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RESEARCH ARTICLE

PIM1-minicircle as a therapeutic treatment for

myocardial infarction

Nan Liu, Bingyan J. Wang, Kathleen M. Broughton, Roberto Alvarez, Sailay Siddiqi,

Rebeca Loaiza, Nicky Nguyen, Pearl Quijada, Natalie Gude, Mark A. Sussman*

Biology Department, San Diego State University, San Diego, California, United States of America

* heartman4ever@icloud.com

Abstract

PIM1, a pro-survival gene encoding a serine/ threonine kinase, influences cell proliferation

and survival. Modification of cardiac progenitor cells (CPCs) or cardiomyocytes with PIM1

using a lentivirus-based delivery method showed long-term improved cardiac function after

myocardial infarction (MI). However, lentivirus based delivery methods have stringent FDA

regulation with respect to clinical trials. To provide an alternative and low risk PIM1 delivery

method, this study examined the use of a non-viral modified plasmid-minicircle (MC) as a

vehicle to deliver PIM1 into mouse CPCs (mCPCs) in vitro and the myocardium in vivo. MC

containing a turbo gfp reporter gene (gfp-MC) was used as a transfection and injection con-

trol. PIM1 was subcloned into gfp-MC (PIM1-MC) and then transfected into mCPCs at an

efficiency of 29.4±3.7%. PIM1-MC engineered mCPCs (PIM1-mCPCs) exhibit significantly

(P<0.05) better survival rate under oxidative treatment. PIM1-mCPCs also exhibit 1.9±0.1

and 2.2±0.2 fold higher cell proliferation at 3 and 5 days post plating, respectively, as com-

pared to gfp-MC transfected mCPCs control. PIM1-MC was injected directly into ten-week

old adult FVB female mice hearts in the border zone immediately after MI. Delivery of PIM1

into myocardium was confirmed by GFP+ cardiomyocytes. Mice with PIM1-MC injection

showed increased protection compared to gfp-MC injection groups measured by ejection

fraction at 3 and 7 days post injury (P = 0.0379 and P = 0.0262 by t-test, respectively). Suc-

cess of PIM1 delivery and integration into mCPCs in vitro and cardiomyocytes in vivo by MC

highlights the possibility of a non-cell based therapeutic approach for treatment of ischemic

heart disease and MI.

Introduction

Heart disease continues to be the top cause of adult mortality worldwide [1], with estimated

610,000–760,000 deaths annually in 2000–2010 [2, 3]. Myocardial Infarction (MI), leading to

irreversible death of affected heart muscle, is one of the major players contributing to increased

global mortality. Traditional therapies focus on attenuating the remodeling of the heart after

MI and sustaining viable heart function [4, 5]. Emerging therapies include adoptive transfer of

stem cells post MI in patients with heart disease [6–8]. One such successful stem cell clinical

trial used cardiac progenitor cells (CPCs) in patients suffering from ischemic cardiomyopathy
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[6]. CPCs are lineage (CD5, CD45R (B220), CD11b, Anti-Gr-1 (Ly-6G/C), 7–4, and Ter-119)

negative and stem cell growth factor receptor (c-KIT) positive (LIN-c-KIT+) cells that exist

within the mammalian heart [9]. LIN-c-KIT+ mouse cardiac progenitor cells (mCPCs) show

self-renewal potential and the ability to differentiate into CMs, smooth muscle cells and endo-

thelial cells in vitro [9, 10] and promote myocardial repair in vivo after reintroduction into

injured myocardium [6, 9]. However, therapeutic potential is limited in the adult heart due to

a diminished stem cell pool and modest proliferation and survival ability of CPCs due to aging

with a simultaneous up-regulation of senescence and apoptotic markers [11–17]. Therefore,

adult CPCs benefit from enhancement prior to adoptive transfer into the damaged myocar-

dium after injury.

Proviral insertion site for the moloney murine leukemia virus (PIM1), a proto-oncogene

serine/threonine-protein kinase, belongs to PIM kinase family. PIM1 is highly expressed in

bone marrow, tumor cells and fetal heart [18] and is involved in many signaling pathways,

mostly related to anti-cell apoptosis and cell cycle regulation [18]. Both human CPCs and

mCPCs transduced with PIM1 significantly enhanced proliferation and survival characteristics

in vitro and show myocardial functional improvement in vivo as after adoptive transfer in

rodent models [19, 20].Furthermore, PIM1 modified CPC conferred significant improvement

in a preclinical swine infarction model following adoptive transfer delivery [21] highlighting

future use of engineered CPCs in clinical trials. PIM1 also acts as a downstream target of car-

dioprotective pathway in CMs survival [22–25]. PIM1, therefore, serves as an ideal cardiopro-

tective signaling agent and has proven efficacy for stem cell-based therapeutic treatment for

heart disease.

