hearts 

compared to 30 week old that decreases significantly by 8 weeks of age (Fig. 

1.1 c, *p<0.05).  Confocal microscopy and subcellular fractionation studies 

show Pim-1 expression is predominantly nuclear in neonates, becomes 

increasingly cytosolic in early adulthood, and is virtually absent in the 30 week 

old adult (Fig. 1.1 d). Pim-1 expression is 10.5-fold and 5.2-fold more nuclear 

and 5.0 and 4.6-fold less cytosolic in neonatal hearts and 8 week old hearts 

respectively when compared to 30 week old mouse myocardium (Fig. 1.1 e 

bottom, **p<0.001, *p<0.05).   

 
Pim-1 Is Expressed In Human Myocardium And Upregulated In Failure 

Human cardiac explants obtained from donors with and without a 

history of pathological injury were analyzed for Pim-1 expression.  Pim-1 

expression is distributed throughout the cytoplasm in normal adult human 

myocardium assessed by confocal microscopy (Fig. 1.2 a, left panel).  In 

contrast, Pim-1 adopts a predominantly nuclear localization in failing human 

heart samples (Fig. 1.2 a, right panel). Pim-1 protein expression increases 

2.65-fold in the failing human myocardium when compared to normal controls 

(Fig. 1.2 b, *p<0.05). Efforts to quantify nuclear Pim-1 accumulation in failing 

human heart samples by immunoblot were unsuccessful, which we attribute to 

inherent differences in preparing human cardiac explant tissues using 

protocols successful for murine tissue samples. Compared to the normal 
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human heart, Pim-1 mRNA transcript levels are increased more than 50-fold in  

the failing human heart (Fig. 1.2 c, **p<0.01).  Similar results are observed in a 

murine model of chronic heart failure, the tropomodulin overexpressing 

transgenic (TOT) 69.  Pim-1 protein level is increased 5.9 fold and 

predominantly nuclear in localization relative to wild type (NTG) myocardial 

samples (Fig. 1.1 d and e respectively, *p<0.05), with Pim-1 mRNA levels 

increased 2.5-fold in TOT hearts (Fig. 1.2 f, **p<0.01).  

 
Pim-1 Expression Is Reactivated Following Pathological Injury 

Pim-1 localization and expression were examined four days after 

challenge by trans aortic constriction (TAC) pressure overload-induced 

hypertrophy or myocardial infarction (MI). TAC hypertrophic stimulation 

increases Pim-1 immunoreactivity in cardiomyocytes surrounding major 

vessels in a peri-nuclear distribution (Fig. 1.3 a, third panel, green).  Similarly, 

peri-nuclear Pim-1 immunoreactivity increases in border zone cardiomyocytes 

following infarction (Fig. 1.3 a, middle panel, green) but is unchanged in 

remote myocardium (data not shown).  Pim-1 transcript levels are increased 2-

fold in the mouse heart 4 days after TAC banding (Fig. 1.3 b).  However, no 

significant increase in Pim-1 mRNA was evident 4 days post-infarction (Fig. 

1.3 d).  Pim-1 positive border zone cardiomyocytes are negative for TUNEL 

labeling and exhibit increased Bcl-XL expression indicative of cardioprotective 

anti-apoptotic signaling (Fig. 1.3 c and e respectively), consistent with a role 

for Pim-1 in myocardial survival signaling.  
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Figure 1.3 Pim-1 expression is induced following pathological injury to the 
myocardium.  a) Representative confocal micrographs of 4 day sham, MI, and TAC mouse 
hearts labeled for Pim-1 (green), tropomyosin (red) and nuclei (blue).  Left-ventricle (LV), 
infarct (I), epicardium (EP), vessel (V). All slides treated and scanned using identical settings 
(scale bar=40µm top panel, 5µm bottom panel, n=4 animals).  b) Pim-1 mRNA levels in 
mouse hearts 4 days after sham or TAC surgery measured by qRT-PCR.  Fold change versus 
sham operated (n=3, **p<0.01). c) Representative confocal scan of 4 day MI and sham  
operated heart sections stained for Pim-1 (green), tropomyosin (red), and TUNEL (blue).  
Arrows denote Pim-1 positive, TUNEL negative cells in the infarct border zone (I=infarct, scale 
bar=40µm). d) Pim-1 mRNA levels by qRT-PCR in mouse hearts 7 days after sham or LAD 
ligation (MI). Fold change versus sham operated (n=3). e) Serial sections of embedded mouse 
hearts 4days post-MI.  Confocal micrographs in the top panels are stained for Pim-1 (green) 
tropomyosin (red), and nuclei (blue).  Bottom panel is the next serial section stained for Bcl-XL 
(green), tropomyosin (red), and nuclei (blue).  Arrows indicate cardiomyocytes with Pim-1 and 
Bcl-XL staining (I=infarct, scale bar=40µm). Acknowledgements: e) bcl-XL staining of sections 
by Jenna Fransioli. 
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Pim-1 Induces Anti-Apoptotic Protein Expression And Protects 

Cardiomyocytes In Vitro  

GFP-tagged cDNAs for wild-type Pim-1 (Pim-wt) or a kinase dead  

(K67M)ATP-binding site mutant previously characterized as a functional  

dominant negative (Pim-DN)51 were used to generate recombinant 

adenoviruses for overexpression studies. Neonatal rat cardiomyocyte cultures 

expressing GFP-Pim-wt or GFP-Pim-DN accumulated 64kDa GFP-Pim-1 

fusion proteins recognized by either GFP or Pim-1 antibodies (Fig. 1.4 a). 

Cardiomyocytes overexpressing GFP-Pim-wt exhibited a statistically 

significant decrease in TUNEL labeling compared to control EGFP expressing 

cells under normal culture conditions (Fig. 1.4 b, *p<0.05). GFP-Pim-wt 

overexpression protected cultured neonatal rat cardiomyocytes from apoptotic 

challenge with doxorubicin or deoxyglucose (Fig. 1.4 b, **p<0.01). In 

comparison, GFP-Pim-DN overexpression induced a 30.8% increase in 

apoptotic cardiomyocytes under normal culture conditions and exacerbated 

effects of apoptotic stimuli induced by doxorubicin or deoxyglucose (Fig. 1.4 b 

*p<0.05, **p<0.01). Consistent with these results, GFP-Pim-DN induced 

increases in both caspase3 cleavage (3.6-fold) and cleaved PARP (80%; Fig 

1.4 c, *p<0.05). With respect to expression of cardioprotective signaling 

molecules, GFP-Pim-wt overexpression mediated significant increases in bcl-

XL and bcl-2 expression (2.2-fold and 25.4-fold, respectively) when compared 

to control EGFP overexpression (Fig. 1.4 d, *p<0.05, **p<0.01). GFP-Pim-wt 

also increased phosphorylation of Bad at the serine 112 residue (S112) by 
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Figure 1.4 Pim-1 induces anti-apoptotic protein expression and protects against 
apoptosis.  a) Representative immunoblot from adenoviral infected neonatal rat 
cardiomyocyte lysates immunoblotted for the GFP-Pim1-wt (Pim-wt) and GFP-Pim1-DN (Pim-
DN) fusion proteins using both Pim-1 and GFP antibodies, GAPDH used as a loading control. 
Left column indicates antibodies used, right column indicates fusion protein and molecular 
weight.  b) Percent TUNEL positive NRCM following adenoviral infection and exposure to 1µM 
Doxorubicin, or 1mM deoxyglucose treatment (n=4, *p<0.05, **p<0.01).  c) Representative 
immunoblot and corresponding quantitation for caspase 3 or PARP cleavage following 
adenoviral infection.  a-actinin  was used as a loading control.  All fold changes standardized 
to uninfected control (*p<0.05).  d) A representative immunoblot and graph of quantiation 
results for bcl-2 and bcl-XL levels in adenovirally infected cardiomyocyte lysates.  GAPDH 
used as a loading control.  All fold changes standardized to uninfected control (*p<0.01, n=5).  
e) Representative immunoblot and quantitation graph for phospho- BadS112 in adenoviral 
infected lysates. GAPDH used as a loading control.  All fold changes standardized to 
uninfected control (*p<0.001, n=3).   f) Representative immunoblot for MDM2, p53, and 
GAPDH as a loading control.  Quantitation graphs at right.  All changes standardized to 
uninfected control (*p<0.05, **p<0.01 compared to EGFP infection).  g) Representative 
immunoblot of uninfected, EGFP, Pim-wt, and Pim-DN infected neonatal rat cardiomyocytes 
for STAT3, phospho-STAT3Y705 with GAPDH as a loading control (n=3). 
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16.7-fold versus the EGFP overexpressing control while levels of total Bad 

remained unchanged (Fig. 1.4 e, *p<0.01). GFP-Pim-wt overexpression 

increased MDM2 expression by 30%, decreasing p53 levels 5-fold (Fig. 1.4 f 

*p<0.05, **p<0.01).  Levels of STAT3 expression or activation at Y705 were 

unaffected by either GFP-Pim-wt or GFP-Pim-DN overexpression (Fig. 1.4 g). 
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CHAPTER 2 

Pim-1 Functions Downstream of AKT In The Myocardium 

Introduction 

Previous studies in the hematopoetic system and multiple cancers 

attribute the protective and proliferative characteristics observed in these 

systems to Pim-1 in cooperation with AKT.  Since previous reports from our 

laboratory and others demonstrated the cardioprotective effects of AKT, in 

particular nuclear-targeted AKT, we decided to investigate the relationship of 

Pim-1 and AKT in the myocardium.  

