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Abstract: 

Stem and progenitor cell populations occupy a specialized niche and are consequently 
exposed to hypoxic and oxidative stresses. We have previously established that the 
multidrug resistance protein Abcg2 is the molecular determinant of the side population 
(SP) progenitor cell population. There is an increase in Abcg2 expression, as well as 
increase in SP cell number, following injury. Transcriptome analysis of the SP cells 

isolated from the injured adult murine heart reveals enhanced expression of 
cytoprotective transcripts. We have previously demonstrated that hypoxia-inducible 
factor 2α (HIF-2α) binds an evolutionary conserved HIF-2 response element (HRE) in the 

murine Abcg2 promoter and activates Abcg2 expression. Overexpression of Abcg2 
results in an increased ability to consume hydrogen peroxide.  Importantly, 
overexpression of Abcg2 also conferred a cell survival benefit following exposure to 
hydrogen peroxide. In this study we have demonstrated that cytoprotection is dependent 
upon Abcg2 functioning as an active transporter. In-vitro analysis revealed SP cells 
proliferate in a delayed-onset manner, and such proliferation was affected by exposure to 
oxidative stress. Cytoprotective ‘priming’ also served to increase SP cell long-term 
viability. These results indicate that Abcg2 has a critical role in cytoprotection and 
Abcg2-expressing cells have important potential as progenitors in the adult. 
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Introduction: 

 

 The heart is one of few organs in the mammalian body characterized by an 

inability to regenerate. Lack of self-renewal represents an enormous problem when 

coupled to the fact that heart failure has recently become the leading cause of death 

worldwide1. The underlying dilemma in heart failure and related complications, such as 

myocardial infarction, is that damaged or dead tissue has no known endogenous 

mechanism of replacement. Scarring and fibrosis of the affected area causes contractile 

dysfunction. Heart failure victims therefore must rely on the “gold standard” of whole 

heart transplantation. However, a severe shortage of donors leaves victims with few 

options. Recent investigation into stem cell biology has revealed new hope for future 

heart failure treatment. The identification of resident cardiac progenitors has also 

challenged the widely held belief that the heart is completely devoid of intrinsic renewal2. 

Cardiac stem and progenitor cells have proven both in-vitro and in-vivo to have potential 

to develop into cardiac myocytes, endothelial cells, and smooth muscle cells 3-6. One 

population of cardiac progenitor cells is the cardiac side population cells. Side population 

(SP) cells are defined by their unique ability to efflux the fluorescent DNA-binding dye 

Hoechst 33342. This behavior is made possible by the energy dependent ATP-binding 

cassette transporter Abcg2 (also known as nMXR/BCRP1). Abcg2 belongs to the ATP 

transporter family, which includes more than 50 members and is responsible for the 

cellular exclusion of many different biological compunds7. The protein was originally 

identified as a major contributor to multidrug resistance (MDR) in breast cancer tumor 

cells, and has since been identified multiple cancer and normal tissue types8. When 

subjected to Hoeschst 33342 staining and analyzed with dual wavelength FACS, SP cells 

present a characteristic profile distinct from non-Abcg2 containing cells (Main 

Population or MP). MP cells retain a much greater amount of dye, and thus have higher 

fluorescence, while SP cells are demonstrate a much lower fluorescence. This behavior is 

confirmed when Abcg2-expressing cells are exposed to Verapamil or Fumitremorgin-C 

(FTC), known non-specific and specific inhibitors of Abcg2, respectively7-9. Presence of  
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an inhibitor compromises effluxing behavior and the side population significantly 

decreases7-11. SP cells were originally characterized in murine whole bone marrow, and 

have since been identified in multiple organs including heart, skeletal muscle, liver, brain 

and kidney7-12. Goodell et al. discovered bone marrow-derived SP cells had similar cell 

surface markers to hematopoietic stem cells, and proved their contribution to peripheral 

blood lineages in long-term bone marrow reconstitution studies in lethally irradiated 

mice7. Subsequent work established that SP cells can differentiate into multiple lineages, 

including endothelial cells, cardiomyocytes, smooth muscle cells, and neuronal-like 

cells13. Establishing SP cells as multipotential was essential in designating them as a 

progenitor population. An advantage SP cells have over embryonic and other progenitor 

cells is the reliability and ease with which a pure population can be obtained. Stem cells 

often require multiple (and difficult) selections, contrasted to SP cells which can be 

reliably stained with a non-toxic dye and fluorescently sorted. In addition to their 

multipotentiality, these cells have demonstrated important in-vivo behaviors. Cardiac SP 

cells (but not MP cells) home to cryoinjured myocardium following veinous injection. A 

small percentage of these transplanted cells differentiated into cardiomyocytes, smooth 

muscle cells, endothelial cells, and fibroblasts10. Slight improvement of cardiac function 

was demonstrated when SP cells were administered to an infarcted heart12,13. Such studies 

point to SP cells participating in myocardial repair. In 2004, Martin et al. confirmed that 

Abcg2 is in fact the molecular determinant of the SP phenotype, as well as establishing 

the presence of Abcg2 in the developing and adult heart10. Subsequently, Martin et al. 

showed by in-vitro analysis that Abcg2-overexpressing cells posses cytoprotection 

compared to cells lacking the transporter11. In this study Hif-2α, the master regulator of 

oxidative stress15, bound and transactivated the Abcg2 promoter in-vitro. This finding 

was important in that a specific interaction between Abcg2 and an oxidant stress-related 

protein was established. Together, these studies indicate that cells employing the Abcg2 

transporter provide functional benefit to their native tissue. The ability to differentiate 

into multiple cell types combined with increased functional benefit demonstrates the 

capability of adult-derived SP cells in cardiac regeneration and protection. In this study  
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we further elucidate the biological importance of these cells and reveal potential 

therapeutic application. 