Minicircle (MC) vectors are non-viral plasmids with no bacterial backbones or antibiotic

resistant genes that serve as an alternative approach to viral-based delivery systems. MC is

superior to regular plasmids derived from bacterial DNA that causes transcriptional silencing

of the transgene in vivo [3, 26, 27]. Additionally, production of antibiotic resistant genes may

lead to an altered gene expression profile in the cells [4, 28–30]. Thus, MC is a preferred alter-

native DNA vector in vivo compared to conventional plasmids. MC is also shown to have

between 13 to 50 times higher expression of delivered genes compared to standard plasmid

delivery [31–33]. For example, Stenler group used gene delivery by MC to mouse cardiac mus-

cle and demonstrated a 1.9 fold higher expression when compared to phVEGF165 plasmid at

7 days post-injection in vivo [34]. Huang also demonstrated MC delivered gene expression in

the heart for more than 12 weeks and mice with MI and treated with therapeutic genes by MC

injections were found to have a higher ejection fraction (EF) (51.3±3.6%) compared to saline

group (30.5±2.8%) at 4 weeks post injury and injection [35]. Therefore, experiments were initi-

ated to use MC as a non-viral DNA vector for gene delivery of PIM1.

Combining PIM1, a pro-survival, cardioprotective gene with MC could generate an

enhanced approach for treating MI. We therefore hypothesized that PIM1 could successfully

be delivered through minicircle (PIM1-MC) into the myocardium, and enhance cardioprotec-

tion post-MI for sustainable recovery after injury. Experiments demonstrate the in vitro inte-

gration of PIM1-MC into mCPCs (PIM1-mCPCs) and functional attributes of these cells such

as survival and proliferation in response to acute stress. Studies then focus on the in vivo inte-

gration of PIM1-MC into cells within the border zone of an infarcted heart. Results demon-

strate PIM1-MC has potential to serve as a novel therapeutic treatment for MI.

Materials and methods

All aspects of this study (PIM1-minicircle as a therapeutic treatment for myocardial infarction)

involving animal subjects were reviewed and fully approved by the Institutional Animal Care

PIM1-minicircle and MI
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and Use Committee and Office of Laboratory Animal Welfare committees of San Diego State

University. Anesthesia was administered for surgical procedures using 1–2.5% isoflurane.

Buprenorphine analgesics were used to minimize animal suffering and distress.

Vector construction

PIM1 coding sequence (1 kb) was subcloned into the parental plasmid (PP) (10 kb) through

EcoRI restriction enzyme digestion and transformed into E.coli strain ZYCY10P3S2T (System

Biosciences), generating PIM1 turbo gfp (PIM1-PP) for PIM1 overexpression. Turbo gfp
reporter (gfp-PP) was used as MC control. In the PIM1-PP, PIM1 was driven by a cytomegalo-

virus (CMV) promoter.

MC production

Protocol for MC production (System Biosciences, Palo Alto, CA) was used in this study with

minor modifications. Briefly, one single colony of E.coli with PP by T-streak was amplified in

2 mL LB solution contains 50 μg/mL kanamycin at 37˚C, 250 rpm for 1 hour. Then, specific

volume (inoculate volume per 400 mL culture = 0.4/ OD600 μL) of cultures were amplified

in fresh 400mL terrific broth with 50 μg/mL kanamycin at 30˚C, 250 rpm for 16 hours. The

OD600 was measured by eppendorf biophotometer and kept between 4 and 6 because less grow

or over grow will affect future MC yield. 400 mL LB and 400 μL 20% L-arabinose (Sigma) were

added to the culture and incubated for another 5 hours at 30˚C, 250 rpm. The bacteria pellets

were thereafter obtained by centrifugation at 0˚C, 5000 rpm for 25 minutes. Plasmid purifica-

tion was conducted using Nucleo Bond Xtra plasmid purification Kit (Macherey-Nagel, Beth-

lehem, PA) per manufacture specification.

