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Abstract
Objectives: As a follow-up to our previous reports
showing that the G9a histone methyltransferase-
specific inhibitor BIX01294 enhances bone marrow
cell cardiac potential, this drug was examined for
its effects on cardiomyocytes and mouse cardiac
progenitor cells (CPCs).
Materials and methods: Cardiomyocytes and cardiac
explants were cultured � BIX01294, and examined
for changes in cardiac function, protein and gene
expression. Additionally, enriched populations of
CPCs, contained in the ‘phase bright cell’ component
of explants, were harvested from non-treated and
BIX01294-treated cardiac tissue, and assayed for dif-
ferences in cell phenotype and differentiation poten-
tial. Mouse CPCs were cultured with rat
cardiomyocytes to allow differentiation of the progeni-
tors to be assayed using species-specific PCR primers.
Results: While BIX01294 had no discernible effect
on myocyte function and sarcomeric organization,
treatment with this drug significantly increased
CPC proliferation, as indicated by enhanced MTT
metabolization and BrdUrd incorporation (4.1- and
2.0-fold, respectively, P < 0.001) after 48 h label-
ling, and increased Ki67 expression (4.8-fold,
P < 0.001) after 7 days culture. Heart explants
exposed to BIX01294 generated 3.6-fold
(P < 0.005) greater yields of CPCs by 2 weeks
culture. Importantly, CPCs obtained from

non-treated and BIX01294-treated cultures did not
differ in phenotype or differentiation potential.
Conclusions: These data indicate that BIX01294
can expand CPCs without undermining their capac-
ity as cardiac progenitors, and suggest that this
drug may have utility for generating large numbers
of CPCs for cardiac repair.

Introduction

The adult heart was long considered a static, terminally
differentiated organ with a limited capacity for tissue
regeneration. Yet in recent years, numerous investiga-
tions have identified small pools of progenitor cells
within the adult heart that help replenish cardiac cells
during normal homoeostasis and in response to injury
(1–4). A standard method for isolating cardiac progeni-
tor cells (CPCs) is by long-term culture of heart tissue,
where an enriched population of CPCs appear as small
round phase bright cells that reside on top of an adher-
ent layer of cells (5–8). A limitation in using CPCs for
combating human disease is that their source are heart
biopsies, which generate low amounts of these cells.
Thus, there is the need to develop the means to rapidly
expand the numbers of CPCs from tissue biopsies with-
out altering their phenotype or differential potential.

In previous studies, we showed that exposing bone
marrow stem cells to the G9a histone methyltransferase
(G9a HMTase) inhibitor BIX01294 helped generate cells
with a cardiopotent phenotype (9,10). This outcome was
indicated by the upregulation of the pre-cardiac genes
Mesp1 and brachyury in bone marrow cultures and the
subsequent enhanced ability of the BIX01294-treated
cells to express early cardiomyocyte markers in response
to the cardiac differentiation factor Wnt11. The present
study was initially designed to examine whether
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BIX01294 would have any deleterious impact on cardiac
function and/or differentiation that would compromise
its utility in generating a plentiful and accessible source
of stem cells that could be used for cardiac repair.
Accordingly, we tested the effect of BIX01294 on car-
diac myocytes and endogenous cardiac progenitors.
Here, we report that BIX01294 elicited no negative
effect on cardiomyocyte beating or sarcomeric organiza-
tion. Moreover, CPCs displayed the same phenotype
and differentiation potential when obtained from
BIX01294-treated or non-treated cardiac explants. How-
ever, BIX01294 significantly increased the proliferation
of CPCs and greatly enhanced their cell numbers in cul-
ture. These data indicate that BIX01294 can act as an
expansion factor for endogenous CPCs and suggest this
drug may have utility as an agent that can generate large
numbers of native CPCs for treating heart disease.

Material and methods

Atrial tissue explants and generation of phase bright
cells

Atrial cardiac tissue was isolated from 8- to 10-week-old
C57BL/6 mice. The atria were excised from hearts and
minced into 1–2 mm3 pieces, washed with Ca+- and Mg2+-
free phosphate-buffered saline (PBS) and digested with
0.2% trypsin and 0.1% type IV collagenase for 10 min.
Tissue fragments were then plated for 2 weeks on gelatin-
coated dishes in Iscove’s Modified Dulbecco’s Medium
(IMDM) containing 20% FBS plus penicillin–strepto-
mycin (100 U/ml) at 37 °C and 5% CO2. Cultures were
fed twice weekly for 2 weeks prior to BIX01294 (Cayman
Chemical, Ann Arbor, MI, USA) and control treatments.