 
Pim-1 Is Induced By Cardioprotective Stimuli.  

Cardioprotective agents including Leukemia Inhibitory Factor (LIF), 

Insulin-like Growth Factor (IGF-1), dexamethasone (Dex), or phorbol 12-

myristate 13-acetate (PMA) induce Pim-1 immunoreactivity in neonatal rat 

cardiomyocyte cultures after two hours of treatment as visualized by confocal 

microscopy (Fig. 2.1 a). LIF, IGF-1, PMA, or Dex induced Pim-1 expression by 

2.8, 2.7, 2.3, and 2.0-fold respectively (Fig. 2.1 b and c top, *p<0.05, 

**p<0.01).  In contrast, Pim-1 immunoreactivity is not induced by 

phenylephrine, endothelin-1, forskolin, or estradiol (Fig. 2.1 a). The adenylate 

cyclase activator, forskolin, reduces Pim-1 expression by 45% versus control 

cardiomyocyte cultures (Fig. 2.1 c top, **p<0.01). Measurement of mRNA 
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Figure 2.1 AKT mediates IGF-1 induced Pim-1 expression. a) Cultured neonatal rat 
cardiomyocytes treated as described in the text labeled for Pim-1 (green), and sarcomeric 
actin (red).  All slides prepared in the same manner and scanned at identical settings (scale 
bar=10µm bottom left corner of overlay).  b) Representative immunoblot for phospho-
STAT3Y705, total STAT3, phospho-AKTS473 and phospho-AKTT308, total AKT, Pim-1 and 
GAPDH as loading control from whole cell lysates with two-hour treatments as indicated 
above each lane.  c) Quantitation of Pim-1 protein expression from immunoblots (top) and 
mRNA (bottom) by qRT-PCR following treatments shown in b. n=4 independent experiments 
with changes standardized to untreated controls (*p<0.05, **p<0.01).  d) Immunoblot from 
cultured neonatal cardiomyocytes pre-infected with AKT-DN, stimulated with cardioprotective 
agents as indicated above each lane of the blot, and then probed for phospho-AKTS473 and 
phospho-AKTT308, AKT, Pim-1, with GAPDH as a loading control.  e) Quantitation of n=4 
immunoblots (top) and mRNA from qRT-PCR (bottom) n=3 from experiments as described in 
d.  All changes standardized to uninfected controls (*p<0.05, **p<0.01).  
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levels following treatment reveal 5.1 and 4.0 fold induction of Pim-1 transcript 

upon treatment of cardiomyocytes with PMA and Dex, respectively (Fig. 2.1 c 

bottom, *p<0.05).  Inhibition of AKT signaling using the K179M AKT mutant 

(AKT-DN) reduces Pim-1 expression to basal levels in response to treatment 

with IGF-1 and Dex (Fig. 2.1 d and e top, **p<0.001). Furthermore, 

transcription of Pim-1 mRNA induced by PMA or Dex returns to basal levels in 

the presence of AKT-DN (Fig. 2.1 e bottom, *p<0.05).  

 
Pim-1 Expression Is Induced By Nuclear-Targeted AKT  

IGF-1 stimulation promotes nuclear accumulation of AKT62 that, in turn, 

promotes cardioprotection.61 Indeed, overexpression of nuclear-targeted Akt 

(AKT-nuc) increases Pim-1 expression in cultured cardiomyocytes by 2.1-fold 

compared to EGFP expressing control (Fig. 2.2 b, *p<0.05). Confocal 

microscopy of cultured cardiomyocytes demonstrates that expression of AKT-

nuc induces increased nuclear localization of Pim-1 (Fig. 2.3 d, arrowheads).  

In comparison, overexpression of wildtype AKT (AKT-wt) decreases 

expression of Pim-1 30% versus uninfected control (Fig. 2.2 b, *p<0.05), while 

infection with AKT-DN decreases expression 42% (Fig. 2.2 b, **p<0.01).  At 

the transcriptional level, AKT-wt and myr-AKT infection induce 3.1 and 4.7-fold 

increases in Pim-1 mRNA versus EGFP infected control respectively, whereas 

both AKT-nuc and AKT-DN decrease Pim-1 transcript levels (Fig. 2.2 c, 
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Figure 2.2 Pim-1 is a critical component of AKT-nuc induced cardioprotection. a) 
Representative immunoblot of neonatal rat cardiomyocyte lysates infected with EGFP, 
wildtype AKT (AKT-wt), myristolated AKT (myr-AKT), AKT-nuc, and AKT-DN.  b) Quantitation 
from 4 independent experiments shown in graph (*p<0.05, **p<0.01).  All changes 
standardized to uninfected controls.  c) qRT-PCR analysis of Pim-1 mRNA levels in neonatal 
rat cardiomyocyte cultures infected with EGFP, AKT-wt, myr-AKT, AKT-nuc, and AKT-DN.  
Fold changes compared to uninfected control (n=3, **p<0.01 vs. EGFP infected, ##p<0.01 vs. 
uninfected control). d) Neonatal rat cardiomyocyte cultures infected with adenoviruses 
expressing EGFP, AKT-wt, myr-AKT, AKT-DN, and AKT-nuc stained for myc-tag (green in 
overlay), sarcomeric actin (red in overlay), Pim-1 (magenta in overlay) and nuclei (blue in 
overlay).  AKT-nuc infection induces Pim-1 expression and nuclear localization (arrowheads, 
scale bar=40µm).  e) TUNEL assay from neonatal rat cardiomyocyte cultures infected with 
EGFP, AKT-DN, AKT-DN and GFP-Pim-wt, AKT-nuc or AKT-nuc and GFP-Pim-DN and then 
treated with doxorubicin or deoxy-glucose as described in the text (n=3, *p<0.05 and **p<0.01 
versus EGFP; #p<0.01 versus AKT-DN; $p<0.01 versus AKT-nuc).  f)  Representative 
confocal micrographs of embedded paraffin sections from 6-month old NTG and AKT-nuc 
transgenic mouse hearts stained for tropomyosin (red), Pim-1 (green), and nuclei (blue). 
Nuclear localization of Pim-1 staining indicated (red arrowheads in grayscale and white arrows 
in overlay; scale bar=40µm). g)  Representative immunoblot of 6-month old NTG and AKT-nuc 
whole heart lysates for Pim-1 with GAPDH as loading control (n=3).  Acknowledgements: f) 
Staining of sections performed by Jenna Fransioli. 
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##p<0.01 vs. untreated control, **p<0.01 vs. EGFP infected). Cardiomyocyte 

apoptosis resulting from exposure to doxorubicin and deoxyglucose is 

exacerbated by AKT-DN expression (Fig. 2.2 e, *p<0.05, **p<0.01). Apoptosis 

of cardiomyocytes is prevented by Pim-1 overexpression that inhibits cell 

death despite blockade of AKT signaling by concurrent AKT-DN 

overexpression (#p<0.01 versus AKT-DN). The cardioprotective action of 

AKT-nuc to block apoptosis induced by either doxorubicin or deoxyglucose 

treatment (Fig. 2.2 e; **p<0.01)61, is inhibited by overexpression of GFP-Pim-

DN ($p<0.01).  Consistent with these in vitro results, hearts from transgenic 

mice possessing cardiac-specific expression of nuclear-targeted AKT exhibit 

increased Pim-1 immunoreactivity and nuclear localization compared to 

nontransgenic wild-type controls (Fig. 2.2 f) as well as increased Pim-1 

expression level (Fig. 2.2 g).   

 
Pim-1 And AKT Exhibit Feedback Relationships 

Reciprocity in signaling between AKT and Pim-1 exists, as AKT 

expression and phospho-AKTS473 levels increase in response to 

overexpression of GFP-Pim-DN in cultured cardiomyocytes (Fig. 2.3 a). 

Corroborative findings of increased phospho-AKTS473 are also observed in 

myocardial sections from animals with global genetic deletion of Pim-170(Pim-

KO; Fig. 2.3 b), with increases for phospho-AKTS473, phospho-AKTT308, and 

total AKT in whole heart lysates from Pim-KO mice (Fig. 2.3 c). These results  



38 
 

 

demonstrate that AKT expression and activity depends, in part, upon Pim-1 

levels. 
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CHAPTER 3 

Myocardial Expression of Pim-1 is Cardioprotective 

Introduction 

Previous studies by our laboratory have demonstrated that nuclear-

targeted AKT is anti-hypertrophic and protects the myocardium from 

ischemia/reperfusion injury26,61.  The data from these reports, the recent 

finding that nuclear targeting of AKT induces Pim-1 expression in the mouse 

myocardium, in conjunction with the reexpression of Pim-1 in the mouse 

myocardium following pathological injury, led us to investigate the 

cardioprotective effects of Pim-1 in vivo.    

 
Pim-1 Knockout Cardiac Response To Pressure Overload Hypertrophy Is 

Impaired 

Pim-1 knockout mice subjected to TAC challenge succumb rapidly 

relative to wild type counterparts (Fig. 3.1 a #p<0.01) with thinner left 

ventricular anterior and posterior walls four weeks after banding (Fig. 3.1b and 

c, **p<0.01). Apoptotic myocytes in Pim-1 knockout animals are inherently 

higher in number under normal conditions with a 90% increase in TUNEL 

positive nuclei compared to wild type NTG samples (Fig. 3.1 d, **p<0.01). 