Enzyme digestion and electrophoresis

0.5 μg Plasmid DNA was mixed with 1 μL 10 X Cut Smart Buffer (BioLabs, Ipswich, MA),

10 U EcoRI-HF (BioLabs, Ipswich, MA) and molecular grade water filled up to a total 10μL

reaction and incubated in 37˚C water bath for 10 minutes. Digestion products were subjected

in a 1% standard agarose gel with 0.2 μg/μL ethidium bromide by electrophoresis. PIM1
and MC DNA fragments were confirmed by Typhoon 9410 (GE Healthcare, Little Chalfont,

UK).

Cell culture and transfection

mCPCs were isolated by our lab as previous described [22]. 40,000 mCPCs, passage 12 (p.12),

were plated per well in a 6-well plate with DMEM-F12 Mix medium (10% Embryonic Stem

Cell Qualified Fetal Bovine Serum (ES FBS), 1% Penicillin/Streptomycine/L-Glutamine, 0.01%

Leukemia Inhibitory Factor, 0.2% Insulin Transferrin Selenium, 0.02% Epidermal Growth

Factor, 0.02% Basic Fibroblast Growth Factor) and grown at 37˚C incubator with 5% CO2.

Transfection system was optimized for FuGene6 (Promega, Madison, WI) reagent amounts

(0–7.5 μL), cell confluency (40%, 60%, 80%), reagent: DNA ratio (6:1, 3:2, 3:1) and single vs.

double transfections separately. Transient transfection was done with 1 μg PIM1-MC on 2

continuous days at a 3:1 (reagent: DNA) ratio. Gfp-MC transfection was done in the same way.

48 hours after transfection, cells were sorted by a fluorescence-activated cell sorting (FACS)

Aria Cell Sorter (BD Bioscience, San Diego, CA) to collect GFP+ mCPCs. These cells were

then plated and rested for 24 hours before proliferation and survival assays.

PIM1-minicircle and MI
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Immunoblotting

48 hours post MC transfection, mCPCs samples were collected in 1X sodium dodecyl sulfate

(SDS) sample buffer with protease and phosphatase inhibitors. Cell lysates were boiled for 5

minutes and loaded into electrophoresis gels or stored at -80˚C.

For in vivo heart sample analysis (see surgery conditions below), female FVB mice were sac-

rificed by cervical dislocation. Hearts were rinsed in 1X cold PBS and mixed with ice-cold iso-

lation buffer (sucrose (70 mM (millimolar)), mannitol (190 mM), HEPES solution (20 mM),

and EDTA solution (0.2 mM) in de-ionized water) and beads. The mixture was crushed at 4˚C

for 5–10 minutes and spun at 12,000 rpm for 1 minute to obtain the supernatants. Heart lysates

were diluted in 1X SDS sample buffer.

Proteins were loaded into 4–12% Bis-Tris gel (Thermo Fisher Scientific, Waltham, MA)

and run in 1X MES SDS running buffer (Thermo Fisher Scientific, Waltham, MA) at 150 V

for 1.3 hours on an electrophoresis apparatus (Invitrogen, Carlsbad, CA). Separate proteins

were transferred to a polyvinylidene difluoride membrane in 1X transfer buffer (Thermo

Fisher Scientific, Waltham, MA) then blocked with 5% dry milk in 1X TBST (50mmol/L Tris-

HCl (pH 7.6)/ 150 mMNaCl/ 0.1% Tween 20) for 1 hour. After blocking, membrane was incu-

bated with primary antibodies consisted of PIM1 anti-mouse (Zymed, 1:1000), turbo GFP

anti-rabbit (Invitrogen, 1:1000) and TUBULIN anti-rat (CST, 1:1000) or GAPDH anti-goat

(Cheicon, 1:1000) at 4˚C overnight. The next day, after washing with 1X TBST four times, the

membrane was incubated with secondary antibodies (donkey anti-goat Cy5 (Life technology)

or donkey anti-rat Cy5 (Jackson ImmunoResearch), donkey anti-mouse Cy3 (Jackson Immu-

noResearch) and donkey anti-rabbit 488 (Jackson ImmunoResearch), 1:5000) at room temper-

ature for 2 hours. After washing three times, the membrane was scanned with a Typhoon 9410

(GE Healthcare, Little Chalfont, UK).

