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Abstract

Autologous human cardiac stem/progenitor cell (hCPC) therapy is a promising treatment that has 

come into use in recent years for patients with cardiomyopathy. Though innovative in theory, a 

major hindrance to the practical application of this treatment is that the hCPCs of elderly patients, 

who are most susceptible to myocardial disease, are senescent and prone to cell death. 

Rejuvenating hCPCs from elderly patients may help overcome this obstacle, and can be 

accomplished by reversing entry into the cellular stage of senescence. p16INK4A, a cyclin 

dependent kinase inhibitor, is an important player in the regulation of cell senescence. In this 

study, we investigated whether knockdown of p16INK4A will rejuvenate aging hCPCs to a youthful 

phenotype. Our data indicated that upregulation of p16INK4A is associated with hCPC senescence. 

Both cell proliferation and survival capacity were significantly increased in hCPCs infected with 

lentivirus expressing p16INK4A shRNA when compared to control hCPCs. The knockdown of 

p16INK4A also induced antioxidant properties as indicated by a 50% decrease in ROS generation at 

basal cell metabolism, and a 25% decrease in ROS generation after exposure to oxidative stress. 

Genes associated with cell senescence (p21CIP1), anti-apoptosis (BCL2 and MCL1), anti-oxidant 

(CYGB, PRDX1 and SRXN1), and NFκB signal pathway (p65, IKBKB, HMOX1, etc.), were 

significantly upregulated after the p16INK4A knockdown. Knocking down the NFκB-p65 

expression also significantly diminished the cytoprotective effect caused by the p16INK4A 

knockdown. Our results suggest that genetic knockdown of p16INK4A may play a significant role 

in inducing antioxidant effects and extending lifespan of aging hCPCs. This genetic modification 

may enhance the effectiveness of autologous hCPC therapy for repair of infarcted myocardium.
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Introduction

About 1 in every 4 deaths in the USA can be attributed to cardiovascular disease [1]. Though 

symptomatic treatment is available, there is no permanent cure for heart disease [2]. 

Autologous cardiac stem/progenitor cell (CPC) transplant is a promising treatment that 

involves extraction of the patient’s own cardiac progenitor cells, expansion ex vivo, and 

subsequent injected back into the cardiac infarct site, in a bid to promote healing and repair 

of the myocardial infarct site [3]. A major obstacle hindering the efficacy of stem/progenitor 

cell transplant therapy is the age of the patients suffering from myocardial infarction and 

cardiovascular disease. This patient population has a median age of 56 years in men and 65 

years in women [4]. Because the patients are of advanced age, the progenitor cells harvested 

from the tissues of this patient population tend to be pre-senescent or already in senescence. 

Cells in this state are in growth arrest, and are likely to undergo necrotic and/or apoptotic 

processes, contributing to loss of cardiac function [5, 6]. Senescence can be induced by 

environmental and genetic factors and has been an evolutionary tool for the prevention of 

tumor formation and suppression of oncogenes [7]. It is comprised of molecular pathways 

that can be turned on by various signals and lead to semi-permanent growth arrest. One of 

the biomarkers for aging and senescent cells is p16INK4A [5, 8–13].

The gene p16INK4A, located on human chromosome 9, functions as a cyclin-dependent 

kinase (CDK) inhibitor and a significant player in regulation of the cell cycle [8]. Its 

expression is known to increase proportionally with age in most mammalian tissues [7, 14]. 

p16INK4A operates via a retinoblastoma (Rb)-mediated signal transduction cascade whose 

endpoint is cell cycle arrest and subsequent onset of cellular senescence [15]. One of 

p16INK4A’s major functions consists of acting as a cyclin dependent kinase inhibitor (CKI) 

by binding to and inhibiting cyclin-dependent kinases (CDKs) 4 and 6 [16, 17]. When 

p16INK4A is active, it inhibits the CDK complexes, causing Rb to remain bound to E2F and 

thereby inhibiting progression of the cell cycle [7, 16, 18]. Thus, Rb and p16INK4A are 

among the most important proteins involved in the checkpoints between stages G1 and S of 

the cell cycle and the onset of cellular senescence [6, 19, 20]. Over time, mass inhibition of 

the cell cycle causes cycle arrest and therefore senescence. Senescent cells that show 

elevated p16INK4A expression eventually lose ability to proliferate and cell population 

growth is halted [9]. In cells genetically modified to overexpress p16INK4A, growth arrest is 

similarly observed [21]. This inverse relationship between p16INK4A expression and 

proliferation ability has been observed to be age-dependent in certain types of stem cells 

[17]. Through its cell cycle inhibition effects, p16INK4A has also proven itself to be a major 

regulator of self-renewal of various stem cell types, and thus a target of control to inhibit 

cellular proliferation [18]. Its upregulation can be induced by stress stimuli such as DNA 

damage by UV light, oxygen radicals, or other factors, and is associated with both Ras 

protein activation and mitogen-activated protein (MAP) kinase activation [17, 18]. The 
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promoter for the p16INK4A gene is also known to consist partly of a negative regulatory 

element for other transcription factors similarly involved in anti-apoptosis and cell cycle 

progression [18].

Since senescent cells from older patients are known to have decreased regenerative potential 

in stem cell therapy, it has been previously suggested that p16INK4A expression may play a 

role in the decreased efficacy of stem cells [17]. Studies have shown that p16INK4A silencing 

may significantly delay cellular entry into senescence [11, 22]. Silencing of p16INK4A, along 

with silencing of the Arf gene of the same locus, was even observed to increase 

hematopoietic stem cell proliferation and transplant efficacy by Stepanova et al [23]. Thus, 

we believe that silencing p16INK4A may have a similar positive effect on hCPC regenerative 

potential. Our lab has chosen knockdown of this gene as a method to attempt rejuvenation of 

aging hCPCs for myocardial repair. Our goal was to observe the effects of silencing 

p16INK4A in aged human cardiac progenitor cells with elevated endogenous levels of this 

gene. We hypothesized that knockdown of p16INK4A would rejuvenate hCPCs to a youthful 

phenotype by inducing antioxidant effects and increasing hCPC proliferation and survival.

