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Abstract

Rationale—Following cardiac injury, cardiac progenitor cells are acutely reduced, and are
replenished in part by regulated self-renewal and proliferation, which occurs through symmetric
and asymmetric cellular division. Understanding the molecular cues controlling progenitor cell
self-renewal and lineage commitment is critical towards harnessing these cells for therapeutic
regeneration. We have previously found that the cell surface ATP binding cassette (ABC)-
transporter, Abcg2, influences the proliferation of cardiac side population (CSP) progenitor cells,
though through unclear mechanisms.

Objective—To determine the role of Abcg2 on cell cycle progression and mode of division in
mouse CSP cells.

Methods and Results—Herein, using CSP cells isolated from wild-type and Abcg2-knockout
mice, we find that Abcg?2 regulates G1-S cell cycle transition by FUCCI cell cycle indicators, cell
cycle-focused gene expression arrays and confocal live cell fluorescent microscopy. Moreover, we
find that modulation of cell cycle results in transition from symmetric to asymmetric cellular
division in CSP cells lacking Abcg?2.

Conclusions—Abcg2 modulates CSP cell cycle progression and asymmetric cell division,
establishing a mechanistic link between this surface transporter and cardiac progenitor cell
function. Greater understanding of progenitor cell biology, and in particular the regulation of
resident progenitor cell homeostasis, is vital for guiding the future development of cell-based
therapies for cardiac regeneration.
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INTRODUCTION

Adult cardiac stem cells have recently been introduced in the treatment of cardiovascular
diseases with encouraging results.! During the course of tissue repair, stem/progenitor cells
self-renew to expand their pool, and differentiate to create a specialized progeny. Stem/
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progenitor cells modulate their cell fate decision through their modality of replication, since
they can divide symmetrically and asymmetrically. With symmetric stem cell division, two
identical daughter cells are formed that retain both stem cell properties or become both early
committed cells. With asymmetric stem cell division, two daughter cells with divergent fate
are generated, one capable of self-renewal and the other committed to differentiation.2
While during physiological tissue homeostasis progenitor cells divide asymmetrically, these
progenitor cells revert to symmetric division and rapid proliferation following tissue injury,
a pattern of cell growth postulated for the damaged human heart and in neuronal progenitor
cells.3> Similarly, following cardiac injury, we have previously found that endogenous
cardiac progenitor cell populations are acutely reduced, and are replenished within days by
self-renewal and proliferation.® The molecular cues that dictate the mechanisms of stem cell
division, however, remain unclear.

The cell surface ABC-transporter, Abcg2, is highly expressed in several reported stem/
progenitor cell populations and is responsible for the DNA-binding dye extrusion that marks
the population phenotype of cardiac side population (CSP) progenitor cells.” 8 Moreover,
we have found that expression of Abcg2 may influence CSP proliferation.® Herein, we
provide evidence demonstrating that Abcg2 directly regulates cell cycle progression in CSP
cells with loss of Abcg?2 resulting in delayed G1-S transition. Additionally, Abcg2 regulates
in CSP cells the switch between symmetric and asymmetric cell division, determining
progenitor cell fate decisions. These findings establish that the Abcg?2 transporter is a critical
determinant of cardiac progenitor cell function and may be essential for cardiac
regeneration.

METHODS

Cell cycle analysis using the Fluorescence Ubiquitination Cell Cycle Indicator (FUCCI)
lentiviral system

RESULTS

FUCCI-expressing CSP cells were synchronized in G1 and analyzed by flow cytometry or
confocal live-cell imaging for up to 40hrs following synchronization for the expression of
Cdtl1 and geminin.

An expanded Methods section describing all procedures and protocols is available in the
Online Data Supplement at http://circres.ahajournals.org.