 Stem cells are characterized by asymmetric growth. An individual stem cell is 

capable of producing an identical clone or a lineage committed cell. SP cells have been 

proven to possess multi-lineage differentiation capability through in-vitro manipulation 

and in-vivo transplantation5,6,7. However, these studies failed to report that differentiated 

SP cells were concomitant with undifferentiated SP cells. We therefore sought to 

establish a clonal population which would achieve the opposite result: to generate a line 

of identical and uncommitted cells. This cell population could be characterized for 

genetic character, differentiation capacity, and proliferative behavior. Comparison of 

these traits to those of well-defined pluripotent cells such as ES cells would help place SP 

cells on the spectrum of a “true stem cell.” Availability of a homogenous SP source 

would prove invaluable for physiological experiments such as functional rescue after 

injury.  The problems of heterogeneity and lack of total SP cell number (<0.05% in bone 

marrow, and <1% of the total heart) would thus be addressed. Stimulating proliferation 

represents a difficult task because side population cells have an inherently quiescent 

nature7. However, because is it has been previously shown that external cues like 

oxidative stress and injury-triggered inflammation can augment SP number in-vivo, 

growth in culture remains a possibility. Identification of upregulated genes in such 

proliferating cells would indicate possible targets for in-vivo stimulation and potential 

regeneration.  

 By virtue of the Abcg2 transporter, side population cells possess a cytoprotective 

feature. In-vivo studies have shown that Abcg2 expression and SP cell number increase 

in response to cardiac injury10. Oxidative stress, inflammatory response, and hypoxia are 

conditions associated with injury response, and have been linked to an increase in 

survival and differentiation among various transplanted stem/progenitor cells to the 

myocardium15,16. Additionally, overexpression of Abcg2 caused increased survivability 

among cells exposed to hydrogen peroxide in culture10. This result supports the finding of 

Abcg2 mRNA expression in NK lymphocytes, which have known anti-cytotoxicity  
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behavior12. Isolated SP cells will thus be cultured in an oxidative stress environment in 

hopes of increasing their survivability and triggering proliferation by initiating a 

‘priming’ mechanism. The cytoprotective behavior of SP cells will be compared to self-

renewal, possibly elucidating mutual exclusiveness and how that relationship may exist 

in-vivo. GFP-positive bone marrow and cardiac SP cells cultured with wild-type cardiac 

myocytes demonstrated proliferation and differentiation towards a cardiac fate9,10. 

Oxidative stress conditions will thus be applied to a similar co-culture protocol in hopes 

of revealing novel proliferative and lineage commitment behavior. To take advantage of 

important myocyte-secreted factors from the co-culture that would otherwise be non-

present, conditioned media from these co-cultures will be transferred to the clonal 

analysis setup (SP cells cultured alone) mentioned previously. Conditioned medium 

could elucidate essential factors for increased proliferation and/or cytoprotection. 

 Abcg2-knockout mice have recently demonstrated decreased survivability 

following myocardial infarction compared to uninjured animals23. Physiological 

contribution of Abcg2-expressing cells to overall adult cardiac functional recovery is an 

area we hope to uncover.  Employment of the constant pressure Langendorff 

preparation17 will provide cardiac functional recovery information in Abcg2-null mice 

immediately following ischemia-reperfusion18. A noteworthy difference in response to 

acute injury compared to control mice would demonstrate Abcg2 transporter contribution 

to protection from initial injury.  

 A primary objective of this study is to define the “stemness” of side population 

cells. This requires identification of pluripotent genes which are strongly linked to stem 

cells capable of multilineage differentiation (such as ES and iPS cells). Therefore we 

sought to probe cardiac tissue and bone marrow for Oct4 expression by FACS analysis 

using the GFP reporter. Oct4 (POU domain, class 5, transcription factor 1) is one of the 

only known molecules present at the totipotent cell stage, and is an established marker for 

pluripotency and self-replication in stem cells3,19. Transgenic mice expressing the GFP 

reporter (previously described)19 provide an easily visualized marker. Recognition and 

isolation of GFP-expressing cells can thus be accomplished at progressive developmental  
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stages. Importantly, Oct4 expression in the adult heart will lend further support to the 

emerging notion that cardiac self-renewal is possible. GFP-positive cells from neonates 

and adults will be genetically characterized to identify stem cell expression. These cells 

will also be cultured to assess increased clonal potential and other time-dependent 

tendencies. 

 Finally, future studies targeting Abcg2-containing cells with lineage tracing will 

allow a more thorough understanding of SP cell biology. These analyses will be carried 

out using the established Cre/loxP system in conjunction with the inducible Abcg2-Cre 

knock-in. Abcg2-Cre mice will be crossed to the Rosa-lacZ reporter mouse strain for fate 

mapping to determine the contribution of the Abcg2 cell lineage to murine development. 