Both Pim-1 knockout and NTG samples respond to TAC challenge with similar 

increases in TUNEL positive cardiomyocytes within each respective group 

(72.13% and 72.19% in Pim-1 knockout versus NTG, respectively), but initially  



40 
 

 

 

Figure 3.1 Pim-KO hearts are more susceptible to pressure overload injury.  a) Kaplan 
Meier survival curve after TAC banding (n=8, #p<0.01 vs. NTG TAC). b) Line graph tracking 
anterior wall dimension diameter (AWDd) in 2 week increments after TAC banding (n=12, 
**p<0.01). c) Line graph tracking posterior wall dimension diameter (PWDd) in 2 week 
increments after TAC banding (n=12, **p<0.01). d) TUNEL positive cardiomyocytes per mm2 2 
weeks post-banding (n=4, *p<0.05, **p<0.01).  Acknowledgements: TAC surgeries performed 
in part by Walter Wu, and Greg Emmanuel, d) TUNEL assay and counts by Christopher 
Cottage. 
 
higher rates of apoptotic cell death in Pim-1 knockout mice translate to 54% 

more apoptotic cardiomyocytes following TAC challenge relative to 

comparably challenged wild-type controls (Fig. 3.1 d, **p<0.01). Thus, Pim-1 

mice suffer from a higher rate of apoptotic cell death than wild type controls,  
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Figure 3.2 Pim-KO hearts hypertrophy following TAC. a) Body weight of NTG versus Pim-
1 knockout mice (n=7, **p<0.01).  b) Heart weight to tibia length ratio in animals 4 weeks after 
banding (n=7, *p<0.05, **p<0.01 versus Sham).  c-e) Morphometric analysis of NTG and Pim-
KO left ventricles LV wall thickness (c), chamber diameter (d), and ratio of wall thickness to 
chamber diameter (e) (n=10, **p<0.01).  Acknowledgements: c-e) Performed in total by Dr. 
Jan Kajstura. 
 

both before and after TAC challenge.  

TAC-induced hypertthophy was measured by standardization of heart 

weight (HW) to tibia length (TL) since Pim-1 knockout mice exhibit significantly 

lower body mass versus their NTG counterparts 70 (Fig. 3.2 a, 22.0g vs. 27.5g 

respectively, **p<0.01). HW:TL ratio is comparably increased four weeks after 

TAC for both NTG or Pim-1 knockout hearts (Fig. 3.2 b, *p<0.05, **p<0.01). 

Morphometric analyses show that, when corrected for wall thickness, hearts of  
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Figure 3.3 Pim-KO mice exhibit depressed function after TAC. Echocardiographic 
measurements taken 4 weeks after banding.  a) End diastolic diameter (EDD), b) End systolic 
diameter (ESD), c) Percent fractional shortening (FS), d) Ejection fraction (EF) four weeks 
post-TAC (n=12, **p<0.01 versus Sham). 

 

Pim-1 knockout mice have appropriate preservation of left ventricular diameter 

size similar to NTG under normal conditions (Fig. 3.2 c-d, **p<0.01).  

However, echocardiographic assessment of Pim-1 knockout hearts four weeks 

after TAC shows increases in end-diastolic and end-systolic dimensions in 

marked contrast to wild type animals (Fig. 3.3 a and b, **p<0.01).  
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Furthermore while hearts of wild type TAC mice maintain contractility after four 

weeks, the Pim-1 knockout TAC hearts show significant depression of both 

fractional shortening and ejection fraction (Fig. 3.3 c and d, 25.0% and 56.8% 

respectively, **p<0.01).  

The molecular signature of TAC-induced hypertrophy was compared 

between Pim-1 knockout and wild type mice by quantitative RT-PCR analyses. 

Examination of hypertrophic markers in normal unchallenged myocardium 

shows levels of brain natriuretic peptide (BNP) and α-skeletal actin 

(alphaSKA) are slightly decreased in the Pim-1 knockout mice (Fig. 3.4 a, (2.2 

and 5.8 fold respectively, *p<0.05). After aortic banding, Pim-1 knockout 

hearts show altered induction of atrial natriuretic peptide (ANP) and decreased 

β-myosin heavy chain (β-MHC) while both markers are significantly increased 

in nontransgenic controls (Fig. 3.4 b).  In comparison, transcription of both 

BNP and α-SKA are similarly increased in either Pim-1 knockout or wild-type 

hearts after TAC (Fig. 3.4 b).  Thus, Pim-1 knockout hearts possess an altered 

molecular hypertrophic response following TAC.  

 
Pim-1 Knockout Mice Exhibit Increased Injury Following Ischemia Or 

Infarction Injury  

A protective role for Pim-1 was confirmed by ex vivo 

ischemia/reperfusion injury using hearts from mice deficient for Pim-1 by 

genetic deletion71 in comparison to age and sex matched controls (NTG). Pim-

1 deficient hearts exhibit statistically significant decreases in functional  
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Figure 3.4 Molecular markers of hypertrophy are depressed in Pim-KO hearts. a) mRNA 
levels of markers of molecular hypertrophy in unchallenged hearts from Pim-KO animals.  Fold 
change versus NTG represented (n=4, *p<0.05).  b) mRNA levels of markers of molecular 
hypertrophy four weeks after banding.  Fold changes shown compared to strain matched 
sham(n=4, *p<0.05, **p<0.01 versus sham; #p<0.01 compared to NTG). 
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recovery following 45 minutes of reperfusion as measured by left-ventricular 

developed pressure (LVDP Fig. 3.5 a, *p<0.05). TUNEL positive 

cardiomyocytes are increased 2.4-fold in the Pim-1 knockout hearts subjected 

to ischemic challenge versus wild type controls (Fig. 3.5 a right panel, 

*p<0.001). Additional studies using permanent coronary occlusion injury 

resulting in MI show infarct size in the left ventricular free wall (LVFW) is 

increased 22.7% in Pim-1 knockout mice compared to wild type controls. No 

significant change in the percentage of LVFW plus intraventricular septum  

(LVFW+IVS) affected demonstrates the regional nature of infarction injury 

(Fig. 3.5 b). Pim-1 knockout mice normally exhibit a minor but significant 

increase in TUNEL positive myocytes relative to wild type controls (Fig. 3.1 d 

*p<0.05), but this differential is exacerbated following infarction as a 4.0 fold 

increase versus wild type samples (Fig. 3.5 c, **p<0.01). Although 

hemodynamic performance is comparable between Pim-1 knockouts and wild 

type controls under normal conditions (Fig. 3.5 d), developed ventricular 

pressure in Pim-1 knockout mice is depressed in systole and increased in 

diastole following infarction (Fig. 3.5 e, *p<0.05). Because global deletion of 

Pim-1 has been reported to decrease lymphocyte proliferation and 

hematopoetic cell differentiation both of which could decrease the 

inflammatory response following infarction71-73, an evaluation of bone marrow 

stem cells was performed.  No significant differences were found in the 

numbers of either circulating c-kit+ cells or resident c-kit+ and sca-1+ bone 
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Figure 3.5 Absence of Pim-1 in the myocardium increases ischemic injury.  a) Line graph 
of left ventricular developed pressure (LVDP) in Pim-1 knockout and NTG mouse hearts 
following ex vivo ischemia reperfusion (*p<0.05, n=6).  Quantitation for TUNEL positive nuclei 
in Pim-1 KO and NTG samples following ex vivo ischemia reperfusion in graph at right 
(*p<0.05, n=4).   b) Histogram representing infarct size 7 days post-MI as a percent of left-
ventricular free wall (LVFW) and as a percentage of LVFW+intraventricular septum 
(LVFW+IVS) (n=6,*p<0.05).  c) Number of TUNEL positive myocytes per mm2 7 days post-MI 
(n=5, **p<0.01).  d) In vivo hemodynamic measurements in unchallenged NTG and Pim-KO 
hearts. LV, left ventricle, LVEDP, left ventricular end diastolic pressure; LVDP, left ventricular 
developed pressure. e) In vivo hemodynamic measurements of NTG and Pim-KO mice 5 days 
following MI (WT n=13, KO n=8, *p<0.05). f) Percentage of c-kit positive circulating cells in 
NTG and Pim-1 knockout mice 7 days post-MI (n=4).  g) Percentage of c-kit positive and sca-
1 positive cells in the bone marrow of NTG and Pim-1 knockout sham and MI operated 
animals (measurement 7 days post-MI, n=5). h) Quantitation of n=4 immunoblots for levels of 
protective proteins in unoperated Pim-KO mice versus NTG.  Fold change versus NTG 
represented (*p<0.05, **p<0.01).  i) Immunoblot quantitation of fold change in survival protein 
levels 7 days post-infarction (n=4, *p<0.05, **p<0.01 versus sham).  Acknowledgements: a) 
sI/R and data compilation by Dr. Joshua Martindale.  b) Infarct size measurements and 
infarction by Drs. Jan Kajstura and Marcello Rota.  c) TUNEL performed by Christopher 
Cottage.  d and e) Measurements and analysis by Dr. Marcello Rota. f and g) Counts and 
analysis by Dr. Annarosa Leri. 
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marrow cells between wildtype NTG mice and Pim-1 knockout mice (Fig. 3.5 f 

and g).  