Within 2 weeks in culture, explanted cardiac atria
exhibited numerous small, loosely adherent ‘phase
bright cells’ that appeared on top of the tissue. Phase
bright cells were harvested using 0.5 nmol/l EDTA for
no more than 2 min while visually monitoring cell
detachment. Numbers of phase bright cells and the per-
centage of viable cells generated from the atrial cultures
were assessed by trypan blue exclusion, as previously
described (11). The significance of the differences in cell
numbers generated from control and BIX01294-treated
cultures was determined by the paired t-test. All statisti-
cal assessments of data within this study were calculated
with the Macintosh Rosetta application InStat (GraphPad
Software, La Jolla, CA, USA).

Isolation of neonatal rat cardiomyocytes

Cardiomyocytes were isolated from 1-day-old Wistar
rats (Taconic Biosciences, Hudson, NY, USA), using

previously described protocols (12,13). In brief, hearts
were minced into 1–3 mm3 pieces and digested for
10 min at 37 °C with 1% type IV collagenase (Wor-
thington, Biochemical, Lakewood, NJ, USA), 2.5% tryp-
sin, 10 lg/ml DNAse I and 0.1% chicken serum in pH
7.6 buffered Hank’s balanced salt solution (Sigma, St.
Louis, MO, USA). Dissociated cells were transferred to
a separate tube containing 100% horse serum. This pro-
cedure was repeated up to 8 times until tissue was com-
pletely digested. Afterwards, the cell suspension was
spun at 300 g for 10 min, with the cell pellets resus-
pended in Dulbecco’s modified Eagle’s medium/Nutrient
Mixture F-12 (DMEM/F12) media and incubated for
1 h in tissue culture plates. The supernatant was then
collected, centrifuged at 300 g for 10 min, with the pel-
leted cardiomyocytes plated onto 35 mm dishes in 2%
FBS/IMDM plus Pen/Strep and allowed to attach for at
least 2 days prior to immunocytochemistry or co-culture
with mouse CPCs. For some experiments, rat cardiomy-
ocytes were cultured in the presence or absence of 8 lM
BIX01294 for 2 days and assayed for up to 9 days. In
addition, 10 lM isoproterenol was added to a subset of
these cultures as a positive inotropic factor.

Co-cultures

Isolated primary neonatal rat cardiomyocytes were used
for co-culture with mouse atrial phase bright cells. Phase
bright cells were harvested from BIX01294-treated and
non-treated atrial explants, as described above. Freshly
isolated phase bright cells were washed with PBS,
counted and labelled with 20 lM carboxyfluorescein suc-
cinimidyl ester vital dye (CFSE; ThermoFisher Scien-
tific, Waltham, MA, US) for 1 h at 37 °C. After
extensive washing with PBS, these labelled mouse cells
were plated onto beating neonate rat cardiomyocytes at
a ratio of 1:10. Co-cultures received fresh 2% FBS/
IMDM medium on alternate days and after extended
incubation periods were processed for immunofluores-
cent labelling or RNA extraction. The use of different
species as source for these two distinct cell populations
subsequently enabled CPC-derived cells to be assayed
for cardiac gene expression, using species-specific PCR
primers.

MTT assay

The quantification of cell metabolic activity, as an indi-
rect indicator of cellular proliferation (14,15), was per-
formed using a colorimetric assay based on capability of
enzyme mitochondrial reductase to reduce tetrazolium
dye 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma) to its insoluble formazan form.
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Phase bright cells were collected using 0.5 mM EDTA
from 2-, 5-, 7- and 14-day cultures that were incubated
in the absence or presence of BIX01294. Pelleted cells
were resuspended in 20% FBS/IMDM and samples
seeded in 96-well plates in duplicate. Cells were incu-
bated for 2 days prior to media replacement with 100 ll
of 9:1 mix of clear DMEM and MTT. After 4 h, MTT
solution was replaced by 75 ll of 0.04N acidified iso-
propyl solution for 10 min. Quantification of the for-
mazan dye produced was measured with an absorbance
measurement of 560 nm, and reference wavelength of
690 nm using the Infinite M200 Microplate Reader
(Tecan, M€annedorf, Switzerland).