Materials and Methods

Reagents

Ham’s F12 medium was from Invitrogen. Fetal bovine serum (FBS) was obtained from 

Hyclone. The primary antibodies were listed in the Supplemental Table S1. Quantitative 

PCR primers for target genes were obtained from Real Time Primers, LLC. Unless indicated 

otherwise, chemicals used in experiments were purchased from Sigma.

Harvesting of Human c-Kit+ CPCs

Human cardiac stem/progenitor cells (hCPCs), expressing c-Kit cell surface marker, were 

isolated and purified from atrial appendages of patients during open-heart surgery at Albany 

Medical Center. The procedures were followed exactly as described previously [24]. Our 

protocol has been approved by the Institutional Committee on Research Involving Human 

Subjects (IRB). All participants in the study provided written informed consent. Briefly, 

right atrial tissues (100 to 400 mg) were minced and enzymatically digested with 

collagenase II (30 U/ml) at 37°C in a shaking water bath. During the incubation, chopped 

tissues were mechanically disturbed by gently pipetting several times. After 1 hour of 

incubation, undigested clumps were separated by gravity on ice for 10 min, and the 

supernatant was carefully transferred into a 15-ml tube. Dissociated cells from digestion 

were collected by centrifuge at 1200 RPM for 5 minutes. Cell pellets were suspended and 

cultured in Ham’s F12 medium supplemented with 10% FBS, 10 ng/ml human basic FGF, 

0.005 U/ml human erythropoietin, 0.2 mM L-glutathione, 100 U/ml penicillin and 100 μg/ml 

streptomycin. Cells were maintained in a humidified environment at 37°C and 5% CO2. The 

next day, the CPC growth medium was refreshed, and adherent cells were cultured with 

medium change every other day. Upon reaching approximately 80% confluence, cells were 

sorted using the c-kit MACS kit according to the manufacturer’s instructions (Miltenyi 

Biotec), expanded, and characterized by FACS analysis to obtain lineage-negative hCPCs. A 

total of 9 lines of hCPCs were used in this study, categorized into three groups based on the 
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donor’s age as follows: the group with relative young age (40–50 years) (hCPCs-Y), the 

group with middle age (65–75 years) (hCPCs-M), and the group with advanced age (>80 

years) (hCPCs-A). Please see the Supplemental Table S2 for basic demographic information 

for the cardiac tissue donors. Human CPCs at passage 6–10 were used to perform most of in 
vitro experiments in this study. CPCs at passage 15 were used only to assess the expression 

of p16INK4A during replicative senescence.

Cell Culture

c-Kit+ CPCs were isolated from tissue samples obtained from patients of various ages at 

Albany Medical Center. Cells were cultured in F12 media supplemented with 10% Fetal 

Bovine Serum (FBS), 10 ng/mL Fibroblast Growth Factor (FGF), 1% penicillin/

streptomycin, 200 uM L-glutathione, and 0.005 units/mL human erythropoietin. Cells were 

cultured in T75 flasks at 37°C and 5% CO2. HEK293FT cells were grown in DMEM 

containing 10% FBS, 10mM Non-Essential Amino Acids (NEAA), and 1% penicillin/

streptomycin.

CyQuant and Viability Assays

Cells were plated in quadruplicate (2000 cells/well) in a 96-well plate for the CyQuant assay 

with the CyQuant reagent (Thermo Fisher Scientific) as previously described [25]. Cell 

viability was assessed by trypan blue staining [25]. Population doubling times were 

calculated using a population doubling time online calculator (http://www.doubling-

time.com/compute.php) based on the reading from CyQuant and viability assays.

Lentiviral Infection of hCPCs

pLenti X2 Blast/shp16 (w112-1) was a gift from Eric Campeau (Addgene plasmid # 22261). 

This plasmid containing the shRNA insert for p16INK4A knockdown was co-transfected with 

three packaging plasmids: 1.5ug each of PLP1, PLP2, and PLP/VSG using Gene Jammer 

Transfection Reagent (Agilent). The lentiviral supernatant from the transfected cells was 

harvested, sterile filtered, and concentrated using the Lenti-X Concentrator (Clontech). It 

was subsequently used for infection of hCPCs at a ratio of 1:100. 24 hours prior to infection, 

hCPCs were seeded at the density of 1 × 105 per well in a 6-well plate. At 50–60% 

confluence, cells were refreshed with 2 ml of culture medium followed by the direct addition 

of 0.5 μg/ml Polybrene and 20 μl of lentiviral particles with gentle orbital shaking. The next 

day, the culture medium was replaced with normal growth medium for recovery.

Senescence-associated Beta-galactosidase Assay

Senescence was qualitatively measured by using the SA-beta-gal staining kit (Cell Signaling 

Technology, Inc.). After lentiviral infection for 48 hours, hCPCs were washed 2 times with 

1X PBS and fixed with the solution provided according to manufacturer’s instructions. Beta-

galactosidase staining solution was added, and cells were incubated in the plate at 37°C. 

After 24 hours, the Beta-gal positive cells were identified by blue color under 200X 

magnification.
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ROS Generation Assay

Cellular ROS generation was measured by staining of hCPCs using the Cellular ROS 

Detection Assay Kit (Abcam). Prior to staining, hCPCs were plated at a density of 2 × 105 

per well in a 6-well plate and infected with lentiviral particles carrying the shRNA to 

knockdown p16INK4A. After 48-hour infection, hCPCs were challenged with or without 

1mM H2O2 in 1% FBS F12 medium for 1 hour. Cells were then detached by TrypLE 

solution (Invitrogen), washed twice with PBS, and suspended by gentle mixing in 100 μl of 

ROS Assay Buffer supplemented with 1 μl 200x ROS Deep Red Stock solution. Cells were 

incubated in this suspension at 37°C and 5% CO2 for 30 minutes, 100 μl additional ROS 

Assay Buffer was added, and samples were immediately analyzed by flow cytometry.