Pim-1 Knockout Hearts Exhibit An Altered Protective Signaling Profile 

Since Pim-1 may be a relatively promiscuous kinase based upon 

minimal target substrate recognition sequence requirements74 and capacity for 

autophosphorylation75, the mechanism underlying cardioprotective actions of 

Pim-1 was investigated through examination of survival signaling molecules by 

immunoblot. Pim-1 knockout heart samples possess increases in expression 

of phospho-AKTS473 (2.76-fold), total AKT (2.10-fold), phospho-STAT3Y705 

(2.61-fold), total STAT3 (68.6%) and Pim-2 (4.6-fold) relative to normal wild 

type heart samples.  However, no increases were observed for bcl-2, bcl-XL, 

phospho-BADS112, phospho-AKTT308, or Pim-3 expression compared to wild 

type controls at three months of age (Fig. 3.5 h, *p<0.05, **p<0.01). These 

survival-signaling molecules were also examined in the context of pathological 

challenge via MI.   Seven days after infarction Pim-1 knockout mice exhibit a 

2.57-fold increase in Pim-3 expression, decreases in bcl-XL (2.1-fold), 

phospho-BADS112 (75.9%), phospho-AKTS473 (2.24-fold), total AKT (73.66%), 

phospho-STAT3Y705 (2.72-fold), total STAT3 (2.0-fold) and no significant 

changes in bcl-2 or Pim-2 expression levels compared to sham-operated Pim-

1 knockout hearts (Fig. 3.5 i, **p<0.01). In comparison, wild type NTG heart 

samples show significant increases in bcl-XL (57.0%), phospho-BADS112 

(64.58%), phospho-AKTS473 (2.81-fold), total AKT (2.26-fold), phospho-



49 
 

 

STAT3Y705 (3.43-fold) total STAT3 (2.02-fold), with no change in Pim-2 or Pim-

3 expression compared to sham (Fig. 3.5 i, *p<0.05, **p<0.01).   Although 

Pim-KO hearts exhibit significant increases in Pim-2 and Pim-3 compared to 

NTG hearts post-infarction, profound decreases in the other survival signaling 

molecules are observed (Fig. 3.5 i, ##p<0.01 versus NTG MI).  

Inactivation Of Pim-1 Results In A Dilated Cardiomyopathy 

 To further analyze the effects of Pim-1 in the myocardium, transgenic 

animals overexpressing the wildtype form of human Pim-1 and the kinase 

dead form fused to GFP under control of the α-myosin heavy chain promoter 

were generated using standard microinjection techniques (Pim-wt and Pim-DN 

respectively).   PCR of animals from these lines show that the gene has been 

incorporated into the genome (Fig. 3.6 a).  Immunoblot of whole heart lysates  

Figure 3.6 Generation of Transgenic mice with cardiac specific over expression of Pim-
1 and Pim-DN.  a) PCR of genomic DNA from Pim-wt and Pim-DN transgenic animals 
with plasmid diluted to 1 pmol/µl used as a positive control.  b) Immunoblot of whole 
heart lysates from Pim-wt and Pim-DN transgenic animals immunoblotted with 
antibodies to Pim-1 (top row) or GFP (second row) demonstrate both mouse lines 
express the GFP-Pim fusion proteins recognized by both Pim-1 and GFP antibodies. 
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Figure 3.7 Inactivation of Pim-1 in the myocardium increases apoptosis and fibrosis.  a 
and b) Echocardiographic measurement of posterior (a) and anterior (b) wall dimension (PWD 
and AWD respectively) in NTG(n=5)  and Pim-DN(n=7) animals at two week intervals 
(*p<0.05, **p<0.01).  c) Heart weight to body weight ratios in NTG and Pim-DN animals at 17-
22 weeks of age (n=6, **p<0.01).  d) Histogram representing counts of TUNEL positive 
myocytes per mm2 in 17-22 week old NTG and Pim-DN transgenics (n=3, **p<0.01).  e) 
Masson trichrome staining of sections from paraffin embedded NTG and Pim-DN hearts at 17 
weeks of age.  Acknowledgements: Echocardiography by Walter Wu with my analysis and 
measurement. d) TUNEL performed in total by Christopher Cottage. e) Natalie Gude 
assisted/trained me with these trichrome stains.  
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using Pim-1 and GFP antibodies indicates that the 64-kDa GFP-Pim-1 fusion 

protein is recognized by both antibodies (Fig. 3.6 b).   

 Longitudinal echocardiographic analysis of Pim-DN animals was 

initiated to characterize the transgenic phenotype.  Data from these studies  

show progressively thinning posterior and anterior walls beginning at 19 and 

13 weeks of age respectively (Fig 3.7 a and b, *p<0.05, **p<0.01). Significant 

increases in heart weight to body weight ratios at 17-22 weeks are also 

observed indicating myocardial hypertrophy (Fig. 3.7 c, **p<0.01).  Because 

Pim-DN overexpression induces cardiomyocyte apoptosis in vitro, assessment 

of apoptotic myocytes was performed by TUNEL staining.  Pim-DN animals 

exhibit twice as many apoptotic cardiomyocytes per mm2 as their age matched 

controls resulting in increased collagen deposits in the left ventricle (1.2/mm2 

and 2.4/mm2 respectively, Fig. 3.7 d and e, **p<0.01).   Further 

echocardiographic data indicate progressive increases in end diastolic 

dimension apparent at 17 weeks of age; consequently calculated values for 

fractional shortening and ejection fraction are depressed 36.6% and 74.2% 

respectively by 27 weeks of age (Fig. 3.8 a-c, , *p<0.05,  **p<0.01). Contractile 

depression in Pim-DN animals was further verified by in vivo hemodynamic 

assessment 27 weeks after birth.  Contractile function is severely depressed 

with altered ±dP/dt increased left-ventricular end diastolic pressure (LVEDP), 

and dqecreased left-ventricular developed pressure (LVDP) (Fig. 3.8 d-f, 
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Figure 3.8 Pim-DN hearts exhibit dilation and depressed function. a-c) Echocardiographic 
assessment of end-diastolic diameter (EDD, a), percent fractional shortening (FS, b), and 
ejection fraction (EF, c) at 27 weeks of age in NTG(n=5)  and Pim-DN(n=7) hearts(*p<0.05, 
**p<0.01).  d-f) In vivo hemodynamic measurements in 27 week-old NTG and Pim-DN 
animals (n=4).  Positive and negative change in pressure/change in time (±dP/dt, id, left 
ventricular developed pressure (LVDP, e), and left ventricular end-diastolic pressure (LVEDP, 
f) are represented (*p<0.05, **p<0.01).  Acknowledgements: Echocardiography and carotid 
catheterization by Walter Wu with echocardiographic measurement, analysis and 
hemodynamic assessment and analysis by me. 
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**p<0.01).  Thus inactivation of Pim-1 in the myocardium has a negative effect 

on cardiac function. 

Overexpression of Pim-1 inhibits hypertrophy in vitro 

To assess the role of Pim-1 overexpression on cardiomyocyte 

hypertrophy, neonatal rat cardiomyocyte cultures infected with Pim-wt and 

EGFP adenoviruses were treated with endothelin-1 (ET-1) for 24 hours.  Since 

Figure 3.9 Pim-1 overexpression protects cardiomyocytes from endothelin-1 induced 
hypertrophy.  a) Individual cell surface area measurements from uninfected control, EGFP, 
and Pim-wt infected neonatal rat cardiomyocyte cultures treated and untreated with 
endothelin-1 (ET-1) (n=4, *p<0.05, **p<0.01).  b) qRT-PCR of molecular markers of 
hypertrophy in neonatal rat cardiomyocyte cultures infected with EGFP or Pim-wt.  Fold 
change compared to uninfected control represented (n=6, **p<0.01 versus EGFP infected).  
c) Levels of hypertrophic molecular marker mRNAs following infection and treatment with 
ET-1 (##p<0.01 versus EGFP infected). 
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the majority of Pim-DN infected cells succumb to apoptosis during this 

treatment period, we were unable to analyze the effect of the inactive kinase 

upon ET-1 induced hypertrophy.  Cell surface area measurements from the 

cultures demonstrate that while ET-1 increased cell size in untreated control 

and EGFP infected myocytes, Pim-wt infection inhibited ET-1 induced 

hypertrophy (Fig. 3.9 a, *p<0.05, **p<0.01).  Pim-wt infection decreases ANP 

levels by 60.6% and BNP by 39.8% while increasing α-skeletal actin mRNA 

levels 89% compared to EGFP infected controls (Fig. 3.9 b, **p<0.01 vs. 

EGFP).  Following ET-1 treatment, ANP levels increase 2.5-fold and β-myosin 

heavy chain levels decrease 10.2-fold versus EGFP infected ET-1 treated 

control (Fig. 3.9 c, ##p<0.01 vs. EGFP control).  