Abcg?2 controls cell cycle progression of CSP cells

To dissect the role that Abcg2 has in the growth of CSP cells, the progression of the cell
cycle was measured in CSP cells isolated from transgenic mice lacking Abcg2 (Abcg2-KO)
and wild-type mice (WT). Deletion of Abcg2 was associated with a reduction in the number
of CSP cells in S and G2/M phases of the cell cycle, while the fraction of cells in GO/G1
increased (Figure 1A-C). To characterize the length of the cell cycle in WT CSP cells and
Abcg2-KO CSP cells, a lentivirus-based fluorescent ubiquitination-dependent cell cycle
indicator (FUCCI) was utilized. Flow cytometric analysis of pre-sorted FUCCI-expressing
WT and Abcg2-KO CSP cells 24 hours post-synchronization revealed striking differences in
the distribution of cells within the various phases of the cell cycle. WT CSP cells were
actively cycling with the vast majority of cells residing within the G1-S transition. In
contrast, most Abcg2-KO CSP cells were in G1 and only a small fraction was in G1-S or S-
G2-M phases (Figure 2A and B). Greater than 50% of Abcg2-KO CSP cells were in early
Gl
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Abcg? regulates G1-S transition in CSP cells

To elucidate the effects of Abcg2 on cell cycle progression, we monitored cell cycle kinetics
in WT and Abcg2-KO CSP cells. WT CSP cells entered G1-S transition as early as 14 hours
post synchronization (data not shown). Within 24 hours, WT cells in G1 reached a peak
followed by a progressive decrease and concomitant entry into S-G2-M. Entry in G2-M was
rapidly followed by evidence for cell division (Figures 2C and E). In contrast, Abcg2-KO
CSP cells were unable to progress through the cell cycle and remained largely in G1 40
hours post-synchronization (Figures 2D and F). Moreover, only 4% of Abcg2-KO CSP cells
were in G1-S transition and 12% in S/G2/M at 40 hours; these values were negligible at 18
hours (Figures 2D and F). Modeling of cell exit from the G1 phase using a “plateau followed
by exponential decay” modell? revealed that the Tso for WT CSP cells was 20.2 hours while
Abcg2-KO CSP cells had a Tsq of 32.6 hours (Figure 2G and H). Confocal time-lapse, live-
cell imaging documented that WT CSP cells cycled normally, while Abcg2-KO CSP cells
remained predominantly confined to G1 (Figures 21, J and Online Videos I, 11). Collectively,
these data strongly suggest that Abcg2 regulates the cell cycle in CSP cells.

Abcg?2 and cell cycle gene expression profile of CSP cells

Based on these observations, we next determined the expression of cell cycle regulatory
genes in WT and Abcg2-KO CSP cells. Following shRNA-lentivirus mediated silencing of
Abcg?2 (sh-Abcg?2), the expression of cyclin C, cyclin D1 and cyclin E was downregulated
(Figure 3A and Online Table I). Moreover, negative regulators of the cell cycle, including
p27, were up-regulated (Figure 3A and Online Table I). Strikingly, the absence of Abcg2
increased significantly the expression of DNA-damage related genes such as Atm, Msh2,
p53, Smcla, Rad51, Brcal and Brca2 (Figure 3B and Online Table I).

Abcg?2 and asymmetric stem cell division

The dual fundamental property of stem cells is to self-renew and differentiate.2
Immunolabeling for the cell fate determinant a-adaptin demonstrated that sh-Abcg2 CSP
cells preferentially divided asymmetrically (65.3+5.4% vs. scramble 27.9+6.6%) (Figure
4A-D). Moreover, in comparison to sh-Abcg2 CSP cells, a higher number of scramble CSP
cells expressed the cell-fate determinant, numb (Figure 4E-G), supporting the concept that
during division in Abcg2-deficient cells, the fate determinants segregate asymmetrically to
one daughter cell.