CyQuant assay

Cell proliferation was done by CyQuant assay based on the cellular DNA content measure-

ment though binding of a fluorescent dye. 24 hours after sorting for GFP+ cells, 500 cells/well

of gfp-MC or PIM1-MC transfected mCPCs (gfp-mCPCs or PIM1-mCPCs) were plated in trip-

licate into a 96-well tissue culture plate in a total volume of 100 μL/well, and CyQuant dyes

(Invitrogen) was used at a 1:1 ratio to determine the DNA content at day 0, day 1, day 3 and

day 5 post plating. Nontransfected mCPCs cells were used as a negative control. Fluorescent

was measured by a SpectraFluro (Tecan, Männedorf, Switzerland).

Cell survival assay

FACS was used to test cell survival upon different treatment groups and cell death induced by

H2O2. 60,000 GFP+gfp-mCPCs or PIM1-mCPCs per well were transferred into a 6-well tissue

culture plate, and switched to low serum (2% ES FBS) DMEM-F12 media overnight. After the

overnight serum starvation, H2O2 was added to the media to reach a concentration of 40 μM

for 4 hours treatment. Cells were then collected for FACS to test cell death using Annexin V

(AnV) (BD Pharmingen) and propidium iodide (PI) (Life Technology) staining.

Myocardial infarction and injection

MI was carried out in ten-week old female FVB mice under 1–2.5% isoflurane anesthesia and

induced MI by left anterior descending artery (LAD) ligation. Immediately after infarction

injury, injections with PBS (5 μL per injection 3 injections total per mouse), gfp-MC, or PIM1-

MC (5 μL per injection 3 injections total 100 μg of DNA per mouse) plus lipophilic tracers-Di l

PIM1-minicircle and MI
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(0.025 μg/μL) were introduced to the pre-ischemic border along the infarcted region. Sham

mice were performed by opening and closing the chest of the mouse without injection of any

substance into the heart. Buprenorphine analgesics were used both pre-surgery and 16 hours

post-surgery to minimize animal suffering and distress. All the surgery animals were put on

the heating pad and monitored every 24 hours until 7 days then moved to the cage shelf. All

the animals were under the regular husbandry environment, which includes housing with

shredded corncobs bedding layer, regular mouse chow and water and up to 5 female mice per

cage.

Animal subject

All animal studies were approved by the San Diego State University Institutional Animal Care

and Use Committee and Office of Laboratory Animal Care.

Echocardiography

VisualsonicsVevo 2100 system (Visualsonics, Ontario, Canada) was used for echocardiogra-

phy (echo) to evaluate heart function after MI and injections. Animals were anesthetized

under 0.5–1.5% isoflurane and then echoed on a heated pad with the heart rate between 550

and 600 beating per minute. Ejection Fraction (EF) and Fractional Shortening (FS) were

acquired using standard B-mode image acquisitions of left ventricular long axis images. Left

ventricle anterior wall thickness (LVAW) was measured for wall thinning along a parasternal

short-axis view by M-mode. EF at 2 days post infarction/injection was used to check the infarc-

tion size. Echo was performed every week up to 4 weeks for cardiac functional measurement.

All measurements were analyzed by VisualsonicsVevo 2100 software (Visualsonics, Ontario,

Canada).

Immunofluorescence

Mice were sacrificed under chloral hydrate sedation before heart retroperfusion. Retroper-

fused hearts were removed from the chest cavity and placed in 10% formalin overnight, fol-

lowed by 70% ethanol and processing for paraffin embedding using an automated tissue

processor ASP 300 (Leica, Wetzlar, Germany). Hearts samples were then processed and sec-

tioned at 6 mm for slides by RM 2245 (Leica, Wetzlar, Germany). Heart sections were deparaf-

finized, and antigens were retrieved in 1 mM citrate (pH 6.0), followed by 1 hour blocking in

1X TNB (pH 7.5 Tris-HCl (100 mM), NaCl (150 mM), Bovine serum albumin (0.36%) in de-

ionized water). Primary antibodies were incubated overnight at 4˚C. Slides were washed in 1X

TN (Tris/NaC1) three times for 5 minutes followed by secondary antibodies incubation for 2

hours at room temperature. Subsequent tyramide amplification for GFP was performed as

necessary. Samples were washed after secondary antibodies in 1X TN, three times for 5 min-

utes, followed by a final wash containing 4, 6-diamidino-2-phenylindole (DAPI) at 1:10,000

dilution for 10 minutes to stain for nuclei. Primary antibodies used: GFP anti-rabbit (Invitro-

gen 1:500), myosin light chain 2 (MyL2) anti-goat (Santa Cruz, 1:50), GFP required tyramide

amplification. Second antibodies used: donkey anti-goat Cy5 (Life technology) and donkey

anti-rabbit 488 (Jackson ImmunoResearch), 1:2000. In this experiment, more than 400 cells

were counted per heart section, and 4–6 sections were checked per heart.