 
Pim-1 Transgenic Mice Are Resistant To Pressure Overload Hypertrophy 

 Echocardiographic assessment of TAC banded Pim-wt animals and 

wildtype controls indicates that wildtype animals undergo a compensatory 

phase beginning two weeks after banding as evidenced by anterior and 

posterior wall thickening.  However, Pim-wt animals exhibit no changes in wall 

thickness up to 14 weeks after the procedure (Fig. 3.10 a and b, *p<0.05, 

**p<0.01).   Similarly, left ventricular chamber enlargement measured by end 

diastolic diameter (EDD) occurs 8 weeks after banding and end systolic 

diameter (ESD) increases significantly within 4 weeks in wildtype animals, but 

these parameters remain unchanged in Pim-wt animals (Fig. 3.10 b and c, 

**p<0.01). Furthermore, the profound changes in EDD and ESD in wildtype 
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animals translate to contractile depression, as indicated by calculated values 

for fractional shortening (FS) and ejection fraction (EF) (Fig. 3.10 e and f, 

**p<0.01). 

 As a further measure of hypertrophy, ratios of heart weight to body 

weight were calculated four weeks after banding.  NTG TAC banded animals 

Figure 3.10 Pim-wt transgenic animals are resistant to pressure overload induced 
hypertrophy.  a-f) Line graphs representing weekly echocardiographic assessment of NTG 
and Pim-wt sham and TAC banded hearts for anterior wall dimension (AWDd, a), posterior 
wall dimension (PWDd, b), end diastolic dimension (EDD, c), end-systolic dimension (ESD, 
d), percent fractional shortening (FS, e), and ejection fraction (EF, f) (NTG sham n=6, Pim-
wt sham n=6, NTG TAC n=9, Pim-wt TAC n=9; *p<0.05, **p<0.01).  Echocardiography by 
Walter Wu.  Measurement and analysis by me. 
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Figure 3.11 Function is maintained in Pim-wt animals after TAC.  a)  Histogram depicting 
heart weight/body weight ratios of NTG and Pim-wt sham and TAC hearts four weeks after the 
procedure (NTG sham n=3, NTG TAC n=4, Pim-wt Sham n=4, Pim-wt TAC n=6; **p<0.01). b) 
Kaplan-Meier survival curve of NTG and Pim-wt animals following TAC or sham operation 
(NTG sham n=6, Pim-wt sham n=5, NTG TAC n=8, Pim-wt TAC n=8; $$p<0.01 versus Pim-wt 
TAC).  c) qRT-PCr analysis of NTG and Pim-wt hearts 4 weeks after TAC banding for 
molecular markers of hypertrophy (n=4, *p<0.05, **p<0.01 versus sham; ψp<0.01 versus NTG 
sham).  d) Histogram representing the number of TUNEL positive myocytes per mm2 in NTG 
and Pim-wt hearts after banding (n=3, **p<0.01).  e) Masson trichrome staining of NTG and 
Pim-wt paraffin sections 4 weeks after banding.  f-h) In vivo hemodynamic assessment of 
NTG and Pim-wt hearts 10 weeks after operation (18 weeks of age).  ±dP/dt measurements 
(f), left ventricular developed pressure (LVDP, g), left ventricular end-systolic pressure 
(LVESP, h top), left ventricular end-diastolic pressure (LVEDP, h bottom; NTG sham n=5, 
NTG TAC n=10, Pim-wt sham n=14, Pim-wt TAC n=7; **p<0.01 vs. NTG sham, ##p<0.01 vs. 
Pim-wt sham, ψp<0.05, ψψp<0.01 vs. NTG TAC).  Acknowledgements: a and b) Performed 
by Walter Wu in entirety. d) TUNEL performed by Christopher Cottage, analysis by me.  e) 
Natalie Gude assisted/trained me with this trichrome staining.  f-h)  Walter Wu performed 
carotid catheterization, data compilation and analysis by me. 
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show a significant increase in the ratio while Pim-wt ratios remain unchanged 

compared to sham (Fig. 3.11 a **p<0.01).  Additionally, survival of the NTG 

animals decreases compared to transgenics after banding (Fig. 3.11 b, 

$$$p<0.01).  Analysis of molecular markers of hypertrophy demonstrates 

compelling increases in ANP, BNP, α-skeletal actin (αSKA), β-myosin heavy 

chain (β-MHC) and c-fos in NTG banded animals compared to shams (Fig. 

3.11 c, *p<0.05, **p<0.01).  Though Pim-wt animals express more c-fos mRNA 

at the basal level, no increases in any of the molecular markers was observed 

after banding (Fig. 3.11 c, ψp<0.01).  Investigation of the number of dying 

myocytes after banding by TUNEL reveals NTG TAC banded animals have 

3.72-fold more apoptotic myocytes 4 weeks after banding compared to shams 

(3.2/mm2 and 0.86/mm2 respectively), while Pim-wt animals exhibit no 

significant increase in TUNEL positive cells (1.31/mm2 versus 1.05/mm2) (Fig. 

3.11 d, **p<0.01).  This leads to decreased peri-vascular fibrosis in Pim-wt 

TAC at this same timepoint (Fig. 3.11 e).   Hemodynamic measurements 

performed 10 weeks after banding show Pim-wt hearts are hypercontractile at 

this age as evidenced by increased +dP/dt (Fig. 3.11 f top, **p<0.01).  Rate of 

relaxation is also increased since –dP/dt is significantly decreased in these 

hearts (Fig. 3.11 f bottom, **p<0.01).  Though a minor decrease in +dP/dt is 

observed there is no change in –dP/dt in Pim-wt TAC compared to shams 

(Fig. 3.11 f, ##p<0.01).  While Pim-wt animals maintain contractile function, 

functional decreases are observed in NTG animals after TAC (Fig. 3.11 f, 
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ψp<0.05, ψψp<0.01).  Unintegrated pressure measurements reveal Pim-wt 

animals have higher basal LVDP, with developed pressure increasing 

proportionally in both animals after TAC (Fig. 3.11 g, NTG 19.0% **p<0.01, 

Pim-wt 19.75% increase ##p<0.01).   While NTG TAC hearts exhibit a more 

than 3-fold increase in LVEDP, only a minor albeit significant 49% increase is 

observed in Pim-wt (Fig. 3.11 h bottom, #p<0.05 versus Pim-wt sham) 

significantly less than the increase seen in NTG TAC (ψψp<0.01).  End 

systolic pressure is also higher in unmolested Pim-wt and again increases 

slightly more after TAC banding from 92.2%±2.9% to 102.3%±5.8% 

representing a 10.8% increase (Fig. 3.11 h top, **p<0.01, #p<0.05 vs Pim-wt 

sham). Meanwhile after TAC in NTG animals, LVESP increases 20.6% from 

74.2%±1.3% to 94.9%±3.9%.  

 
Pim-1 Transgenic Hearts Maintain Function After Infarction. 

 Permanent occlusion of the coronary artery was performed to induce 

myocardial infarction.  Evaluation of infarct size in Pim-wt and NTG hearts 10 

days after infarction reveals a 41.9% decrease in left-ventricular free wall 

infarct size in Pim-wt hearts (Fig. 3.12 a, **p<0.01).  Though NTG animals 

suffer from depressed hemodynamic performance, function is maintained in 

Pim-wt transgenic animals as measured by ±dP/dt (Fig. 3.12 b, **p<0.01 vs. 

Sham; ##p<0.01 vs. NTG MI).  At 10 weeks of age, Pim-wt hearts 

demonstrate a 32.3% decrease in end diastolic pressure compared to NTG in 

the basal state (6.11±0.97mmHg, and 9.02±0.41mmHg respectively; Fig. 3.12 
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c, $$p<0.01).  Following infarction, increased diastolic and decreased systolic 

pressure is observed in NTG MI (17.59±2.33mmHg and 52.73±5.88mmHg 

respectively) these values remain similar to sham in transgenic animals 

Figure 3.12 Pim-1 protects the myocardium from ischemic damage. a) Infarct size 
measurements 10 days post-infarction (n=3, **p<0.01).  b-d)  In vivo hemodynamic 
evaluation of NTG and Pim-wt hearts 3 weeks post-infarction. ±dP/dt measurements (b), left 
ventricular end-diastolic pressure (LVEDP, c), left ventricular developed pressure (LVDP, d) 
from n=5 NTG sham, n=4 NTG MI, n=4 Pim-wt Sham, n=6 Pim-wt MI (**p<0.01 vs. sham, 
##p<0.01 vs NTG MI, $$p<0.01 vs. NTG sham).  Acknowledgements: a) Infarct size 
measured and analyzed by Christopher Cottage.  b-d)  Carotid catheterization by Walter 
Wu, data compilation and analysis by me. 
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Figure 3.13 Pim-1 increases myocyte regeneration post-MI.  a)  Histogram representing 
number of TUNEL positive myocytes in the LV 7 days after occlusion.  b) Fold change in 
mRNA levels in Pim-wt hearts compared to NTG as determined by qRT-PCR (n=3, *p<0.05, 
**p<0.01).  c-e) Quantitation of the number of c-kit positive cells per mm2 (c), percent of Pim-1 
positive c-kit expressing cells (d), and percent ki67 positive c-kit expressing cells (e) in the left 
ventricle of two day and two week old NTG, Pim-wt, and Pim-KO hearts (n=3, **p<0.01).  f) 
Confocal scans of paraffin embedded sections from NTG and Pim-wt hearts 3 weeks after 
coronary occlusion stained for c-kit (green), topro nuclear stain (blue), and tropomyosin (red).  
Yellow box represents blowup in panel. Both slides scanned at same settings; 
scalebar=150µm.  Acknowledgements: a and c-f) Performed by Christopher Cottage with data 
analysis by me. 



63 
 

 

 



64 
 

 

(7.27±0.59 versus 6.11±0.97mmHg and 72.57±3.34 versus 69.16±4.93mmHg 

respectively; Fig. 3.12 c and d, **p<0.01 vs. sham, ##p<0.01 vs. NTG MI).  

To elucidate the underlying mechanism of Pim-1 protection after 

infarction, TUNEL positive myocytes in the left ventricle were counted 7 days 

after coronary occlusion.  However no change in the number of apoptotic 

myocytes between NTG and transgenic hearts was observed at this timepoint 

(Fig. 3.13 a).   Juxtaposed to this finding was the observation from qRT-PCR 

array analyses that osteoprotegerin, bcl-2 like 10 and Birc5 transcript levels 

increase and TNF-α, Bnip3, and Bnip3L levels decrease in Pim-wt transgenic 

hearts (Fig. 3.13 b *p<0.05, **p<0.01).  