Employment of diphtheria toxin line crossed to inducible Abcg2-Cre will illuminate the 

SP developmental role we believe to be essential. Fate-mapping these cells will specify 

their performance as progenitors over time (distinct time periods will be revealed when 

inducing at specific time points). Subsequent effects on both tissue and whole animal will 

help elucidate the biological importance of side population cells. 
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Methods: 

Isolation of Side Population cells: 

Murine whole bone marrow was flushed from femurs and tibias of 8-10 week-old 

C57Bl/6 (wild-type) mice.  The cells were pelleted by centrifugation, washed, 

resuspended at 1.0 x 106 cells/ml in Hanks buffer containing 2% Fetal Bovine Serum 

(FBS) and stained with 5 µg/ml Hoechst 33342 at 37° C for 90 minutes. 8-10 week-old 

wild-type murine hearts were perfused with cold PBS and cardiac tissue was isolated. 

Tissue was digested with pronase (10 mg/ml) for 90 minutes and separated using a 

percoll gradient (40%/70%). Cells were resuspended at 1.0 x 106 cells/ml in Hanks buffer 

containing 2% FBS and stained with 22.5mg/mL Hoechst 33342 at 37°C for 90 minutes.  

Negative control cells were separated prior to addition of Hoechst 33342, and 

administered 50µM verapamil (Sigma). Propidium iodide (Invitrogen) was added to each 

sample to distinguish live cells from dead. A MoFlo flow cytometer (Cytomation, Inc.) 

equipped with 360 nm UV to detect Hoechst fluorescence and 488 nm argon lasers were 

used for detecing eGFP and propidium iodide fluorescence.  The detection of Hoechst red 

(670/40 nm) and blue (405/30 nm) LP filters in combination with a 440 nm long pass 

filter were used for these experiments.  At least 30,000 events were recorded for profile 

analysis. 

 

 

SP/Cardiomyocyte co-culture and differentiation assay: 

 

Murine hearts were harvested from either 2-3 day old (neonate) or 8-12 week-old 

(adult) wt mice. Hearts were minced in cold PBS, enzymatically digested with pronase, 

and separated on a Percoll gradient as described in the section above. After Percoll 

gradient separation, cells were washed with PBS, plated at a density 2.5x105 cells/mL in 

cardiomyocyte media (high glucose DMEM 67%, Medium 199 17%, Horse Serum 10%, 

Fetal Bovine Serum 5%, and Pen-Strep 1%) into 8 well chamber slides containing  
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fibronectin coated glass slides.  24 hours after plating, cells were treated with 10 

ug/mL Mitomycin-C (Sigma) in cardiomyocyte media for 3 hours to permanently 

inactivate mitosis. Wells were subsequently washed 3 times for 10 minutes with 

cardiomyocyte media to remove all MMC. 48 hours after wt cardiomyocytes were plated, 

murine cardiac tissue was harvested from 8 week-old eGFP mice (Jackson Labs) and a 

single cell suspension generated as described above. GFP+ bone marrow and cardiac SP 

cells were obtained by Hoechst staining and FACS sorting. GFP+ SP cells were added to 

the wt cardiomyocyte culture at 5000 SP cells per well. Oxidative stress was administered 

to half of cultured wells at 25, 50, or100 uM H2O2, 5, 10, or 20 ng/mL TNF-alpha 

(Sigma), and 5, 10, or 20 ng,/mL Interleukin 6 (Sigma). Medium was replaced every two 

days. Careful attention was given to the aspiration of old medium, in order that SP cells 

floating and/or unattached to cardiomyocytes were not accidentally removed. Wells were 

visualized for GFP expression at 7 and 14 days after SP overlay using an inverted 

fluorescent microscope. All images were taken with a Zeiss Inverted AxioObserver Z1 

microscope using AxioVision v4.1 software. 

 

Cell Culture: 

 

FACS analyzed cells were sorted into 1.5mL eppendorff tubes containing 

Cardiomyocyte medium (described above). Cells were cultured in a 48 well plate 

containing 200 uL of cardiomyocyte medium for one to twelve weeks. Initially, ‘SP’ 

medium was added to SP cells instead of cardiomyocyte medium. ‘SP’ medium consisted 

to F12K + 2% FBS +1% HEPES + 1% Pen-Strep. Also, a growth factor supplement 

including 1ong/mL Insulin-like Growth Factor-1 and and nM Oxytocin was initially 

admininster to half of cultured cells. Oxidative stress was administered to half of cultured 

cells at 25, 50, or100 uM H2O2, 5, 10, or 20 ng/mL TNF-alpha (Sigma), and 5, 10, or 20 

ng,/mL Interleukin 6 (Sigma). Media was replaced every three days. Cells were 

tiriturated repeatedly and added to 200 uL of fresh medium in a 15 mL conical. Cells  
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were spun at 3000 RPM for 4 minutes at 4° C. Cells were resuspended in 100 uL 

of cardiomyocyte medium and 10 uL of volume were used to count total cells. 