Bromodeoxyuridine (BrdUrd) incorporation assay

Atrial tissue was cultured for 2 weeks, followed by 7-
day treatments in the absence or presence of BIX01294,
before exposing the cells to 4 9 10�5M 5-bromo-20-
deoxyuridine (BrdUrd) at 37 °C for 48 h in the dark.
Afterwards, phase bright cells were collected and cytos-
pun onto histology slides for immunostaining. The cells
were then washed with cold PBS, and after methanol
fixation for 2 min, DNA was denatured by treatment
with 2N hydrochloric acid (HCl) for 30 min. Cells were
PBS washed and incubated for 1 h at 37 °C with rat
anti-BrdUrd antibody (Abcam, Cambridge, MA, USA).
After three PBS washes, cells were incubated with fluo-
rescein-labelled goat anti-rat secondary antibody (Jack-
son Immuno-Research, West Grove, PA, USA) for
30 min at room temperature and counterstained with
DAPI prior to analysis using a Zeiss LSM710 laser
scanning confocal microscope. Percentage of cells that
were BrdUrd-positive was determined by manual count-
ing of both immunolabelled and 40, 60-diamidino-2-phe-
nyindole (DAPI; Sigma)-stained nuclei on digitized
confocal microscope images using Image J software and
the Cell Counter plug-in (Kurt De Vos, University of
Sheffield; kurt.devos@iop.kcl.ac.uk). Significance of dif-
ferences in the prevalence of BrdUrd incorporation
between cultures was assessed by ANOVA analysis
using the Bonferroni procedure, as calculated with the
InStat statistical application (GraphPad Software, La
Jolla, CA, USA).

Immunofluorescent staining

Phase bright cells were collected and stained live on ice
for 30 min with antibodies specific for CD90 (BD Bio-
sciences, San Jose, CA, USA), Sca1 (eBioscience, San
Diego, CA, USA) and connexin 43 (Cx43; Thermo-
Fisher Scientific). Afterwards, cells were cytospun onto
charged histology slides, prior to formalin fixation. For

other molecules, cells were immunolabelled following
their incubation on tissue culture plastic. Cells stained
with mouse anti-Islet-1 (Developmental Studies Hybri-
doma Bank, Iowa City, Iowa, USA) were subjected in
sequence to formalin fixation for 10 min, Dent’s fixation
for 5 min, permeabilization with 0.3% triton/10%BSA/
PBS, and overnight blocking with 1% BSA/0.3 M gly-
cine/PBS. Staining with antibodies specific for connexin
40 (Cx40; ThermoFisher Scientific), muscle a-actinin
(Sigma) and Ki67 (Dako, Glostrup, Denmark) was per-
formed on formalin-fixed cultures that were incubated
overnight with 5% BSA/PBS block. DyLight488-conju-
gated secondary antibody was used to identify each of
these molecules, with the cells counterstained with
DAPI to identify nuclei, as previously described (10,16).

Flow cytometry

Dissociated cells were incubated with monoclonal anti-
bodies specific for Sca1 and Cx43, which were diluted
in 1X PBS/1% BSA/2 mM EDTA at 4 °C for 30 min in
the dark. Following washes with cold PBS, cells were
resuspended for 30 min in DyLight488-conjugated sec-
ondary antibody. As negative controls, cells were incu-
bated with secondary antibody only. Labelled samples
were analysed immediately using a BD Accuri C6 flow
cytometer and the number of positive cells was deter-
mined over 50,000 events recorded for each sample.

RNA isolation and Polymerase Chain Reaction (PCR)
amplification

Total RNA was extracted from cultured cells using
Quick-RNA MiniPrep Kits (Zymo Research, Irvine, CA,
USA). Subsequently, cDNA was synthesized from RNA
template using random primers and Moloney Murine
Leukemia Virus Reverse Transcriptase (Promega, Madi-
son, WI, USA). PCR amplification of expressed mes-
sages was carried out using Taq polymerase as
previously described (9,17,18). Template concentrations
were first normalized by PCR amplification of the
housekeeping genes glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and hypoxanthine phosphoribosyl-
transferase (HPRT), using primers that recognize both
mouse and rat, or mouse only sequences, respectively.
Sequences and specificity of the oligonucleotide primers
used in this study were: GAPDH (mouse and rat),
AGGTCGGTGTGAACGGATTTG and TGTAGAC
CATGTAGTTGAGGTCA; Cardiac troponin I (mouse
and rat), CTCTGCCAACTACCGAGCCTA and
CTCTTCTGCCTCTCGTTCCAT; HPRT (mouse only),
CAGCGTTTCTGAGCCATTGCT and ATCCT
CGGCATAATGATTAGGT; Cardiac troponin T (mouse
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only), GTGTGCAGTCCCTGTTCAGA and ACCCTCA
GGCTCAGGTTCA. To verify the size of the amplified
DNA fragments, PCRs were run in parallel with molec-
ular weight markers on gels made from DNA agar (Mar-
ine BioProducts, Delta, British Columbia, Canada) and
containing GelRed nucleic acid stain (Biotium, Hay-
ward, CA, USA).