Since previous studies have implicated Pim-1 as a pro-proliferative 

molecule, studies to assess this effect in the myocardium were performed.  

Genetic deletion of Pim-1 decreases the number of c-kit positive stem cells in 

the myocardium at both two days and two weeks (Fig. 3.13 c, **p<0.01).  

Though overexpression of Pim-1 in the myocardium had no effect on the 

number of resident c-kit positive cells in the organ compared to NTG, it 

significantly increases the percentage of Pim-1+/c-kit+ cells (Fig. 3.12 c and d, 

**p<0.01).  Colocalization of c-kit with cell cycling marker ki67 reveals Pim-wt 

transgenic hearts have more cycling stem cells than either NTG or Pim-KO 

hearts (Fig. 3.13 e, **p<0.01).  Scans of the infarcted area of myocardium 3 

weeks after coronary ligation show c-kit+/tropomyosin+ cells in the infarct of 

Pim-wt hearts that are absent in the NTG section (Fig. 3.13 f, yellow box c-kit 
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green, tropomyosin red).  While a small number of what may be myocytes is 

present in the infarct zone of the NTG heart, a prominent band of small 

tropomyosin positive myocytes is clearly present in the infarct of the Pim-wt 

heart (Fig. 3.13 f). 

Pim-1 Loss Decreases Calcium Handling 

In an attempt to determine if the lack of functional recovery in Pim-KO 

animals following aortic banding was the result of alterations in calcium 

dynamics, calcium transients were analyzed in isolated Pim-KO myocytes. 

These cardiomyocytes have significant prolongation of both calcium decay 

and time for sarcomeric relaxation relative to wild type (Fig. 3.14 a and b, 

*p<0.05). Calcium transient amplitude and sarcomeric shortening remain 

comparable in the absence of Pim-1 expression to values observed with wild 

type cells.  An examination of calcium handling proteins in whole heart lysates 

from Pim-KO animals reveals a 3.4 fold decrease in expression of the 

sarco/endoplasmic reticulum ATP-ase (SERCA) with a concomitant decrease 

in the phosphorylation of phospholamban compared to wildtype controls (46%, 

Fig. 3.14 c right column).  Inactivation of Pim-1 in the myocardium through 

cardiac specific overexpression of the dominant negative (Pim-DN) reduces 

phosphorylation of phospholamban 25% but increases sodium/calcium 

exchanger (NCX) levels 64.3% while this level remains unchanged in Pim-KO 

hearts (Fig. 3.14 c, right column).   In contrast, overexpression of wildtype 
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Figure 3.14 Pim-1 expression is necessary to maintain efficient calcium handling.  a and 
b) Representative Ca2+ transient (a) and sarcomere shortening (b) traces obtained from NTG 
and Pim-KO myocytes stimulated at 1 Hz. Superimposed traces (inset) indicate the slower 
transient decay and relaxation in Pim-KO myocytes. Ca2+ transient and contractile parameters 
for NTG (n=153-146) and Pim-KO myocytes (n=184-179). * indicates p<0.05.  c)  Immunoblot 
of whole heart lysates from NTG, Pim-KO, Pim-DN, and Pim-wt animals for SERCA, 
sodium/calcium exchanger (NCX), phospholamban (PLB), phospho-phospholamban (pPLB), 
and GAPDH as control.  Quantitation graphs at right represent fold change versus NTG 
control (*p<0.05, **p<0.01).  d)  Confocal scans of paraffin embedded NTG and Pim-wt heart 
sections for SERCA (green), topro nuclear stain (blue) and tropomyosin (red).  Both scans 
performed at same settings, scalebar =40µm.  Acknowledgements: a and b) Entirely the work 
of Dr. Marcello Rota.  d) Stainings and confocal scans by Jenna Fransioli. 
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Pim-1 (Pim-wt) in the myocardium induces a potent increase in SERCA 

expression (4.89 fold) with only a 40% increase in phospholamban expression.  

To further support this observation, confocal imaging of NTG and Pim-wt 

cardiac sections scanned at the same settings demonstrate increased 

SERCA2a immunostaining in transgenic hearts (Fig. 3.14 c and d). 

Training and Mentoring 

 Christopher Cottage and Walter Wu are Masters students under my 

direction and supervision.  They were trained in performing all of the 

techniques they use in figures herein by me.  In addition, I was intimately 

involved in every step of the process and planned all experiments and 

analyzed all data. 
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CHAPTER 4 

Other Findings with Pim-1 

Introduction 

In addition to the investigations described above, ongoing studies in our 

laboratory provide further evidence for critical functions of Pim-1 in the 

myocardium.  Previous work has shown that AKT-nuc hearts have increased 

telomerase activity, resulting in a diminished number of senescent myocytes 

as indicated by p16INK4a expression 23.  Senescent myocytes are increased in 

failing hearts.  These hypertrophic cells contribute little to contractile function 

and effectively decrease the ability of the myocardium to adapt.   Much like the 

finding in Pim-1 overexpressing myocytes uder ET-1 stimulation (Fig. 3.5 c), a 

previous study from our laboratory also indicated nuclear targeting of AKT 

increased ANP expression 63.  Though ANP is upregulated as part of the 

hypertrophic response, maintenance of a 10-9M concentration in the serum, as 

described in the AKT-nuc animals, was proven therapeutic.  We also reported 

that these animals had an altered cytokine profile compared to wildtype 

controls 18.  The preliminary studies below were undertaken to examine the 

role of Pim-1 in these contexts. 

 
Pim-1 Regulates Senescence 

 Telomere length in 6-week-old NTG, Pim-wt, Pim-KO, and Pim-DN 

animals was analyzed by telomeric repeat amplification protocol (TRAP).  
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Figure 4.1 Pim-1 promotes telomere length and inhibits senescence.  a) Telomerase 
Reverse Amplification by PCR (TRAP) assay of whole heart isolates from 6-8 week old NTG, 
Pim-wt, Pim-KO and Pim-DN animals.  RNase A treated samples negative and positive 
controls used to demonstrate specificity.  b) Confocal scans of 11-month-old NTG and Pim-
KO heart sections stained for p16 (green), tropomyosin (red), and nuclei (blue).  Arrowheads 
in grayscales and arrows in overlays indicate p16 positive cardiomyocytes.  Slides scanned at 
same settings, scalebar=40µm.  c) Immunoblot of whole heart lysates from animals described 
in b for p16 and α-actinin as loading control. 
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Though an increase in the number of telomeric repeats was observed in the 

developmentally delayed Pim-KO hearts, Pim-wt and Pim-DN hearts exhibited 

further increases indicated by the prevalence of higher molecular weight 

bands in the assay (Fig. 4.1 a).    When telomere length decreases to a size 

inconsistent with further karyokinesis or cytokinesis, p16INK4a binds to the 

telomeric repeat resulting in cellular senescence.  Paraffin sections from 11-

month-old NTG and Pim-KO hearts were stained for p16INK4a to evaluate the 

effect of Pim-1 genetic ablation on senescence (green, Fig. 4.1 b).  Genetic 

deletion of Pim-1 increases the number of p16 positive myocytes (arrows), and 

overall expression of p16 in whole heart lysates (Figs. 4.1 b and c). 

Pim-1 Regulation Of ANP Expression 

 Evidence indicating Pim-1 may regulate ANP expression was borne out 

of immunohistochemistry performed on sections of myocardium 4 days after 

infarction demonstrating colocalization of the two proteins in border zone 

surviving myocytes (arrow, Fig. 4.2 a).  Moreover, examination of NTG and 

Pim-KO atrial sections by immunostaining show decreased ANP 

immunoreactivity in the Pim-KO atria (green, Fig. 4.2 b).   In contrast to 

genetic deletion of Pim-1, overexpression of dominant negative Pim-1 

increased ANP levels two-fold compared to age and sex matched controls 

(Fig. 4.2 c, **p<0.01). 

 



73 
 

 

 

Figure 4.2 Pim-1 regulates ANP expression.  a) Immunohistochemistry of paraffin section from 
NTG left ventricle four days after infarction stained for Pim-1 (green), ANP (red), and tropomyosin 
(blue).  Arrowheads in grayscales, and arrow in overlay indicate a border zone cardiomyocyte 
positive for ANP and Pim-1.  Infarct (I), border zone (BZ), scalebar=40µm.  b) Confocal imaging of 
paraffin embedded NTG and Pim-KO atria stained for ANP (green), tropomyosin (red), and nuclei 
(blue); scalebar=40µm.  c) Immunoblot of NTG (n=3) and Pim-DN (n=4) whole heart lysates for 
ANP and GAPDH as loading control with quantitation represented by histogram at right (**p<0.01).  
Acknowledgements: a) Is as provided by Natalie Gude.  
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Cardiac-Specific Overexpression Of Pim-1 Alters The Myocardial 

Cytokine Expression Profile 

 To examine the effect of Pim-1 upon other cytokines in the 

myocardium, mRNA isolated from Pim-wt and NTG hearts at 8 weeks of age 

was subjected to a qRT-PCR cytokine array.  The overexpression of Pim-1 in 

the myocardium significantly alters the endogenous cytokine expression 

profile.  In particular, Pim-1 increases expression of several cardioprotective 

cytokines including the interleukins 2,7, and 20, cardiotrophin-1 (Ctf1), 

members of the TNF superfamily, and differentiation factors GDF5 and Lefty.  