DISCUSSION

Despite accumulating evidence as to the therapeutic benefits of stem cell therapy, little is
known regarding the molecular mechanisms that dictate progenitor cell homeostasis. The
identification of novel regulators of cardiac stem/progenitor cell self-renewal is of
paramount importance for the development of new strategies for treatment of chronic heart
failure. Such regulators may allow for manipulation of endogenous progenitors enhancing
tissue regeneration following injury. The expansion of stem/progenitor cells through
symmetric divisions, followed by a switch towards a differentiated progeny via asymmetric
division would greatly enhance myocardial repair. In this context, the identification of the
molecular variables that regulate the balance between symmetric and asymmetric stem cell
division are of great relevance for the expansion and lineage specification of resident stem
cells. In this report, we have identified that the cell surface transporter, Abcg?2, is a critical
determinant of cell cycle progression and transition between symmetric and asymmetric
stem cell division in cardiac progenitor cells. Regulation of cardiac progenitor cells either by
direct modulation of Abcg2 expression or indirectly through manipulation of Abcg2
substrates may represent a promising approach for cell-based therapy. Abcg?2 activation
following cardiac injury could allow the restoration and increase of progenitor cell numbers
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while inhibition of the transporter and activation of asymmetric cell division of cardiac
progenitors would promote tissue regeneration.

Stem cell fate decisions such as proliferation, quiescence and differentiation are influenced
by the cell cycle.1® Interestingly, an association may be present between the length of G1
and asymmetric cell division, further highlighting the significance of the effects of Abcg2 in
CSP cell growth and commitment.11-14 Cells exhibiting high self-renewal ability, such as
embryonic stem cells, have a short G1 phase, which is significantly prolonged with
differentiation.1! Similarly, inhibition of G1 in adult neural stem cells results in
neurogenesis, while shortening of G1 promotes their expansion through symmetric
divisions.12 15 By a number of techniques and approaches, our data show that the majority
of Abcg2-KO CSP cells reside in the G1 phase of the cell cycle. In addition to the prolonged
G1 phase and delayed entry in S phase, crucial cell fate determinants such as a-adaptin and
numb were asymmetrically segregated in Abcg2-deficient CSP cells. These results
strengthen the notion that the length of the cell cycle is linked to the mode of cell division in
cardiac progenitor cells. We cannot exclude the possibility that a fraction of CSP cells
negative for both probes could exit the cell cycle and reside in GO. These cells would
correspond to daughter cells acquiring a committed fate or cells undergoing apoptosis. In
fact, lack of Abcg?2 increases apoptotic and necrotic cell death in basal conditions.® Evidence
of apoptotic cells can also be seen in the live cell imaging data. Interestingly, the role of
Abcg? in the regulation of the mode of division may extend beyond progenitor cells to
transformed cancer cells, in which high expression of Abcg2 and unchecked symmetric
division have been described.16-19

Importantly, it remains to be determined whether loss of Abcg2 influences the replication of
CSP cells and the replenishment of endogenous progenitor cell niches following cardiac
injury. Abcg?2 is a membrane bound transporter that is primarily responsible for the
cytoplasmic clearance of a number of substrates.8 We have previously shown that Abcg2
expression is regulated in a developmental manner in CSP cells.® Abcg?2 is highly expressed
in neonatal CSP cells and its expression decreases with age. Moreover, during hypoxia,
Abcg? has been shown to be regulated by HIF-1a signaling,2° as well as upregulated by
EGF 2122 and EGFR23 in transformed cells. The regulation of Abcg2 expression may, in
part, be modulated by use of alternative 5’UTR leader exons.24 Abcg2 downstream
signaling, however, remains completely undefined and the exact mechanisms by which
Abcg?2 regulates cell cycle and mode of division are unclear at the present time. It is likely
that levels of certain molecules are altered in cells lacking Abcg2, and such yet to be defined
molecules may subsequently reprogram the cell cycle mode of CSP cells directly or
indirectly toward asymmetric division. For instance, Abcg2 has been shown to regulate
embryonic stem cell function through maintenance of porphyrin homeostasis.2> A number of
reports suggest that p53 inhibits proliferation while promoting asymmetric cell

divisions.28: 27 Notably, lack of Abcg2 in CSP cells increases the expression of several cell
cycle inhibitors such as p27 as well as p53, a well-known stress sensor. At the present time,
we cannot exclude the possibility that Abcg2 may directly interact with other signaling
cascades to influence cell division. Further investigation is required to address the exact role
of Abcg?2 in the regulation of progenitor cell mode of division. Stem/progenitor cell
function, including both proliferation and mode of division, is highly sensitive to external
signals from the stem cell microenvironment, or stem cell niche,28 including those effector
pathways originating from neighboring progenitors, tissue stromal and parenchymal cells,
and potentially extra-tissue infiltrating cells. Given that Abcg? is a cell surface transporter, it
may function to link internal and external signals and thereby regulate the function of
progenitor cell populations via the microenvironment.
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Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What |s Known?