Approximately 25% of total SP cells were collected for staining. The remaining cells 

were re-plated in a 48 well plate. For staining of SP cells with antibodies, cells were 

resuspended at a maximum of 1.0 x 106 cells/ml in Hanks Balanced Salt Solution 

medium containing 2% FBS (referred to as Hanks Plus medium). To prepare a sample for 

staining, CD71 (Transferrin Receptor, eBioscience) APC-conjugated antibody was added 

at a concentration of 0.2 mg/ml (1:200 dilution) and incubated at room temperature for 30 

minutes. Ki67 (BD Biosciences) APC-conjugated antibody was added, after fixing in 4% 

PFA for 15 minutes and .1% Triton-X for 10 minutes, at a concentration of 0.2 mg/ml 

(1:200 dilution) and incubated at room temperature for 20 minutes. Cells exposed to 

antibodies were washed with PBS, pelleted, resuspended in Hanks Plus medium and kept 

at 4° C before FACS analysis. For single cell clonal analysis, single cells were picked 

with a heated glass micropipet and bulb, and placed into a 96 well plate containing 100 

uL Cardiomyocyte medium. Cells were visualized with a live image microscope at 10x. 

In a separate experiment, individual bone marrow and cardiac SP cells were sorted using 

a MoFlo flow cytometer into single wells of a 96-well plate containing 100 uL of 

Cardiomyocyte medium. Wells were observed over varying periods of time for clonal 

population. 

 

Langendorff Preparation: 

Abcg2-null mice approximately 12 months in age were sacrificed and hearts were 

explanted. Constant pressure (80 mmHg) Langendorff method was employed. Perfusion 

solution is a modified Krebs solution containing 5% CO2, glucose, bicarbonate, and 

calcium. Ischemia was performed for 20 minutes at 34° C, followed by reperfusion. 

Hemodynamic properties were measured with a probe encapsulating a transducer. Hearts 

were paced at 1 Hz.  
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Statistical Analysis: 

All results are Mean ± Standard Deviation. Significance (p < 0.05) was established by 

Student’s t test (two-tailed distribution). 
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Results: 

Side Population cells proliferate in-vitro with minimal conditions 

 SP cells have demonstrated proliferative behavior when transplanted into 

cryoinjured myocardium4. However, there are currently no studies which have proven 

side population expansion without differentiation in culture. An objective of the present 

study was to investigate the self-renewal ability of SP cells. Specifically, a clonal 

population derived from a single cell was targeted. Hearts from wild-type adult mice (8-

10 weeks in age) were explanted and enzymatically digested into a single cell suspension. 

A Percoll gradient was then used to select for cardiomyocytes. Bone marrow was flushed 

from tibia and femur and triturated into a single cell suspension. Both cell populations 

were stained with Hoechst 33342 dye and subjected to FACS analysis. A negative control 

sample for each population was produced using the calcium channel blocker and MDR- 

inhibitor Verapamil (Figure 1).  
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Figure 1. Characteristic FACS profiles from single cell suspension derived from heart (top) and bone 

marrow (bottom) stained with Hoechst 33342 dye. Addition of 50 µM Verapamil (left) significantly 

reduced the side population. 

 A Hoechst-low side population appeared in the cardiomyocyte cell population (1-3%) 

and bone marrow cell population (0.04-0.09%). Both cell suspensions experienced an 

average 70% survival rate during the isolation and staining process. Sorting cells for low 

Hoechst expression and plating into culture typically demonstrated a much more 

damaging effect. Approximately half the number of SP cells plated survived after a 

period of twenty-four hours in culture. This level of cell death resulted in an average of 

60,000 SP cells (CSP and BMSP, each) available for each culture sample per experiment. 

Culture conditions similar to those used to initiate clonal growth in c-Kit+Lin- cardiac 

stem cells were applied to SP cells in culture3. A supplement consisting of Insulin-like 

Growth Factor-1 (IGF-1) and Oxytocin (OT) was added to basal medium containing 2% 

serum and applied to bone marrow and cardiac-derived SP cells. A low serum medium  
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containing only two growth factors was selected with the intent of stimulation of cell 

division without differentiation3,4. Cell survival appeared very low using this culture 

condition. We speculated that a higher serum concentration would benefit cell viability. 

Cardiomyocyte medium, containing 10% horse serum and 5% fetal bovine serum, was 

used for comparative analysis. BMSP and CSP cells were cultured for three days in each 

medium (without supplementation) and stained with propidium iodide (PI). 

Cardiomyocyte medium showed better cell survival in both SP cell types (Figure 2), and 

was selected for cell culture use in all remaining experiments. 

 

Figure 2. SP cell survival after three days in culture. Cardiomyocyte medium containing a higher serum 

concentration than ‘SP’ medium demonstrated greater viability. 

Initially, single cell, or large populations (average of 25,000) of SP cells were cultured 

per well in a 96 or 48 well plate, containing 100 or 200 µL medium, respectively. A 

control group lacking supplements (IGF-1 and OT) was plated at an equivalent number 

for comparison. No growth in any sample was visually recognized using a light 

microscope. Growth factor-supplemented and control samples had no morphological 

difference. However, a small level of cell division, below observational qualification, was 

possible, and prompted the use of anti-Ki67 staining. Ki67, a nuclear antigen present in 

all phases of cycling cells, demonstrated expression in a small percentage of SP cells 

(Figure 3). Quantification of proliferation, as determined by FACS analysis, showed no 

difference between populations (0.37% Ki67-positive IGF-1,OT versus 0.36% Ki67- 
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positive control). A simple growth factor cocktail was concluded to be insufficient to 

trigger cell division. 