Statistical analysis

Two groups comparison was done by student’s t-test and more than two groups were done by

one-way ANOVA with Tukey’s post-test. P value less than 0.05 was considered statistically

PIM1-minicircle and MI
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significant. Error bars represent standard error of the mean (SEM). All the statistical analysis

was performed using GraphPad Prism 5 software.

Results

Successful insertion of PIM1 fragment

During MC production, PP was cut at attB and attP sites and formed a smaller plasmid-MC

and bacteria backbone (Fig 1A). PIM1 was subcloned into PP through multiple cloning sites

(MCS) for PIM1 overexpression (PIM1-PP). MC contains a turbo gfp (gfp-PP) and was used as

a transfection and injection control (Fig 1A). PIM1 fragment was successfully inserted in both

PP and MC particles, shown by electrophoresis after EcoRI digestion (Fig 1B). PIM1 (1 kb)

was detected only in PIM1-MC and PIM1-PP, but not in gfp controls. MC bands (3 kb) were

detected in PIM1-MC and gfp-MC, but not in any PP particles, which confirmed the successful

production of MC particles (Fig 1B).

Transfection conditions optimization

The MC transfection was optimized in a 6-well plate and FuGene6 (0–7.5 μL) reagent was

non-toxic on mCPCs when 40,000 cells are initially plated and rested for 4 hours before the

experiment begins (data not shown). The optimized transfection condition of mCPCs was

serum starvation overnight followed by two 24-hour transfections of 1 μg per 24 hours. The

efficiency was 29.4±3.7% with PIM1-MC and 50.3±4.2% with gfp-MC, as determined by GFP

positivity by FACS (Fig 1C). This transfection efficiency correlated with the highest cell sur-

vival (data not shown). GFP and PIM1 overexpression in mCPCs were confirmed by immuno-

blot analysis. PIM1 bands were expressed in PIM1-MC and PIM1-PP transfected mCPCs, and

GFP band was detected in all PP and MC transfected cells (Fig 1D).

PIM1 enhances mCPCs proliferation and survival by MC delivery

All GFP+ cells were sorted by FACS to provide a high purity system for cell proliferation and

survival assays. Previous papers also suggested a MC persistence of at least 14 days in trans-

fected cells and 90 days in vivo heart injection [35].H2O2 is a standard method to induce cellu-

lar oxidative stress and, based upon dose titration, 40 μM for 4 hours was the optimal dose for

inducing cell death that could be mitigated by intervention (S1A Fig). All groups started with

85%-90% viable cells before treatment. PIM1-mCPCs remained viable at 66.6±1.8% after the

treatment, while gfp-mCPCs and non-transfected mCPCs showed a lower survival rate (49.2

±2.7% and 51.7±2.1%, respectively) (Fig 1E and 1F). CyQuant assay to measure cell prolifera-

tion is widely used in this lab [21–23] and is verified using hemocytometer cell counting tech-

nique (S1B Fig). PIM1-mCPCs exhibited an increase in proliferation from day one to three

(1.9±0.1 fold change, P = 0.0753) and reached a significant difference at day 5 (2.2±0.2 fold

change, P<0.05) compared to gfp-mCPCs and mCPCs. Gfp-mCPCs had no significant differ-

ence in proliferation rate up to five days compared to mCPCs (Fig 1G). Significant smaller

doubling time of PIM1-mCPCs (19.8±6.0 hours) was also shown compared to Gfp-mCPCs

(32.1±2.4 hours) and mCPCs (33.7±8.8 hours) (Fig 1H, P<0.05). Collectively, these data

showed PIM1-MC enhance mCPCs proliferation and survival in response to oxidative stress

caused by hydrogen peroxide.