RNA Isolation and Quantitative Analysis

Real-Time PCR was performed to determine the basal p16INK4A expression levels in cells of 

different ages. Primers used in this study were obtained from IDT (Integrated DNA 

Technologies). The total RNA of each sample was extracted and purified from whole cell 

lysates using the Aurum™ Total RNA Mini Kit (Bio-Rad). The quality and quantity of RNA 

was detected by a NanoDrop 2000C spectrophotometer (Thermo Scientific). The reverse 

transcription of 1 μg of RNA to cDNA was established using Bio-Rad iScript™ cDNA 

synthesis Kit, and samples for Real-time PCR were prepared according to the manufacturer’ 

instructions of the iQ SYBR Green Supermix kit (Bio-Rad). Real-time PCR was run in a 

384-well plate with a Bio-Rad iQ5 optical module in the CFX96 Touch™ Real-Time PCR 

Detection System. Cycling conditions were: 95°C for 2 minutes as initial denaturation, 40 

cycles of denaturation at 95°C for 15 seconds, and annealing/extension at 60°C for 40 

seconds. Melting Curve analysis was set between 65°C and 95°C with 0.5°C increments at 5 

seconds per step. The gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used 

as an internal control for quantitative RT-PCR expression analysis.

Telomere Length Measurements

Telomere length was examined by real-time qPCR detection system using the modified 

monochrome multiplex quantitative PCR method as described previously [26]. In this PCR 

method, albumin is amplified with the telomere template at the same time. Briefly, 20ng of 

DNA, 1X syber green with albumin and telomere primer were combined in a reaction 

volume of 10ul and the samples were run in a set of 6 replicates at minimum. The primer 

sequences used were 5′-ACA CTA AGG TTT GGG TTT GGG TTT GGG TTT GGG TTA 

GTG T (forward) and 5′-TGT TAG GTA TCC CTA TCC CTA TCC CTA TCC CTA TCC 

CTA ACA (reverse) for telomere, and 5′-CGG CGG CGG GCG GCG CGG GCT GGG 

CGG AAA TGC TGC ACA GAA TCC TTG (forward) and 5′-GCC CGG CCC GCC GCG 

CCC GTC CCG CCG GAA AAG CAT GGT CGC CTG TT (reverse) for albumin. The PCR 

conditions included initial denaturing at 95°C for 15 minutes, followed by 2 cycles of 15 sec 

at 94°C, and 15 sec at 49°C, and then 26 cycles of 15 sec at 94°C, 10 sec at 62°C, and 15 sec 

at 73°C with signal acquisition for telomere, 10 sec at 84°C, and 15 sec at 87°C with signal 

acquisition for albumin. After PCR amplification, melting curves were analyzed to confirm 

the size of PCR products.
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Immunoblotting

Human CPCs were grown to confluence in 6-well plates. Whole cell lysates were washed 

twice with ice-cold PBS, then collected using Radioimmunoprecipitation (RIPA) buffer (150 

mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 20 mM Tris-HCl, PH 7.5) mixed with 

Proteinase Inhibitor Cocktail (PIC). NuPAGE® LDS Sample Buffer (4X) were added to 

samples and they were boiled for 5 minutes. 20 μg of protein from each sample was loaded 

onto a 10% SDS-PAGE gel and run at 120V for 1 hour, and then transferred to a 

nitrocellulose membrane at 200 mA for 2 hours at 4°C. The membrane was then blocked 

with 5% milk/TBST for 1 hour, placed into primary antibodies (Please see the list of 

antibodies in the Supplemental Table S1), and left shaking overnight at 4°C. The next day, 

secondary antibody was added at a dilution of 1:2000 for 2-hour shaking at room 

temperature. After extensive washing between each step, the signals were detected with the 

chemiluminescent Amersham ECL Detection Reagent (GE Healthcare Life Sciences). The 

loading control was α-tubulin detected in the same sample.

Statistics

Data were presented as means ± SD of results taken from at least 3 independent 

experiments. Statistical significance was assessed by analysis of variance using unpaired 

student t-test. A p value less than 0.05 was considered statistically significant.

Results

p16INK4A expression is associated with senescence

To attempt any cellular rejuvenation technique, it is necessary to first obtain senescent 

hCPCs. Cellular senescence in vitro can be qualitatively measured by examining of 

senescence-associated β-galactosidase (SAβG) activity at pH 6.0. SAβG is a lysosomal 

enzyme whose function is to hydrolyze β-galactoside molecules into monosaccharide sugars 

in senescent cells exclusively [27]. In the presence of a chromogenic substrate known as X-

gal, this biochemical reaction produces a blue-color byproduct which can be easily 

visualized in vitro under phase-contrast microscopy [27]. In this study, a total of 9 lines of 

hCPCs were randomly selected and catagorized into three groups based on the donor’s age, 

including the relatively young aged group (40–50 years) (hCPCs-Y), the relatively middle 

aged group (65–75 years) (hCPCs-M), and the advanced age group (>80 years) (hCPCs-A). 

Basic demographic information of the cardiac tissue donor is listed in the Supplemental 

Table S2. Only age and sex information are available based on our initial IRB protocol. 

Human CPCs isolated from atrial appendages from the group of hCPCs-A were larger, 

flatter, more multinucleated, and displayed an increase in intensity of blue color stain 

originating from the presence of β-galactosidase (Fig. 1A–D). Each of these findings is 

correlated with advanced patient age, and known to be related to senescence in this assay 

[7]. These results confirmed that the hCPCs selected for this study were indeed senescent, as 

each cell line was obtained from male patients increasing in age from 44 years old (Fig. 1A), 

71 years old (Fig. 1B), to 93 years old (Fig. 1C). Assessment of the population doubling 

time of the 9 lines of hCPCs showed a range from 19.1 to 31.5 hours. Interestingly, the 

growth kinetics were ~30% slower in the group of hCPCs-A when compared to the group of 

hCPCs-Y as measured by population doubling time (Fig. 1E). Proliferation rates were also 
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observed to be decreased in the group of hCPCs-A compared to the group of hCPCs-Y (Fig. 