 

Figure 3. SP cell proliferation as determined by Ki67 staining. Left, SP cells stained with Ki67 antibody 

showed no difference in active cell division growth factor supplemented versus control sample (n=2). 

Right, characteristic FACS profiles of BMSP cells stained with APC-conjugated Ki67 antibody; control 

cells (left) showed no difference compared to growth factor supplemented cells (right). 

 To take advantage of the known response of the Abcg2 promoter to Hif-2α and the 

proven cytoprotective feature of Abcg2-expressing SP cells8, we decided to employ a 

culture containing oxidative stress factors. Hydrogen peroxide (H2O2) is an established 

Reactive Oxygen Species (ROS), and has previously been used for inducing oxidative 

stress in-vitro21. Interleukin-6 (IL-6) and Tumor Necrosis Factor-α (TNF- α) are  

inflammatory cytokines associated with response to tissue injury, such as myocardial 

infarction, and have been shown to increase cardiomyocyte viability in-vitro19. All three 

substrates have also demonstrated increased levels in the vertebrate heart following 

ischemia20,21. We chose to employ these oxidative stress factors to ‘prime’ SP cells by 

utilizing the Abcg2 transporter. Activation of the energy-dependent transporter could 

potentially initiate a proliferative mechanism. Bone marrow and cardiac SP cells were 

cultured for one to five weeks at three different levels of oxidative stress: 25 µM H2O2, 5 

ng/mL IL-6 and 5 ng/mL TNF-α; 50 µM H2O2, 10 ng/mL IL-6, and 10 ng/mL TNF-α; 

and 100 µM H2O2, 20 ng/mL IL-6, and 20 ng/mL TNF-α (from this point referred to as 

low, mid, and high-level stress, respectively). Three levels of supplementation were 

utilized to determine the optimal stress intensity to instigate proliferation. Low-level  
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stress produced no visual difference between stressed and control cells. SP cells exposed 

to mid and high-level oxidant stress, however, did produce a visually noticeable impact 

after 1-2 weeks in culture. Phase-bright imaging showed that cells exposed to stress had a 

fuller, more robust appearance. Interestingly, cultures containing stressed cells showed 

signs of increased cell debris collection at the bottom of the well. 

 

Figure 4. Phase-bright imaging of cardiac and bone marrow SP cells cultured with high-level stress for two 

weeks. Addition of stress (right) showed signs of increased cell death (debris) at the bottom of the well (all 

images taken at 20x). 

High-level of stress produced a conspicuous visual difference beginning at two weeks in 

culture (Figure 4). Samples of stressed and unstressed cells were stained for Ki67 to 

allow for proliferative quantification. Anti-Ki67 fluorescence demonstrated a small 

difference in proliferation between cells treated with oxidative stress versus control. 

Addition of oxidative stress appeared to give a proliferative advantage to surviving cells 

in culture. High-level stress propelled SP cells to divide more than mid-level (Figure 5). 
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Figure 5. Ki67 staining results of SP cells at Weeks 2 through 4.  A higher level of oxidative stress (right) 

conferred greater proliferative ability than mid-level stress (left).  

 

Figure 6. Total number of living SP cells in culture at weeks 2 through 4.   

Proliferation of SP cells was consistently low, supporting previous reports that side 

population cells are largely quiescent4,6. Identification of Ki67-positive cells was 

generally difficult to assess using flow cytometry. Small cell size, compounded with the 

difficult nature of staining live cells for a nuclear antigen, created a fairly complex 

analysis scenario. We therefore opted for a cell surface marker which could reliably mark 

dividing cells without causing harm. Transferrin receptor (also known as Cluster of 

Differentiation 71 or CD71), an established cell surface marker for proliferation23, was 

therefore applied to cultured SP cells. This method also allowed FACS selection of 

actively dividing cells and subsequent re-plating. For comparative analysis, CD71 

expression was measured in freshly isolated, undigested cardiac tissue (1.29 ± 1.02 

CD71-positive) and freshly isolated bone marrow (34.01 ± 8.26 CD71-positive) isolated  



16 

from adult wild-type mice (Figure 7). Actively dividing skeletal muscle myoblast C2C12 

cells (93.99 ± 5.82 CD71-positive) were also stained and measured.  

 

Figure 7. Transferrin Receptor staining on single cell suspensions derived from adult murine heart, bone 

marrow, and C2C12 cells indicates their respective proliferation.  

SP cells were maintained in culture for one to twelve weeks. Samples of stressed and 

control cells were harvested and stained for CD71 expression. Staining for propidium 

iodide (PI) was also included to measure cell death. The percentage of positively 

proliferating cells initially decreased over time (Figure 8). However, by week five, SP 

cells showed signs of increased self-renewal. Propidium iodide staining on samples 

showed that cell survival percentages fluctuated over this time. Cell death increased 

between week one and two. SP cells then demonstrated increased survival at weeks three 

and four. At week five, bone marrow SP cells showed a further increase in survival, 

contrasting with cardiac SP cells which showed an increase in cell death. These results 

point to an initial trend characterized by increasing total SP cell death with increasing 

time of exposure to oxidative stress, supporting phase-contrast imaging. That trend 

appeared to reverse in the following two weeks for all cell types. Importantly, decreasing 

total SP cell viability was associated with increasing proliferation in viable cardiac SP 

cells after five weeks in culture. This result supports the qualitative appearance of cardiac 

SP cells. It is our belief that a high level of stress harms a majority of cells, yet ‘primes’ a  
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small percentage of cells for increased protection. This protection allows for an increased 

proliferative capacity.  