PIM1 is successfully delivered and integrated in vivo

Since PIM1 modified mCPCs by MC showed better survival and proliferation in vitro under

stress, in vivo characterization of cardiac function post MI and treatment with either placebo,

PIM1-minicircle and MI
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Fig 1. Characterization of PIM1-mCPCs. A: Gfp-MC and PIM1-MC parental plasmids (PP) structures. B: Electrophoresis of PP and MC after EcoRI

enzyme digestion. C: Percentage of GFP+ mCPCs after MC transfection as measured by FACS. D: PIM1 overexpression in PIM1-mCPC lysate

measured by immunoblotting. E: Quantification of cell survival assays. F: Representative cell survival assay by FACS analysis. G: Proliferation rate

PIM1-minicircle and MI
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gfp-MC or PIM1-MC was a logical next step. 100 μg of PIM1-MC with 0.375 μg Di l was

injected into injury site immediately upon acute MI injury in ten weeks old FVB female mice.

No MC or Di l was injected in sham group. Di l was detectable and used for localizing MC

injection sites at 3 days post injury (dpi) (S2 Fig). Successful MC delivery was confirmed by

GFP+ cells detected 3 dpi in vivo via immunohistochemistry staining (Fig 2). GFP+ cells were

found in 2 out of 4 gfp-MC injected mice and 1 out of 1 PIM1-MC injected mouse (Fig 2). All

GFP+ cells found were limited to the border zone CMs. 12 GFP+ CM were found in gfp-MC

injected heart and 1 GFP+ CM was found in a PIM1-MC injected heart (Fig 2). The GFP

expression demonstrates the MC DNA injected in vivo was able to integrate into surrounding

cells and could be transcribed and translated. Whole heart lysates were processed for immuno-

blotting to quantitate PIM1 and GFP expression. PIM1 and GFP proteins were not detected

through western blot (S3 Fig).

PIM1-MC demonstrates moderate improvement short-term after

myocardial infarction

Potential therapeutic efficacy of PIM1-MC naked DNA injection on heart injury was con-

ducted in ten-week old female FVB mice. Left anterior descending artery (LAD) was ligated to

induce MI and 100 μg PIM1-MC or gfp-MC was immediately injected at the border zone.

Infarction consistency by LAD ligation among each group was confirmed by parasternal echo-

cardiography as a similar drop in EF at 2dpi. Mice with mild (EF% >55%) or severe drop (EF

%< 35%) at 2 dpi were excluded; remaining mice, with a similar function loss, were included

in this study (n = 5–8 mice per group). During the initial post-surgery period, PIM1-MC

injected mice displayed a higher EF value at 3 dpi and 7 dpi compared to gfp-MC and PBS

injected groups (P = 0.0625 and P = 0.0562 using one-way ANOVA, respectively) (Fig 3A).

When comparing gfp-MC and PIM1-MC group at 3 dpi and 7 dpi by t-test, PIM1-MC showed

significant (P< 0.05) higher EF (Fig 3B). As EF continued to decrease in all MI mice, a plateau

was reached at 14 dpi. PIM1-MC injected mice remained at a slightly higher EF at all time

points compared to sham and gfp-MC injected mice. By 28 dpi, PIM1-MC injected mice

remained at a better EF and FS level in comparison to all other MI groups (Fig 3A). A similar

tendency between these three groups was also observed in FS and left ventricular anterior wall

thickness at systole (LVAWs) (Fig 3C and 3D). Representative 3 dpi echocardiography images

show all MI hearts have dilated ventricles, thinner left ventricular anterior wall thickness

(LVAW), and loss of contractility in LVAW, whereas Sham hearts maintained regular ventric-

ular size and normal contractility (S4 Fig). Overall, the PIM1-MC protection peaks at 3 dpi

and continues to maintain a slower rate of functional decrease over 28 days.

Discussion

MC is used as a non-viral therapeutic gene delivery to heart muscles for treating ischemic dis-

ease recently [34, 35]. Our lab has shown PIM1 enhanced CPCs have a faster proliferation rate

and survival rate in vitro and improved heart function in vivo[22, 23]. In an effort to find a low

risk delivery method for therapeutic gene PIM1, we tested the potential efficacy of PIM1 deliv-

ery by MC.