1F).

Quantitative PCR was subsequently run on these cell lines to examine the expression levels 

of p16INK4A and determine whether this gene was indeed correlated with age and cellular 

senescence. RT-PCR analysis confirmed that normalized p16INK4A mRNA expression is 

significantly higher in both the group of hCPCs-M and the group of hCPCs-A compared to 

the group of hCPCs-Y (Fig. 1G). This increase in expression was a step-wise change, very 

similar to the step-wise increase in SABG staining (Fig. 1D). The mRNA level differences 

coincide with changes in protein expression, with significant increases of p16INK4A (>3.5-

fold; p<0.05) in the group of hCPCs-A relative to the group of hCPCs-Y (Fig. 1H). Once 

p16INK4A’s association with the advanced age was established, it was important to confirm 

whether this association held true with replicative senescence. Three lines of the hCPCs-Y 

group were cultured from passage 6 (P6) through passage 15 (P15), and Western blot 

confirmed that p16INK4A expression was significantly higher in the cells that had been 

cultured for longer time (Fig. 1I). Going by p16INK4A’s correlation with senescence, this 

finding suggests that senescence had been “induced” by replicative passaging. To examine 

whether stress induced senescence would similarly be associated with increased p16INK4A 

expression, three lines of the hCPCs-Y group, which have a low baseline level of p16INK4A 

expression at passage 6 (P6), were exposed to stress and then re-examined for p16INK4A 

levels. The “younger” hCPCs were treated with 0.5 μM doxorubicin for 18 hours, and 

Western blot was performed to check p16INK4A expression after the treatment. Doxorubicin 

is a cardiotoxic anti-neoplastic drug that can be used to induce stress in myocardial origin 

cells [28]. Quantitative analysis shows that p16INK4A expression was tripled with the stress-

inducing doxorubicin treatment (Fig. 1J), showing that p16INK4A is associated with both 

natural progression of aging, as well as stress induced senescence.

p16INK4A knockdown reverses the senescent phenotype of hCPCs

Our data correlated higher p16INK4A expression with age and therefore senescence. This is 

consistent with the current literature [5, 8–12]. Based on this information, our lab chose to 

perform a knockdown of p16INK4A by lentiviral infection to attempt a reversal of cell cycle 

arrest. It was our hope that this would encourage the progenitor cells to enter cell division, 

increase cell proliferation, and lead to an overall increase in cell survival. The lentiviral 

infection was successful in the hCPCs (Fig. 2A–B) and showed significant decrease in 

p16INK4A expression in both RT-PCR as well as Western blot analysis. The experimental 

groups consisted of hCPCs from patients of advanced age greater than 80 years old 

(AMC20) infected with the lentivirus containing sh-RNA to knock down p16INK4A 

compared to the same line of hCPCs infected by a non-coding (scramble) sh-RNA. The 

infection was performed as described briefly in the Methods section and the Supplemental 

Method document. To evaluate the effect of p16 knockdown on the hCPC replicative 

senescence, we performed the qPCR for hCPCs at various passages after infected with 

lentivirus expressing shRNA against p16INK4A at passage 6. As shown in the Supplemental 

Figure S1, hCPCs stably expressing p16INK4A shRNA were able to be expanded to at least 

14 passages, and the expression of p16INK4A remained similar throughout the passages. 

Telomere shortening has been associated with cell senescent phenotypes and is known to 
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contribute to the loss of regenerative potential with age [29]. Therefore, the monochrome 

multiplex quantitative PCR method [26] was employed to assess the effect of p16INK4A 

knockdown on telomere length in CPCs with advanced age. As shown in the Supplemental 

Figure S2, the telomere length increased significantly in three advanced aging hCPC lines 

(AMC20, AMC54, AMC61) at passage 6 after knocking down p16INK4A, compared with the 

hCPCs of the same lines that were instead infected with lentiviral particles expressing 

scramble shRNA.

Interestingly, SAβG staining showed decreased numbers of senescent cells in the 

experimental hCPCs infected with lentivirus expressing shRNA against p16INK4A (Fig. 2D) 

when compared to the control hCPCs expressing scramble shRNA (Fig. 2C). Since the 

hCPCs expressing shRNA against p16INK4A showed decreased expression of p16INK4A as 

well as decreased SAβG positive staining (Fig. 2E), this further suggests that p16INK4A is 

involved with senescence. The next step was to perform genetic library screens for some of 

the various other genes associated either with the cell cycle (Fig. 2F) or with senescence 

(Fig. 2G). As expected, CDKN2A (an alias for p16INK4A) was significantly knocked down 

after the infection. Interestingly, CDKN1A was also significantly downregulated after the 

knockdown (Fig. 2F). CDKN1A’s alias, p21, showed greatly decreased post-infection 

expression on Western Blot (Fig. 2H). This is likely due to p21/CDKN1A’s role as a cyclin 

dependent kinase inhibitor (CKI). p21/CDKN1A is known to induce senescence by 

inhibiting progression of the cell cycle much in the same way that p16INK4A does [5, 10, 30, 

31]. CDKN1B (p27) gene expression was also downregulated, likely by a similar 

mechanism as the one mentioned previously for p21. This is the most logical explanation 

given p27’s similar role as a CKI [30, 31]. Other known senescence associated genes such as 

FOXO1, FOXO4, and TxNIP were also downregulated (Fig. 2G), indicating that the 

knockdown of p16INK4A may help reverse hCPC senescence.

p16INK4A knockdown’s success in decreasing the senescence phenotype (Fig. 2C–E) likely 

lies in its ability to cause downstream downregulation of other cell cycle inhibitors, and to 

allow progression of the cell cycle. 5-Bromo-2-deoxyuridine (BrdU) incorporation was used 

as a marker for cell proliferation, as it contains a nucleic acid (thymine) that is incorporated 

in only cells that are actively replicating their DNA. CPCs at various conditions were 

incubated with 2mM BrdU solution for 12 hours, and then samples were harvested and fixed 

with a paraformaldehyde-based fixative. After p16INK4A knockdown, an increase of nearly 

12% in BrdU staining was observed on FACS analysis (Fig. 2I–J). The percent of total cells 

stained with BrdU more than doubled in hCPCs in whom p16INK4A was silenced compared 

to those infected with the control lentivirus. This suggests that the knockdown can start cell 

cycle progression.

p16INK4A knockdown exhibits an anti-apoptotic effect in aging hCPCs

Once the knockdown was confirmed, infected hCPCs were incubated with 2mM H2O2 for 3 

hours and then evaluated by lactate dehydrogenase (LDH) assay. A decrease in LDH release 

of approximately 13% was observed in the p16INK4A knockdown cells compared to the 

controls, suggesting that the knockdown may be cytoprotective for aging hCPCs (Fig. 3A). 