 

 

Figure 8. SP cell proliferation and viability in the presence of high-level oxidative stress. Simultaneous 

transferrin receptor (left) and propidium iodide (right) staining on cardiac and bone marrow SP cells reveal 

self-renewal compared to cell death at five time points. 

 

Figure 9. Total number of viable SP cells in culture supplemented with high-level oxidative stress. A 

continued decrease in cell viability is apparent. 

Long-term surviving cells were thus tested for self-replication by a positive selection 

method. Two bone marrow isolations initially generating a large number of SP cells 

(80,000 or greater) for culture were stained at 9 weeks and sorted for CD71 expression 

(Figure 10). Contamination was found in one of the experiment groups, resulting in a  
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sample size of n=1. CD71+ cells were collected and cultured for an additional week in the 

presence or absence of stress. As depicted in Figure 10 below, subsequent CD71 analysis 

showed that cells exposed to high-level oxidative stress had an increase in self-replication 

compared to unstressed cells (0.15% CD71+ control versus 0.61% CD71+ stressed). 

Unstressed cells demonstrated an equivalent proliferative capacity to their value seven 

days prior (0.16% CD71+ Week 9, and 0.15% CD71+ Week 10). Although these results 

represent only one experiment, consecutive selection for dividing cells using transferrin 

receptor expression appears to be a valid method for isolating a clonal population-

generating cell. 

 

 

Figure 10. Bone marrow SP cells were selcted for CD71 expression at week 9 and cultured for an additonal 

week in the presence and absence of high-level stress. Cells cultured with oxidative stress demonstrated 

increased proliferative capacity. 

The intent of this method was to increase the chance of obtaining a clonal cell, rather than 

to simply generate more SP cells. The general low percentage of actively dividing SP  
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cells tells us that a highly-replicative cell is likely rare in this population. However, our 

proliferation results indicate that such a cell may be present. As an additional means to 

examine the clonal potential of cells induced to divide by high stress, individual cells 

were picked with a glass pipet and transferred to a single well of a 96 well plate. Cells 

were cultured in medium with and without high-level oxidant stress, and visualized by 

brightfield and phase-contrast for proliferation. No cell growth was observed in 

supplemented or control cultures. Additional experiments are necessary to successfully 

uncover a self-renewing cell. 

Side Population cells proliferate when cultured with cardiomyocytes 

 When co-cultured with murine cardiomyocytes, SP cells differentiate into a 

cardiac lineage, including transdifferentiation of bone marrow SP cells4,5. 

Methylcellulose assays have demonstrated proliferation of bone marrow and cardiac SP 

cells7. We sought to replicate these in-vitro results using a modified protocol to further 

elucidate growth and differentiation behavior. Specifically, we wanted to simulate the 

native environment of a stressed heart. Because an increased level of Reactive Oxygen 

Species are common in heart failure15, exposure of SP cells and cardiomyocytes to 

oxidative stress factors (described above) was employed. Additionally, cell activity in co-

culture compared to non-co-culture (without the presence of cardiomyocytes, described 

in the previous section) would reveal SP cell behavior as a function of environment.  

GFP+ BMSP and cSP cells were cultured in the presence of mitotically inactive 

(Mitomycin-C treated) neonatal and adult cardiomyocytes. Wild-type neonatal and adult 

cardiomyocytes did not generate a difference in SP cell growth (data not shown). 

Cultures were maintained for 2 weeks. As seen in Figure 11, significant SP cell growth 

was observed over a two-week time period by fluorescent imaging. Co-culture wells were 

exposed to three levels of oxidative stress (as previously described). High-level stress 

was toxic to the co-culture (data not shown). However, mid and low-levels of oxidative 

stress provided a visually qualitative difference compared to control. Interestingly, low-

level stress provided the highest degree of proliferation.  
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Figure 11. GFP+ bone marrow SP cells co-cultured with wild-type adult cardiomyocytes. Low-level 

oxidative stress produced the highest degree of proliferation of SP cells. Mid-level stress appeared to 

inhibit cell growth compared to low stress and control (all images 5x).  

Introduction of low-level stress caused GFP+ BMSP cells to proliferate significantly. 

Cells aggregated into clustered formations, resulting in a high degree of fluorescent 

intensity (Figure 11). Importantly, BMSP cells did not experience a morphological 

change in conjunction with proliferation. Individual BMSP cells maintained a similar size 

and shape during the two-week time culture period. CSP cells did not expand to the 

degree of BMSP. Cardiac SP cells, however, did reveal a significant change in phenotype 

with proliferation. Individual CSP cells grew larger in size, spreading out and 

maintaining contact with adjacent GFP+ cells.  CSP cells cultured with low oxidative 

stress appeared more robust than control cells (Figure 12).  This also translated to a  
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stronger GFP fluorescence signal. The increase in proliferation at low-level stress was 

apparent by the second week in co-culture.  