In contrast, the potent pro-apoptotic ligand for the Fas death domain is 

Figure 4.3 Pim-1 overexpression in the myocardium induces cytokine expression.  
Whole heart mRNA from 8-week-old NTG (n=3) and Pim-wt (n=2) cytokine array (*p<0.05, 
**p<0.01). 
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reduced over 20-fold.  Significant decreases were also observed in cytokines 

previously reported to upregulate Pim-1 expression including leukemia 

inhibitory factor (LIF), and several members of the interleukin and interferon 

families (Fig. 4.3 *p<0.05, **p<0.01).  Comparison of the cytokine array to 

neonatal NTG hearts showed decreased expression of only 7 out of 87 

mRNAs assessed with no significant changes detected in any of the other 79 

cytokines.  Thus by cytokine array assessment Pim-wt hearts possess a 

cytokine signaling profile 91.9% like that of a neonatal mouse heart (Table 1).  

 
Pim-1 Expression Induces Dedifferentiation Of Cultured Neonatal Rat 
Cardiomyocytes 

 The previous protocol (used for all experiments in this dissertation) for 

infection of neonatal rat cardiomyocyte cultures included BrdU treatment of the 

cells the day after plating.  After 72 hours of treatment, cells were infected as 

described in the materials and methods section.  Along with a change in the 

day of cell preparation came a change in protocol with infection occurring the 

day after plating, thus skipping the BrdU treatment and extended time in 

culture.  Once I began infecting the cultures with Pim-wt using this new 

protocol I noticed, on both plates and glass slides, that the morphology of Pim-

wt infected cells had changed no longer appearing like myocytes.  I performed 

a trypan blue exclusion assay and discovered though EGFP infected 

myocytes exhibited the typical amount of cell death associated with these 
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cultures, none of the Pim-wt infected cells retained trypan blue.  This caused 

me to question what the Pim-wt infected cells had become. 

 The same area of a glass slide infected with either EGFP or Pim-wt was 

photographed at various timepoints after infection (Fig. 4.4 a).  By 48 hours 

after infection, all of the Pim-wt infected cells had rounded up but maintained 

their refractile properties while EGFP infected control cells were unchanged.  

Immunostaining of EGFP infected cells 48 hours after infection with an 

antibody to c-kit in figure 4.4b shows these cells lack the stem cell marker.  In 

contrast, examination of Pim-wt infected cells at the same timepoint reveals 

Table 4.1  Pim-wt 8-week-old vs. NTG 3-day-old heart cytokine profile.  
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Figure 4.4 Pim-1 infected cardiomyocyte cultures dedifferentiate.  a) Fluorescent 
photographs of NRCMs infected with EGFP or Pim-wt adenovirus at times post-infection 
(top).  Arrowheads indicate NRCMs that become circular and are indicated by arrows in the 
following panel.  b) Immunohistochemistry of EGFP infected NRCM culture 48 hours after 
infection stained for c-kit (red), topro to indicate nuclei (blue) and α-sarcomeric actinin 
(green). scalebar=40µm  c) Pim-wt infected NRCM culture fixed and stained 48 hours after 
infection.  Top row stained for Pim-1 (green), c-kit (red) and gata4, α-actinin, and Nkx 2.5 
from left to right (blue).  Bottom row stained with antibodies to Ki67 (blue), Pim-1 (green), c-
kit (left, red), and telomerase reverse transcriptase (TERT, right, red).  Arrows indicate triple 
positive cells, except in the case of α-actinin where it indicates a cell lacking the sarcomeric 
marker.  All scans performed at identical settings. Bottom right panel scalebar=12µm all 
other scalebars=40µm.  Acknowledgements: b and c) Jenna Fransioli performed staining 
and confocal scanning of these figures. 
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reemergence of c-kit expression even in cells that no longer express the Pim-

wt adenovirus (Fig. 4.4 c).  Colocalization of c-kit with cardiac transcription 

factors gata4 and Nkx 2.5 in Pim-1 positive cells indicates these cells are most 

likely cardiac progenitors (Fig. 4.4 c, top row).   Positive staining for Ki67 and 

telomerase reverse transcriptase (TERT) indicates these cells have reentered 

the cell cycle (Fig. 4.4 c, bottom row).  
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DISCUSSION 

Strategies to effect cardioprotection through therapeutic molecular 

interventions endure as highly significant research avenues for treatment of 

cardiac injury and failure.  The discovery of Pim-1 as a central molecule 

involved in cardiac protection herein elucidates a new facet of signaling with 

profound implications for regulation of cell survival and proliferation 

downstream of AKT. Taken together, data presented here provide the first 

evidence of Pim-1 expression and protective effects in the myocardium and 

demonstrate Pim-1 operates downstream of AKT with a reciprocal feedback 

mechanism between the two proteins.  Previous documentation of the 

interdependent relationship between Pim-1 and AKT in the hematopoetic 

system29 indicates both molecules work in concert to effect changes in cell 

survival and proliferation. Thus, such signaling in the myocardial context likely 

needs re-evaluation to determine the contribution of Pim-1 relative to effects 

previously ascribed to AKT alone. 

Although Pim-1 has not previously been studied in the myocardial 

context studies in non-cardiac cells demonstrate Pim-1 as a critical regulator 

of proliferation and cell survival signaling (reviewed in 31).  As with AKT 

activity, Pim-1 function would be a welcome defense against apoptotic stimuli 

induced during ischemia/reperfusion injury resulting from myocardial infarction, 

pressure-overload induced hypertrophy, and heart failure.  While Pim-1 level is 

developmentally down regulated, expression reappears in cardiomyocytes 
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following cardiac injury by pressure-overload induced by TAC banding and 

myocardial infarction. Pim-1 is one of several protoncogenes participating in 

the “immediate early response” gene profile expressed following cardiac injury 

76 including c-fos, c-myc 77, Raf and Ras. Pim-1 has been shown to cooperate 

with c-myc in activation of c-Myb dependent cellular proliferation in other 

tissues 58,78,79 suggesting synergistic effects between oncogenes may help 

preserve the myocardium in reaction to injury. 

Previous studies of Pim-1 in Burkitt’s lymphoma indicate nuclear 

localization of Pim-1 is responsible for increased mdm2 expression, 

phosphorylation, and p53 degradation58. Results presented in figure 1.4f 

suggest Pim-1 plays a similar role in the cardiomyocyte nucleus. Nuclear 

targeting of AKT in the myocardium inhibits cellular senescence induced by 

p16INK4a binding to shortened telomeres and increases telomerase activity 

through telomerase reverse transcriptase (TERT) phosphorylation23.   It 

appears that Pim-1 is a critical component of the AKT-mediated effect since its 

absence in the myocardium increases p16INK4a levels (Fig. 4.1 b and c) even in 

the presence of increased AKT activation in Pim-KO hearts (Fig. 2.3 b and c).  

Increases in AKT expression and activation in Pim-KO hearts are unable to 

induce ANP expression in the absence of Pim-1.  Our previous study 

demonstrates AKT nuclear localization was responsible for this effect63.  

Interestingly, inactivation of Pim-1 in the myocardium induces ANP expression 

prior to hypertrophy in these hearts.  This indicates complex formation is 
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necessary to induce ANP expression, regardless of kinase activity.  

Additionally, two nuclear targets of Pim-1 NFATc180, and p21Cip1/Waf181play 

established roles in the failing heart23,82.  These data suggest plausible roles 

for Pim-1 nuclear localization in the failing human and mouse myocardium.  

In addition to potential proliferative effects, Pim-1 also potentiates 

intracellular anti-apoptotic signaling.  Consistent with findings in non-cardiac 

cells,57,79,55 adenoviral overexpression of Pim-1 protects neonatal rat 

cardiomyocytes from doxorubicin and deoxyglucose induced apoptosis 

through induction of bcl-2 and Bcl-XL expression as well as phosphorylation of 

Bad (Fig. 1.4). Interestingly, the protective effect of Pim-1 in these treatments 

occurrs regardless of the activation state of AKT (Fig. 2.2e).  Pim-1 may serve 

as the downstream effector of AKT induced p53 inhibition, since AKT protects 

against doxorubicin induced apoptosis through a p53-dependent 

mechanism83.  While inactivation of Pim-1 induces apoptotic signaling in the 

cardiomyocyte context (Fig. 1.4c), this effect is not reversed by AKT-nuc 

expression in vitro (Fig. 2.2e) or by compensatory up-regulation of Pim-2 in 

vivo (Figs. 3.2h and i). Cardiomyocytes overexpressing inactive Pim-1 are 

susceptible to apoptosis that could not be rescued by AKT-nuc expression 

(Fig. 2.2e). Pim-1 inactivation may increase apoptotic activity through 

increasing generation of reactive-oxygen species and mitochondrial pore 

permeability, as has been found in other cellular contexts 57.   Preliminary 

stainings of unmolested hearts indicates that Pim-1 may localize to 
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mitochondria due to its colocalization with the protein DpnI.  In addition, the 

curious peri-nuclear distribution of Pim-1 in surviving border zone myocytes 

post-MI and peri-vascular myocytes after TAC is reminiscent of an ER 

localized protein.  Colocalization of Pim-1 with known ER proteins such as 

GRP78 in these sections would provide the preliminary evidence necessary to 

follow this study.  Thus it appears that Pim-1 is capable of localizing to 

different cellular compartments under a variety of conditions.  Investigations 

using targeted forms of the protein, and basic sequence analysis should be 

performed to elucidate the possible subcellular locations and the subsequent 

effects of Pim-1 in these different organelles. 