Similarly, the infected hCPCs were challenged with 1mM H2O2 for 1.5 hours, and then 

Khatiwala et al. Page 8

Stem Cell Rev. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



evaluated by Annexin/PI FACS analysis to compare the effect of the knockdown on 

apoptosis. An increase of nearly 15% was observed in the number of “Live Cells” when 

comparing the p16INK4-knockdown cells to the control cells (Fig. 3B). Because of this, the 

knockdown cells showed an overall decrease in all other categories of the FACS analysis: 

8% decrease in “early apoptosis” cell detection, 4% decrease in “late apoptosis”, 3% 

decrease in “necrotic cells”. These results corroborate the suggestion from the LDH release 

assay: that p16INK4A knockdown leads to pro-survival effects in hCPCs.

To confirm whether these pro-survival, anti-apoptotic effects truly exist, and if so, what their 

mechanisms are, Real-Time qPCR and Western Blot were performed for anti-apoptotic 

genes. Quantitative PCR analysis showed a significant (3~5-fold) increase in the expression 

of BCL2, BCL2L1 (BCL-XL), BIRC6, MCL1 and TRAF1 in response to p16INK4A 

knockdown (Fig. 3C). This expression pattern of mRNA transcripts was confirmed at the 

protein level for BCL2 and MCL1 (Fig. 3D), which are known anti-apoptotic proteins [32–

35]. The upregulation of MCL-1 is likely a major factor in cytoprotective effects of the 

p16INK4A knockdown, as loss of MCL-1 has been implicated in myocardial failure [36]. 

Prior evidence has suggested that the release of paracrine factors from CPCs plays an 

important role in mediating cardiac repair [32, 37]. To test the effect of p16INK4A 

knockdown on the expression of growth factors, qPCR for two human cytokine primer 

libraries was performed for the advanced age hCPC lines after knocking down p16INK4A. As 

shown in the Supplemental Figure S3, results from qPCR library array showed a significant 

increase in the gene expression of many cytoprotective cytokines in one advanced age hCPC 

line after knocking down p16INK4A, compared with those infected with lentiviral particles 

expressing scramble shRNA.

p16INK4A knockdown Displays Anti-Oxidant Effects in Aging hCPCs

It is possible that the same cytoprotective effect that led to pro-survival, anti-apoptotic gene 

upregulation may also lead to anti-oxidant gene upregulation. Reactive oxygen species 

(ROS) have been widely implicated in DNA damage and cellular senescence, and are a 

source of intracellular oxidative stress [38]. ROS production has also been previously linked 

to increased expression of CDK inhibitors, p16INK4A in particular [39]. We hypothesized 

that the p16INK4A knockdown would decrease intracellular ROS generation levels, induce a 

protective effect on the hCPCs and prevent excess cell damage and cell death. Both basal 

and oxidative stress-induced cellular ROS generation levels were examined by flow 

cytometric ROS Detection Assay Kit (Deep Red Fluorescence), and merged histograms of 

the ROS levels in the control hCPCs vs sh-p16INK4A -infected hCPCs were subsequently 

generated (Fig. 4A–B). The mean fluorescent intensity (MFI) is representative of ROS levels 

in each experiment. As seen in Fig. 4A–B, the MFI for the control hCPCs is significantly 

higher than the MFI for the shRNA-p16INK4A knockdown hCPCs under normal conditions 

(−H2O2) as well as under oxidative stress (+H2O2). It is notable that at basal levels before 

oxidative stress induction, the p16INK4A knockdown cells showed approximately 50% less 

ROS generation compared to the control (Fig. 4A). When both groups of hCPCs were 

challenged by oxidative stress, ROS levels rose in both groups, but ROS in the sh-p16INK4A 

infected cells was still 25% less than that of the control hCPCs (Fig. 4B). This data suggests 

that the p16INK4A knockdown may induce cytoprotection by lowering ROS production in 
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aging hCPCs, which further highlights the significance of p16INK4A knockdown’s role in 

rejuvenation of senescent hCPCs.

To expand on these results, we screened for the expression of genes classically associated 

with anti- and pro-oxidant functions using an oxidative stress targeted PCR primer library 

(Supplemental Table S3). Changes in gene expression between the two groups were 

analyzed. In total, 38 genes related to oxidative stress were upregulated, and 11 genes related 

to oxidative stress were downregulated in the p16INK4A knockdown hCPCs as compared to 

the hCPCs that had been infected with a control virus. The most significant upregulated 

genes were glutathione peroxidase 1 and 7 (GPX1, GPX7), CYGB, GSTA4, GSTM3, 
PRDX1, SEPP1, and SRXN1 (Fig. 4C). The function of glutathione peroxidase (GPX1, 
GPX7) is to detoxify hydrogen peroxide [40]. GPX family genes are among the most 

significant anti-oxidant genes in humans, and so this upregulation is strongly predictive of 

p16INK4A knockdown’s protective effect on hCPCs. Cytoglobin (CYGB) is a hemoprotein 

that responds to oxidative stress by modulating nitric oxide metabolism and apoptosis 

pathways [41, 42]. A previous study by our lab found that CYGB is expressed in hCPCs, 

and that it encompasses an anti-oxidant role particularly in the face of oxidative stress [43]. 