 

Figure 12. GFP+ cardiac SP cells co-cultured with wild-type cardiomyocytes. Low-level stress induced 

higher CSP cell growth compared to control at two weeks in culture. Stressed cells also produced greater 

fluorescence (images in left and middle columns are 5x; images on right are 10x). 

The evident proliferation of SP cells in this environment suggested that cardiomyocytes 

were providing a stimulatory benefit. To utilize factors residing external to cells, 

conditioned medium from co-culture wells was filtered and transferred to SP cells 

cultured alone (described in the section above). Fresh media, with or without added 

oxidative stress, was applied to co-culture wells for 2 days. Conditioned media was then 

drawn from wells and transferred to SP cells cultured in a 48 well plate, and co-culture 

wells were given fresh medium. Non-co-cultured SP cells appeared unhealthy after three 

days and eventually died when administered this conditioned medium. High levels of 

metabolic waste products from the co-culture could have produced a toxic effect on SP 

cells. Optimization of the medium transfer protocol is necessary for additional 

experiments. 
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Oct4 expression in side population cells  

An established marker for pluripotency and self-renewal in stem cells is the transcription 

factor Oct4 (Pou5f1)3,4,5. A transgenic mouse line was previously established using a 

GFP reporter driven by the Oct4 promoter17. Oct4-GFP+ mice were used in our study to 

look for Oct4-expressing cells using FACS analysis. In particular, we wanted to 

investigate Oct4 expression in the bone marrow and heart, and how that finding would 

correlate to SP cell presence. Difference in Oct4 expression from the neonatal to adult 

stage would further improve our understanding of progenitor populations residing in each 

tissue type. Transgenic mice were analyzed at time points of three days (neonate) and 

eight to ten weeks (adult) for GFP expression. Cells were prepared using the same 

protocol for SP cell isolation (Methods) and analyzed by FACS. In four experiments 

(n=4), adult cardiac tissue and bone marrow demonstrated no GFP expression (Figure 

13). This finding (lack of Oct4 expression) is in line with previous reports that Oct4 

expression has been undiscovered in the adult heart12. Because this reporter is driven by a 

promoter, GFP expression could be present yet extremely faint, correlating to a very 

small percentage of cells expressing Oct4. Finding this minute percentage by FACS 

analysis is difficult given the total number of cells analyzed (~6 million cardiomyocytes, 

~350 million bone marrow cells per experiment). Representative profiles, however, 

indicate that GFP expression is non-existent in both adult tissue types. 
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Figure 13. Representative FACS profiles from adult ubiquitous-GFP+ mice (top) and adult Oct4GFP+ mice 

(bottom). Heart and bone marrow were analyzed for GFP expression. No GFP-expressing cells were found 

in Oct4GFP animals. Expression from GFP+ mice is shown for comparison.  

Oct4-driven GFP-expression was also analyzed in three experiments (n=3) on neonatal 

hearts. Small neonate size prevented collection of bone marrow. No GFP-expressing cells 

were observed among cardiac cells (Figure 14). Fewer total cells were analyzed (~5 

million cardiomyocytes per experiment), yet the GFP-negative percentage was identical 

to adult.   
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Figure 14. FACS profiles of a single cell suspension derived from neonatal cardiac tissue. Cardiac cells 

showed no GFP expression.  

These findings illustrate that self-renewal and pluripotency enabled by Oct4 expression 

are unlikely in adult bone marrow and heart. Absence of neonatal cardiac expression of 

Oct4 encourages a similar conclusion. The data presented here is preliminary and 

requires an increased sample size in both ages of mice.   

 

Abcg2 does not affect acute myocardial functional recovery following ischemia 

 Murine SP cells increase in number following myocardial injury. Abcg2 

expression per SP cell also increases in response to injury10. We sought to determine how 

cardiac function is altered when hearts are subjected to acute damage in mice lacking the 

Abcg2 protein (Methods). Age-matched wild-type mice were used as a control. An 

impaired recovery by Abcg2-null mice compared to wt would indicate a protective 

mechanism involving the Abcg2 transporter. The constant-pressure Langendorff 

preparation was employed to measure cardiac functional parameters in real time. Hearts 

were explanted from twelve month-old Abcg2-null and wt mice, and subjected to twenty  
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minutes of ischemia. After this time period, hearts were reperfused with a saline solution 

and measurement of functional parameters continued for an additional sixty minutes. 

Pressure data was converted to Left Ventricular End Diastolic Pressure (LVEDP), an 

indicator of structural health, left ventricular developed pressure (LVDP), and rate of 

pressure change over time (dP/dT), both measures of contractility. As seen in Figure 16, 

Abcg2-null mice had no significant difference in cardiac functional parameters compared 

to wild-type. The results indicate that Abcg2 protein does not provide an immediate 

protective effect on surrounding cardiomyocytes. It is certainly possible that stimulatory 

paracrine factors could be exerted by the protein, but did not have time to benefit 

contraction of the heart. A time period of sixty minutes is certainly insufficient for Abcg2 

participation in functional recovery or regeneration, and therefore no conclusion can be 

made on this relationship. It is interesting to note that null animals did not suffer a 

functional detriment compared to controls. This finding indicates that Abcg2 expression 

does not have an immediate effect on cardiac function following injury. 
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Figure 16. Cardiac functional recovery in wild-type versus Abcg2-null adult hearts. Top, no significant 

difference was observed in Left Ventricular End Diastolic Pressure (LVEDP) or Left Ventricular 

Developed Pressure (LVDP) between mice throughout the period of ischemia (I-1 to I-20) and reperfusion. 