In our in vitro study, optimal PIM1-MC transfection efficiency of 29.4±3.7% was achieved

through serum starvation of mCPCs overnight followed by two transfections, spaced 24 hours

by CyQuant assay. H: Doubling time by CyQuant assay. NT (no treatment). All error bars are SEM; n = 3 (E and G). *P<0.05, ***P<0.001 vsgfp-

mCPCs group by one-way ANOVA.

https://doi.org/10.1371/journal.pone.0173963.g001
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apart. Using FACS to enrich for MC transfected mCPCs, we recapitulated the previous finding

that CPCs enhanced by lentivirus-based PIM1 delivery proliferate faster compared to gfp con-

trol group [22]. Similarly to these previous lentivirus-based PIM1 delivery enhanced mCPCs

studies, we found PIM1-mCPCs enhanced through MC transfection demonstrate higher sur-

vival rates under oxidative stress compared to gfp controls [22, 24].

In vivo, uptake and expression of directly injected DNA is possible in many tissues and

organs including heart, skin, liver and muscles [36–40]. Generally, the methods of detection

are limited to luciferase or β-gal based assays [36–40]. This study demonstrates the potential

for direct immunohistochemical detection of foreign gene expression and localization in the

cells. PIM1-MC was successfully up taken and expressed in border zone CMs at 3 dpi in vivo.

This highlights the possibility of a non-cell based therapeutic treatment for MI.

A challenge of this study was in the limited number of GFP+ CMs detected in the gfp-MC

and PIM1-MC injected hearts. One factor influencing the detection of GFP is the variable

expression of GFP, which diminishes over time [41]. Numerous publications also point out

the concern about variable and tissue-specific expression pattern of CMV promoter inducing

Fig 2. Successful delivery and integration of MC in vivo. Representative confocal images of border zone GFP+ cells in heart section after MC injection

at 3 dpi by immunohistochemistry. Green: GFP; white: DAPI; blue: MyL2. Scale bar is 100 μm.

https://doi.org/10.1371/journal.pone.0173963.g002
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gene silencing [41–43], which may have also affected the GFP expression. Additionally, the

limited GFP+ cells in the PIM1-MC injected group may have resulted from the different plas-

mid sizes of PIM1-MC (4 kb) and gfp-MC (3 kb), as DNA size affects gene uptake in vivo [38,

44]. Minicircle transfection efficiency is challenging in vitro and provides some insight into the

challenges of in vivo transfection. One means to offset this challenge and potentially transfect

more cells is through a higher concentration of PIM1-MC injection.

Simple direct gene injection has many advantages. Non-cell based therapy removes the

work for prior cell isolation, culturing and transfection. In addition, DNA direct injection

reduces the possible immune response caused by select cell-based therapies. PIM1-MC showed

moderate cardioprotection short-term after myocardial infarction by EF compared to gfp-MC

or the PBS group. Although a low efficiency of PIM1-MC to fully transfect CMs was found in

these studies, cardioprotection may have resulted through paracrine signaling of the CMs with

the increased levels of PIM1 to induce an anti-apoptotic response. Long-term tracking of

PIM1-MC will assist in assessing its therapeutic potential. Increasing the amount of MC DNA

injection and/or continuing injections every 1–2 weeks are additional alternative experimental

designs to potentially improve in vivo efficiency. PIM1-MC direct injection nevertheless

reveals promising results and warrants future investigation. In conclusion, this study demon-

strates the in vitro and in vivo feasibility and therapeutic potential of PIM1 delivered by MC.

Fig 3. PIM1-MC has a moderate cardioprotection short-term after myocardial infarction. A: Longitudinal assessment of EF (%) up to 28 days.

B: EF (%) of gfp-MC and PIM1-MC groups at 3dpi and 7dapi. C: Longitudinal assessment of FS (%) up to 28 days. D: Longitudinal assessment of

LVAWs up to 28 days. Sample sizes of 5–8 mice per group. ns (not significant), *P<0.05, ***P<0.001 vs. gfp-MC control group. A, C and D by one-

way ANOVA. B by student t-test.

https://doi.org/10.1371/journal.pone.0173963.g003
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Supporting information

S1 Fig. Optimization of cell survival and proliferation systems. A:H2O2 treatment condi-

tions titration by FACS analysis.B: Doubling time comparasion by CyQuant and hemocytome-

ter cell counting. NT (no treatment).

(TIF)

S2 Fig. Representative confocal images of 3 dpi Di l tracking for MC injection localization.

No Di l or MC injected in Sham group. Red: Dil. Scale bar is 250 μm.

(TIF)

S3 Fig. GFP and PIM1 are undetectable in 3 dpi whole heart lysates by immunoblotting.

(TIF)

S4 Fig. Examples of 3 dpi sham and MI mice images in longitudinal B-mode and M-mode

by echo.

(TIF)
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