In Fig. 3C–D, MCL1 and BCL2 were significantly upregulated after the p16INK4A 

knockdown, and CYGB expression was almost tripled after the same knockdown (Fig. 4D). 

This data suggests that p16INK4A may be inhibitory in this pro-survival pathway. Previous 

studies showed that recombinant human CYGB upregulated superoxide dismutase and 

glutathione peroxidase activity, and was associated with decreased NO and ROS levels [42]. 

PRDX1 has been implicated in protecting telomeres from damage due to ROS, contributing 

to longer cell life and increased cell cycles [44]. Along with other peroxiredoxin proteins, 

PRDX1 can reduce peroxides and protect cells from oxidative damage [45–47]. Since 

PRDX1 expression was doubled upon p16INK4A knockdown (Fig. 4D), it likely contributed 

to the decreased ROS generation at basal levels as well as after the induction of oxidative 

stress. PRDX1’s known function suggests that it may play a role in pro-survival and pro-

proliferation pathways. Sulfiredoxin 1 (SRXN1) is an anti-oxidant enzyme participant in 

signaling pathways, and is regulated by the Srx-Prx axis [48]. It balances ROS production 

and elimination and is known to have anti-apoptotic properties when exposed to oxidative 

stress [49]. SRXN1 expression more than doubled after the p16INK4A knockdown (Fig. 4D), 

supporting a possible antioxidant role for p16INK4A knockdown.

Upregulation of NFκB signal pathway is associated with the rejuvenating effect of 
knocking down p16INK4A in aging hCPCs

Both pro-survival and anti-oxidant pathways have been linked with the NFκB signaling 

pathway [50–52]. Since p16INK4A knockdown has shown considerable antiapoptotic and 

antioxidant effects, it is of utmost importance to elucidate whether p16INK4A plays any role 

in the interactions of these pathways. RT-PCR and Western Blot with cytokines and NFκB 

related genes was performed (Fig. 5A–B) and showed upregulation in NFKB1, TBK1, 

RELA, IKBKB, and TICAM2. NFKB2 and HMOX1 showed 3~4-fold increased mRNA 

expression, while TLR3 showed almost 5.5-fold increased mRNA expression in the sh-

p16INK4A infected aging hCPCs compared to the control hCPCs.

Khatiwala et al. Page 10

Stem Cell Rev. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Inhibitor of Nuclear Factor Kappa B (IKBKB), also known as IKKbeta and IKK2, functions 

as a kinase for IKB which is an essential modulator of the NFκB pathway that regulates the 

immune response and cellular differentiation [53–55]. IKBKB was doubled in the cells with 

the p16INK4A knockdown (Fig 5A–B), suggesting that p16INK4A may also have a role in this 

pathway. Expression of HMOX1, or heme oxygenase-1 (HO-1), was also almost tripled after 

the knockdown (Fig 5A–B). This gene is known to have cytoprotective effects by cleaving 

the rings of free heme, which are known to make cells more susceptible to apoptosis [56, 

57]. HO-1 expression exhibits significant anti-inflammatory and pro-survival properties, 

providing a secondary pathway for the aging hCPCs to be protected from apoptosis. Its 

significant upregulation in the p16INK4A knockdown hCPCs compared to the control hCPCs 

is certainly a favorable effect of this knockdown. Expression of phospho-p65 and total p65 

were also increased significantly after the knockdown, with a ~3-fold increase compared to 

the control (Fig 5A–B). p65 is known to activate NFκB and is the starting point for various 

effector molecules that eventually give rise to downstream antiapoptotic and antioxidant 

effects of NFκB [58, 59]. Therefore, this data provides additional evidence for the 

involvement of p16INK4A molecule in the NFκB pathway.

To confirm these results, we used a previously established hCPC line with stable knockdown 

of NFκB (denoted NFkB-p65 shRNA in Fig. 5C) and compared it to its control (scramble-

shRNA) using Annexin V/PI staining and flow cytometry analysis [60]. One group of 

hCPCs was infected with an shRNA to silence the form of NFκB which specifically is 

activated by p65 (NFκB-p65). That group was compared to a control which was infected 

only with a scrambled shRNA. Each of those groups were then infected with the shRNA to 

silence p16INK4A, or another scramble shRNA. Essentially, the effects of silencing p16INK4A 

with activated NFκB-p65 were compared to the effects of silencing p16INK4A without 

activation of NFκB-p65. As seen in Fig. 5C–D, the group with activated NFκB-p65 and 

silenced p16INK4A had 12% more live cells, 11% less apoptotic cells, and 2% less necrotic 

cells than the group with both NFκB-p65 activation and unsilenced p16INK4A. When NFκB-

p65 was silenced, there was no significant difference in live cells between the cells that had 

p16INK4A expression and the cells that had p16INK4A silencing. There was, however, a 14% 

decrease in apoptotic cells after the p16INK4A silencing, but that was counterbalanced by a 

12% increase in necrotic cells as compared to the control. From this data, it appears that the 

activation of NFκB-p65 is essential for the antiapoptotic and antioxidant effects observed in 

Fig. 2–4. With NFκB first externally silenced, there was virtually no difference in live cell 

count in the hCPCs with p16INK4A expression (scramble shRNA) and without p16INK4A 

expression (p16INK4A shRNA). However, there was an increase in necrotic cells when NFκB 

was silenced first. The control for this experiment consisted of comparing live, apoptotic, 

and necrotic cell count in each group of hCPCs without silencing NFκB. In this control, 

there was a statistically significant increase in live cell count, and decrease in apoptotic and 

necrotic cell count in the p16INK4A knockdown hCPCs when compared to the scramble 

shRNA hCPCs. This is strong evidence that NFκB is essential to any pro-survival and 

cytoprotective effects that p16INK4A knockdown might have, and thus we propose the model 

shown in Fig. 5E. We propose that, in addition to its known CKI properties, p16INK4A may 

have an additional physiological role in inhibiting NFκB activation. It is previously known 

and can also be seen from our data that aging, DNA damage, and ROS induction increases 
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p16INK4A expression (Fig 1). If p16INK4A truly does inhibit NFκB, this may be a major 

mechanism that can be used to explain the decreased cell survival and ROS generation seen 

in hCPCs that have unsilenced p16INK4A expression. This would also explain the variety of 

pro-survival and anti-oxidant effects that were observed after p16INK4A was knocked down 

by shRNA lentiviral infection.