Bottom, ratio of final to baseline LVDP revealed no significant difference in function. 

The sample size for this experiment was five mice per group, and the experiment was 

completed twice. However, an unchecked temperature fluctuation in the first experiment 

rendered the data unusable. The data presented here comes from a single experiment 

(n=1). Additional experiments are necessary to classify the role of Abcg2 during 

ischemia-reperfusion.  
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Discussion: 

 Side population cells have demonstrated unique behavior and possess multiple 

stem cell characteristics5,6. Their specific function in-vivo remains undiscovered, making 

for an interesting progenitor candidate. Transcriptome analysis of SP cells has established 

their genetic character, and Abcg2 has been proven to be the molecular determinant of SP 

cells8,13. However, gene and protein expression alone are insufficient to categorize the 

extent of stem cell as well as in-vivo behavior. In-vitro analysis represents a necessary 

step in bridging this gap. Controlled culture systems provide important information which 

can be useful for revealing the native function of these cells. In this study we have begun 

to expose the progenitor capability of SP cells in culture. 

Generation of a Clonal Population 

 Establishing clonal growth from a single SP cell was unsuccessful in the present 

study. The tendency for SP cells to remain inactive is well documented7,23, and highlights 

the difficulty we have experienced in such an endeavor. However, conditions for 

increased proliferation were discovered. Optimizing our culture protocol could very well 

lead to the creation and selection for a highly self-replicating cell. In a recently published 

study, Goodell et al. demonstrated increased SP cell-division rates with the addition of 

TGF-β1 among in-vitro and in-vivo assays24. Finding a suitable combination of factors to 

supplement SP cells should lead to increased cell expansion with an initial heterogenous 

cell population, given that proliferation is possible in methylcellulose and co-culture 

assays. It is highly likely that the SP cell population isolated from heart and bone marrow 

represents such heterogeneity, with some cells having greater potential to self-replicate 

than others. Differential progenitor capability falls in line with the notion of a continuum 

of stem cell activity, which has gained momentum recently18,23. Abcg2-expressing SP 

cells likely fall into this category, which might explain the very low numbers of cells able 

to replicate in the minimal presence of stress factors only. Further investigation in this 

area will help reveal the proliferative potential of this unique cell population.  
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SP Cell Response to Oxidative Stress 

 It has been well documented that SP cells are capable of expelling harmful biotics 

through the use of the Abcg2 transporter7,8. Oxidative stress factors are among the many 

substrates Abcg2 is capable of effluxing from the intracellular compartment. The 

relationship between oxidative stress and Abcg2 presence has generated interesting 

results. Specifically, the loss of anti-oxidant genes in mutated Abcg2 cells indicates that 

Abcg2-expressing SP cells should have an altered function and/or behavior when 

subjected to stress. We have shown that SP cell behavior in culture varies in response to 

oxidant stress.  Proliferation of SP cells, as determined by two proliferative staining 

techniques, increased in response to a high-level of stress, but at the cost of total cell 

viability. SP cells cultured with cardiomyocytes demonstrated increased proliferative 

ability only in the presence of a low of level stress. These results taken together indicate 

that a self-renewal program is affected by, and possibly initiated by, the activity of the 

Abcg2 transporter. It is possible that a mechanistic switch exists that forces SP cells to 

follow a cytoprotective or self-replicative fate. It has been previously suggested that 

utilization of this transporter blocks differentiation and initiates self-replication24. The co-

culuture data presented in this study supports such a mechanism. At some level of 

oxidant stress, an optimal ‘priming’ threshold is achieved whereby SP cells are prompted 

to replicate. Additional experiments utilizing such factors will be necessary to uncover 

the relationship between stress-induced proliferation and Abcg2 activity.  

In-Vivo Analysis of Abcg2-expressing Cells 

 To gain a better understanding of side population cell biology in its native 

environment, lineage-tracing studies are currently underway. Abcg2-expressing cells and 

their progeny will be visualized using the established Rosa lacZ reporter crossed to the 

tamoxifen-inducible Cre recombinase. Another mouse line combining Abcg2 expression 

with the diphtheria toxin will be employed to selectively eliminate Abcg2-expressing 

cells. Both lines will also be utilized in a murine cardiac injury model to investigate SP  
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cell contribution to cardiac function.  The investigation of oxidative stress and its 

consequences will continue with in-vivo studies. Oxidant stress will be administered to 

mice at specific ages and Abcg2 expression in the bone marrow and heart will be 

analyzed in addition to cardiac functional analysis. A recently published article 

demonstrated that mice lacking the Abcg2 protein experience increased mortality 

following myocardial infarction16. Similar studies featuring injury and stress models will 

be employed with the use of the Abcg2 reporter. Together, these experiments represent 

an exciting opportunity to uncover the biological role of cells harboring the Abcg2 

transporter protein. 
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