»  Stem/progenitor cells modulate their cell fate decision in part through a balance
between symmetric stem cell division, in which two identical daughter cells are
formed, versus asymmetric stem cell division, in which two daughter cells with
divergent fates are generated, one capable of self-renewal and one committed to
differentiation.

» Abcg? regulates cardiac side population (CSP) progenitor cell homeostasis by
promoting proliferation and survival while inhibiting differentiation, but
mechanisms underlying this relationship remain unknown.

What New | nfor mation Does This Article Contribute?

e Abcg? regulates cell cycle duration and CSP proliferation through G1-S
transition.

»  Abcg?2 deficiency promotes asymmetric division in CSP cells.

Adult cardiac stem/progenitor cells represent a promising therapeutic option for the
treatment of heart failure. Understanding the molecular mechanisms regulating adult
progenitor cell self-renewal and lineage commitment is key towards their therapeutic
utilization. The maintenance of progenitor cell pools and the production of differentiated
progeny are ensured by a balance between symmetric and asymmetric division.
Progenitor cell homeostasis is regulated by expression of Abcg2 cell surface transporter
through unresolved mechanisms. This study finds that Abcg2 controls cell cycle
progression and CSP cell proliferation as well as the balance between symmetric and
asymmetric division. Manipulation of Abcg2 could represent a novel therapeutic strategy
for enhancing efficacy of cell-based therapy for cardiovascular diseases.
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Figure 1. Abcg2-KO CSP cells exhibit altered cell cycle profile
Representative flow cytometric analysis of (A) WT and (B) Abcg2-KO CSP cells stained
with PI. (C) Quantification of propidium iodide (PI) staining.
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Figure 2. Lack of Abcg2 prolongscell cycle duration in CSP cells

Representative flow cytometric analysis of Fucci™ (A) WT and (B) Abcg2-KO CSP cells 24
hours post-synchronization. Time course analysis of Fucci* (C) WT and (D) Abcg2-KO
CSP cells over a period of 10 and 22 hours respectively, starting at 18 hours post-
synchronization. Bar graphs indicate the percentage of (E) WT and (F) Abcg2-KO CSP
cells residing in each cell cycle phase during the specified time course. (G-H) Mathematical
calculation of the G1-phase Tsq value following a “plateau followed by exponential decay”
model. The Tgq for (G) WT and (H) Abcg2-KO CSP cells is 20.2hr and 32.6hr respectively.
(1-J) Sequential (2 hours interval) DIC and fluorescent confocal microscopy images of
Fucci* (1) WT and (J) Abcg2-KO CSP cells 18-40 hours following synchronization. Cells
were infected with lentiviruses expressing both Cdt1-Kusabira Orange probe (red) and
Geminin-Azami Green (green) present in the G1 and the S-G2-M phases respectively. Cells
residing in the G1-S transition phase appear as orange. Cells immediately after cytokinesis
or in early G1 phase lose the fluorescence. Scale bars 20pum. Yellow box indicates the
position of representative (I) WT and (J) Abcg2-KO CSP cells.
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Representative immuno-fluorescent images of (A) WT and (B) Abcg2-KO CSP cells stained
for phospho-Histone-H3 (pH3, green), a-adaptin (red) and DAPI (blue) (Scale bars 10um).
Quantification of symmetric and asymmetric cell division mode of pH3* (C) scramble and
(D) sh-Abcg2 CSP cells, based on the distribution of a-adaptin. Representative flow
cytometric analysis of (E) scramble and (F) sh-Abcg2 CSP stained with numb. (G)
Quantification of numb-expressing scramble and sh-Abcg2 CSP cells. Data are mean +
s.e.m. *p<0.05.
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