Discussion

The effects of p16INK4A downregulation via lentiviral shRNA mediated knockdown were 

analyzed thoroughly to obtain insight into possible models of cellular rejuvenation, and to 

elucidate downstream pathway changes that occur after silencing this CDK inhibitor. 

Phenotypes observed from this genetic modification should contribute a better understanding 

of how to rejuvenate the cellular pathways involved in senescence. Thus far, effects of 

p16INK4a silencing have shown to improve cell survival and proliferation abilities in 

hematopoietic and other stem cells [8], but it is yet unclear whether this mechanism will 

retain the same effect in hCPCs. There is a consensus that p16INK4A expression is increased 

with age and is correlated with cellular senescence [8–11, 31, 61]. Our studies have 

confirmed this correlation through RT-PCR and Western blotting. Using p16INK4A’s role as 

a cyclin dependent kinase inhibitor to cause G1 mitotic arrest, and the knowledge that 

p16INK4A is a reliable biomarker for senescence, logic follows in wondering if 

downregulating p16INK4A may slow down the aging process, and lead to rejuvenation of 

senescent hCPCs.

Most senescence associated genes, including CDKN1A, CDKN1B, PSG1/5, FOXO1, 
FOXO4, and TxNIP, were downregulated after the p16INK4A knockdown. Among them, 

FOXO (Forkhead) family genes are transcription factors known to blunt cardiac growth and 

inhibit the cell cycle, and are usually expressed concurrently with p21, p27, and other CKIs 

[62, 63]. However, NANOG was not significantly downregulated after the p16INK4A 

knockdown, perhaps because NANOG is a pluripotent-associated transcription factor 

associated with induced pluripotent stem cell (iPSC) generation from senescent fibroblasts 

[64]. NANOG has also been associated with reversal of “aging effects” in mesenchymal 

stem cells, and with enhanced cell proliferation [65, 66]. These specific changes are 

consistent among species – Castaldi et al observed increased expression of both SAβG as 

well as p16INK4A mRNA in c-kit+ mouse cardiac progenitor cells (mCPC) [67]. The c-kit+ 

mCPCs were compared after isolation from young (3 months old) and aged (24 months old) 

mice, and the mCPCs from the aged mice were found to have significantly decreased rates 

of proliferation, decreased expression of cardiac lineage marker genes and mitochondrial 

proteins, decreased paracrine factor expression, and decreased angiogenic effect [67]. These 

findings stand as evidence to further the idea that age and cellular senescence is a major 

hindrance to the efficacy of CPCs.

ROS generation is known to contribute to DNA mutation and cause oxidative damage-

related aging [68–70]. Our knockdown of p16INK4a showed antioxidant properties in 

decreasing the basal presence of ROS by approximately 50% as discussed above. Because of 

ROS’s role in acceleration of cellular senescence, this is significant in showing that 

knockdown of the p16INK4A gene may exert beneficial effects in extending lifespan and 
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inducing cellular rejuvenation of the aging hCPCs. Expression of the genes glutathione 

peroxidase reductase, cytoglobin, and peroxiredoxin were upregulated in our data. Each of 

these genes is known to harbor significant protective effects in the face of oxidative stress 

[41, 71–76]. The knockdown of p16INK4A may confer resistance to oxidative stress via 

upregulation of cytoprotective, anti-oxidant genes. This is evidenced by the decrease in ROS 

production compared to control. p16INK4A knockdown may also be able to induce cellular 

growth, which may prove beneficial in helping hCPCs to survive within harsh environments 

such as infarcted myocardium.

Purified c-Kit+/Lin− CPC populations have become increasingly favorable for in vitro 
manipulations to enhance cardiac repair, and CPC transplantation assays in vivo have shown 

vast improvement in cardiac function [77]. This is the first conclusive study to elucidate the 

role of p16INK4A silencing in aging c-kit+ hCPCs by examining cellular proliferation and 

survival in vitro. However, CPC commitment to cardiomyocyte differentiation is still 

debated. Multiple lineage-tracing studies indicated that the proportion of cardiomyocytes 

derived from c-kit+ cells is limited [78, 79]. These interesting results push us to reconsider 

the physiological role of c-kit+ CPCs in the heart. However, there is no question in the 

literature that c-kit+ CPCs are beneficial in improving myocardial repair. Several clinical 

trials have employed c-kit+ CPCs and have shown enhancements in cardiac function [77, 

80]. In addition, significant elevation in cytokine expression have been observed in 

preconditioned CPCs [32] as well as in rejuvenated hCPCs by knocking down p16INK4A, 

suggesting that the therapeutic effect of CPCs may be mainly due to cytokine effects. The 

focus of our current research is to enhance the regenerative potential of aging hCPCs by 

knocking down p16INK4A, which may result in increased cell survival capability, faster cell 

proliferation, and more cytokine release after cell transplantation for future in vivo 
therapeutic application. However, elucidating the potential mechanisms for the therapeutic 

effect of cardiac progenitor cell therapy will require a considerable effort, which is beyond 

the scope of the present study.

In conclusion, our results demonstrate that knockdown of p16INK4A in hCPCs reverses the 

senescent phenotype and has an antioxidant effect on aging hCPCs. As described above, this 

knockdown leads to the activation of both antiapoptotic and antioxidant pathways via NF-kB 

signaling that hopefully will stimulate faster recovery after transplantation into infarcted 

myocardium in the future in vivo studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. P16INK4A expression is associated with the aging/senescence of cardiac progenitor cells
Representative images showed the senescence-associated β-galactosidase staining in hCPCs 

from patients at the age of 44 years old (A), 71 years old (B), and 93 years old (C). D. 