Several well known cardioprotective factors including LIF, the PKC 

activator PMA, the glucocorticoid Dex, and IGF-1 significantly increased Pim-1 

expression (Fig. 2.1), consistent with published reports showing induction of 

Pim-1 by PMA treatment of T cells84 as well as gp130 receptor ligands 

including IL-6 and LIF(85, reviewed in 31). These ligands and their cognate 

receptors are increased in the failing heart 86,87,88,89 as well as during 

development and hypertrophy of the myocardium.90 Although previous reports 

from hematopoetic cells describe Pim-1 as both a downstream effector and 

feedback inhibitor of STAT3 following gp130 activation, we were unable to 

replicate these findings in the heart91,92.  In contrast, we find LIF activation of 

Pim-1 expression downregulated in the presence of inactivated AKT (Fig. 2.1 

d).  Though we were unable to find prior published demonstration of Pim-1 
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induction by IGF, our results indicate Pim-1 expression induced by IGF-1 (or 

Dex-) is AKT dependent and that nuclear-targeted AKT expression mediates 

significant increases in Pim-1 (Figs. 2.1 and 2.2). Pim-1 mRNA levels are 

increased by overexpression of cytosolic activated AKT; however, increased 

Pim-1 protein expression requires nuclear localization of AKT (Fig. 2.2b and 

c). It is tempting to speculate that the basis for this discrepancy rests with 

AKT-nuc-regulated activation of translational machinery through inactivation of 

4E-BP1 that releases inhibition of eIF-4E and consequently induces mRNA 

export from the nuclear compartment allowing for translation93.  In the cytosol, 

activated AKT influences a number of target substrates that induce 

transcriptional activation including NFκB94 that induces Pim-1 transcription in 

B cells95. Conversely, inactivation or ablation of Pim-1 expression induces 

AKT expression and activation (Fig. 2.3), but this resultant increase in AKT 

activation is unable to prevent cellular senescence, enhance recovery or 

reduce apoptosis following ischemia/reperfusion injury, infarction, or TAC 

banding in Pim-1 null animals (Figs. 4.1, 3.1, and 3.2). Thus, cardioprotective 

effects of AKT depend, in part, upon Pim-1.   Interestingly, though 

phosphorylation of the Ser473 residue is induced upon Pim-DN 

overexpression in cultured cardiomyocytes, there is no corresponding increase 

in Thr 308 phosphorylation while increases in phosphorylation at both residues 

is observed in Pim-KO animals.  This would suggest that phosphorylation of 

Thr308 is a necessary precursor in vivo but not in vitro as reviewed in96.  
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Additionally, to determine the effects of Pim-wt overexpression on AKT 

phosphorylation experiments in cultured myocytes pre-infected with the Pim-1 

series of viruses followed by treatment with IGF-1 should be performed to 

tease apart the feedback mechanism.  

Consistent with the protective effects of Pim-1 in other contexts 

54,97absence of Pim-1 in the myocardium decreases levels of protective 

mitochondrial proteins (Fig. 3.2h). Pim-1-KO mice are incapable of adapting to 

pressure overload (Fig. 3.1) possibly due to lack of compensatory increase in 

the fetal fast myosin isoform β-myosin heavy chain (Fig. 3.1 o). To complicate 

matters further, myocytes from these hearts demonstrate a temporal lag in 

calcium decay, and decreased SERCA and sodium/calcium exchanger 

expression (Fig. 3.9 a and c).  Hearts from these animals are also more 

susceptible to simulated ischemia/reperfusion injury ex vivo and infarction in 

vivo (Fig. 3.2).  Though Pim-2 and Pim-3 levels are significantly increased 

following infarction, this is unable to compensate for the decreased expression 

of other survival signaling molecules observed post-MI (Fig. 3.2 i) increasing 

the number of apoptotic myocytes (Fig. 3.2 c). While genetic deletion of Pim-1 

results in no overt myocardial phenotype, overexpression of inactive Pim-1 in 

the myocardium increases myocyte apoptosis leading to a dilated 

cardiomyopathy at 19 weeks of age (Fig. 3.3).  Changes in calcium handling 

protein level and phosphorylation help further explain the decrease in 

contractility observed in these hearts (Fig. 3.9). 
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In contrast to the findings in Pim-KO and Pim-DN hearts, Pim-1 

overexpression in cardiomyocytes inhibits ET-1 induced hypertrophy in vitro 

and ablates the hypertrophic effect of pressure overload in vivo inhibiting 

myocyte death and maintaining contractility (Fig. 3.4 and 3.5). A study by 

Wolfgang Dillman’s group in 2004 demonstrates a 45% increase in SERCA2a 

expression is sufficient to recover function following pressure overload98.  

Further studies point to SERCA2a regulation as a critical component of the 

hypertrophic response99-101. A prior study by Steve Vatner’s laboratory 

describes increased contractility due to a 6.6-fold increase in SERCA2a in 

transgenic mice overexpressing constitutively activated AKT in the 

myocardium102.  In contrast, Pim-wt hearts exhibit a more modest 4.89-fold 

increase with complete ablation of the hypertrophic response.  Additionally, 

phospholamban expression is only increased 40% in these hearts, far below 

the saturation ratio of 2.6:1 (PLB:SERCA) reported by the Kranias group in 

2000 103.   The increase in SERCA2a expression in Pim-wt animals may also 

explain the increased contractility seen in Pim-wt sham animals compared to 

NTG 10 weeks after TAC banding (~22 weeks of age, Fig. 3.7 f).  While this 

difference is not observed in comparisons of younger animals (8-10 weeks of 

age, Fig. 3.8 b).  Interestingly, induction of SERCA2a expression also appears 

to be part of the ER stress response initiated by ATF6 as reported by the 

Glembotski group in 2001104.  This, taken in conjunction with the perinuclear 
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Pim-1 staining seen in pathological insult by TAC and MI, suggest Pim-1 may 

play an important role in this response. 

Though Pim-wt hearts are protected from pressure overload due to 

decreased apoptosis and increased calcium handling, these mechanisms 

cannot fully account for the protection seen post-MI.  Pim-1 expression in the 

myocardium decreases infarct size, and maintains contractility following 

infarction, with no apparent change in the number of apoptotic myocytes in 

spite of increases in protective proteins (Fig. 3.7 and 3.8 a and b).   This could 

be indicative of increases in surviving myocardium or hyperplasia.  Our reports 

in 2005 and 2006 show overexpression of nuclear AKT in the myocardium 

increases the resident cardiac progenitor pool, induces pro-proliferative 

cytokine expression, and increases the number of myocytes in the heart 18 26.  

Likewise, Pim-1 expression in the myocardium increases the number of 

cycling c-kit positive cells (Fig. 3.8 e) but does not change the number of c-kit 

positive cells overall suggesting Pim-1 increases the number of c-kit cells that 

divide asymmetrically.  Moreover, Pim-wt hearts express a dramatically altered 

cytokine profile than age-matched NTG animals, one that is more consistent 

with a neonatal myocardium.  In sum, these effects appear to induce greater 

amounts of myocyte regeneration in the Pim-wt myocardium leading to 

increased function compared to wild type (Fig. 4.3 f).  Ongoing studies being 

led by Kim Fischer in our laboratory will examine the effects of Pim-1 
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lentivirally transfected cardiac stem cells and their effect on cardiac 

regeneration post-MI. 

Although cellular plasticity, the ability of a differentiated cell to revert to 

an undifferentiated phenotype is common in lower vertebrates and 

invertebrates, it has not been observed in mammals105.  The data presented 

herein describe a culture effect that indicates neonatal rat cardiomyocyte 

cultures are capable of cellular plasticity with reexpression of stem cell and 

cardiac progenitor markers and absence of sarcomeric proteins when Pim-1 

expression is induced early after plating (Fig. 4.4).  Several studies describe 

the ability of cardiomyocytes to “dedifferentiate,” in vivo in the hibernating and 

chronically ischemic myocardium of humans and animals 106-110. However, the 

“dedifferentiation” described is quite simply reemergence of a fetal gene 

expression profile with some changes in cellular morphology.  It will be 

interesting to examine the effect of Pim-1 on border zone cardiomyocytes in 

future studies to determine if Pim-1 promotes cellular plasticity in vivo under 

such conditions.   

Collectively, results presented in this report indicate Pim-1 is a potent 

mediator of cardioprotection downstream of comparatively well documented 

AKT signaling in the myocardium. Cardioprotective effects together with 

heightened expression in both postnatal / juvenile myocardium and 

pathologically challenged hearts, implicate Pim-1 in promotion of phenotypic 

characteristics typically associated with a youthful myocardium. Indeed, the 
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cytokine expression profile of neonatal myocardium share marked similarities 

with that exhibited by AKT-nuc transgenic hearts18. It is tempting to speculate 

that many of the beneficial effects previously ascribed to Akt-nuc 27,61,62 may 

depend, at least in part, upon induction of Pim-1 expression. Recent research 

demonstrates similar substrate specificity shared by Pim-1 and AKT74, and 

that the widely employed PI3K inhibitor LY294002 binds to and inhibits Pim-1 

activity68. Therefore, previous studies involving the use of LY294002 require 

reinterpretation in the context of AKT-dependent Pim-1 signaling in the 

myocardium. Future studies will more thoroughly describe the role of Pim-1 in 

the AKT pathway and its effect in development, protection, and regeneration in 

the myocardium. 
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