Quantitative analysis of total β-galactosidase staining. E. Multiple lines of hCPCs showed 

variation in population doubling times as measured by CyQuant and viability assay cell 

counts from different groups of patients (n=3 independent experiments). See the 

Supplemental Table S2 for the basic demographic information for the cardiac tissue donors. 

F. Differences in proliferation rates were observed in three different hCPC groups (n=3 lines 

of hCPCs per group). G. Real time qPCR data showed the p16INK4A gene expression in 

hCPCs from different groups of patients (n=3 independent experiments). * indicates p<0.05 

versus the group of hCPCs-Y for panel E, F, G. H. Quantitative analysis of Western blot 

showing the significant increase of p16INK4A expression in the group of hCPCs-A versus the 

group of hCPCs-Y at passage 6 (P6) (n=3 lines of hCPCs per group). I. Quantitative analysis 

of Western blot revealed an increase in p16INK4A protein after replicative passaging (P15 

versus P6) of three lines of hCPCs in the hCPCs-Y group. J. Quantitative analysis of 

Western blot showed an increase in p16INK4A protein expression in three lines of hCPCs at 

passage 6 (P6) in the hCPCs-Y group following induction of stress-induced premature 

senescence through treatment in 0.5 μM doxorubicin for 18 h. * indicates p<0.05. All data 

were presented as means ± SD from either 3 independent experiments or 3 lines of hCPCs 

per group.
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Figure 2. Knocking down the expression of p16INK4A reverses the senescent phenotype of 
hCPCs
Real time qPCR data (A) and quantitative analysis of Western blot (B) confirmed that 

p16INK4A protein expression was knocked down in one line (AMC20) of the hCPCs-A 

group at passage 8 (P8) infected with lentivirus expressing shRNA against p16INK4A 

compared to the control which was infected with scramble shRNA. Senescence-associated 

β-galactosidase staining showed a decrease in the number of senescent cells in the group of 

hCPCs that were infected with lentivirus expressing shRNA against p16INK4A (D) compared 

to the group of hCPCs expressing the scramble shRNA (C). E. Quantitative analysis of β-

galactosidase positive staining in panel C and D. In hCPCs with 48-hour knockdown of 

p16INK4A, senescence-associated genes (F) and quiescence-associated genes (G) exhibited 

decreased expression compared to hCPCs with 48-hour infection by a scramble control. 

Data labels shown are for the gene expression levels in p16INK4A shRNA-infected hCPCs, 

relative to those in scramble shRNA-infected hCPCs. H. Quantitative analysis of Western 

blot confirmed a decrease in p21CIP1 protein expression after knocking down p16INK4A in 

hCPCs, consistent with its decreased gene expression (CDKN1A) shown in panel F. I. 

Representative FACS analysis showed the increased proliferation ability of hCPCs after 

knocking down p16INK4A. J. Quantitative data analysis for panel I. Data were presented as 

means ± SD from 3 independent experiments (n=3); * indicates p<0.05 vs. scramble shRNA.

Khatiwala et al. Page 19

Stem Cell Rev. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Knocking down the expression of p16INK4A exhibits an anti-apoptotic effect in aging 
hCPCs
A. Aging hCPCs (AMC20) were infected with lentivirus expressing shRNA against 

p16INK4A, or scramble shRNA for 48 hours, challenged with 2 mM H2O2 for 3 hours, then 

evaluated by LDH assay. Data presented in this figure were mean values on a ratio of H2O2-

induced LDH release to total LDH in cells with standard deviation (means ± SD). B. Human 

CPCs were infected with p16INK4A, or scramble shRNA for 48 hours, and challenged with 1 

mM H2O2 for 1.5 hours, then evaluated by Annexin/PI FACS assay with quantitative 

analysis. C. Real time qPCR was performed to examine the expression of anti-apoptotic 

genes at the mRNA level after p16INK4A was knocked down in hCPCs. D. Representative 

images and quantitative data of Western blot showing the expression level of anti-apoptotic 

proteins, including BCL2 and MCL1 after p16INK4A knockdown in hCPCs. Data were 

presented as means ± SD from 3 independent experiments (n=3); * indicates p<0.05 vs. 

scramble shRNA.
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Figure 4. Knocking down the expression of p16INK4A displays the anti-oxidant effect in aging 
hCPCs
Representative merged histogram and quantitative analysis for ROS measurement under the 

condition without oxidative stress (A) or with oxidative stress induced by 1mM H2O2 (B) 

for aging hCPCs (AMC20) expressing shRNA against p16INK4A vs. scramble shRNA by the 

FACS analysis with the ROS Detection Assay Kit (Deep Red Fluorescence). C. Real time 

qPCR was performed to examine the expression of anti-oxidant genes at the mRNA level 

after p16INK4A was knocked down in hCPCs. D. Representative images and quantitative data 

of Western blot showing the expression level of anti-oxidant proteins, including CYGB, 

PRDX1, and SRXN1 after p16INK4A knockdown in aging hCPCs. Data were presented as 

means ± SD from 3 independent experiments (n=3); * indicates p<0.05 vs. scramble shRNA.
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Figure 5. Up-regulation of NFκB signal pathway is associated with the rejuvenating effect of 
knocking down p16INK4A in aging hCPCs
A. Real time qPCR was performed to examine the expression of NFκB signal pathway 

associated genes at the mRNA level after p16INK4A was knocked down in aging hCPCs. B. 

Representative images and quantitative data of Western blot showing the expression level of 

NFκB-associated proteins, including total and phosphorylated p65, IKBKB, and HMOX1 

after p16INK4A was knocked down in aging hCPCs. C. Representative FACS analysis with 

annexin-V/PI staining showing H2O2-induced apoptosis in hCPCs stably expressing 

scrambled or NFκB-p65 shRNA following with or without knocking down p16INK4A. D. 

Quantitative data analysis for panel C. E. Descriptive diagram of proposed molecular 

mechanism underlying the rejuvenating effect of knocking down p16INK4A in aging hCPCs. 

Data were presented as means ± SD from 3 independent experiments (n=3); * indicates 

p<0.05 vs. scramble shRNA.
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