Results

BIX01294 does not alter myocardial phenotype and
function

As part of an effort to fully examine the utility of
BIX01294 as a means to generate plentiful and accessible
sources of stem cells that could be used for cardiomyocyte
regeneration, we tested whether this drug may possess any
negative effects on myocyte function and/or phenotype
that would undermine its use for cardiac repair. For these
experiments, cardiomyocytes were isolated from newborn
rats, dissociated into a single cell suspension, and cultured
in the absence or presence of 8 lM BIX01294, which was
the optimal concentration of this drug used for enhancing
the cardiocompetency of cells from the bone marrow

(9,10). Rat cardiomyocytes typically would not resume
their contractile activity prior to 48 h of cultures, with
peak beating rates being reached at 4 days of culture
(Figs. 1a and S1). Thereafter, the beating rate would
decrease, although consistent beating was still observed
through day 9 of incubation. Neither the time course nor
amplitude of myocyte beating rate displayed any variance
between non-treated and BIX01294-treated rat cardiomy-
ocyte cultures (Fig. 1a). The myofibrillar structure of
individual myocytes within the non-treated and
BIX01294-treated cultures was also examined.
Immunofluorescent analysis of muscle a-actinin demon-
strated that BIX01294 did not disrupt sarcomeric structure,
as myocytes cultured in the absence or presence of this
drug displayed an identical myofibrillar architecture
(Fig. 1b,c). Together, these experiments indicate that treat-
ment with BIX01294 does not alter the muscle apparatus
or functional activity of differentiated cardiomyocytes.

BIX01294 increases the production of phase bright cells

In previous studies, we reported that BIX01294 can
enhance the cardiac competency of bone marrow cells
(9,10). As a follow-up to that earlier finding, we wanted

(a)

(b) (c)

Figure 1. BIX01294 does not alter myocar-
dial function and phenotype. (a) Newborn
rat cardiomyocytes were cultured in the
absence or presence of BIX01294 and imaged
on live video up to 9 days after initiation of
culture in order to determine rates of myocyte
beating. No significant difference was
observed between the treated and non-treated
cultures at every time point. (#) Isoproterenol
was added to both groups on day 6 for a pos-
itive inotropic effect. Beating data were com-
piled from four independent cultures for each
time point. Parallel cultures of (b) non-treated
control and (c) BIX01294-treated rat car-
diomyocytes were also analysed for their sar-
comeric architecture, as visualized by a-
actinin immunofluorescent staining. Note that
BIX01294 did not noticeably affect the stri-
ated pattern of a-actinin expression within
individual myocytes. Scale bar = 20 lm.
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to investigate whether BIX01294 may also have a posi-
tive effect on progenitor cells within the heart. CPCs
can be routinely obtained from explanted mouse atrial
tissue, as a cellular component of the phase bright cell
population that appears within the first 2 weeks of cul-
ture (5,6). Our results with non-treated cultures were
similar to what others have reported, as primary out-
growths of small stromal-like cells grew from the car-
diac atrial explants within the first 2 weeks, with phase
bright cells first appearing above the stromal-like cell
layer at days 10–14 of incubation. When we exposed
parallel cultures of atrial tissue to BIX01294, no dis-
cernible differences in the kinetics of this response were
observed (data not shown). However, BIX01294-treated
tissue produced far greater amounts of phase bright cells
than did the control cultures (Fig. 2). On average, a
7-day treatment of atrial tissue explants with BIX01294
generated approximately 3.6-fold more phase bright cells
compared to non-treated cultures (Fig. 2c), as assayed
by trypan blue exclusion.

BIX01294 stimulates proliferation of CPCs

Having demonstrated that BIX01294 promotes increased
number of phase bright cells from atrial cultures, we next

explored in greater detail the effect of this drug on this
cell population. A standard method for assessing
increases in cell proliferation is the MTT assay (15,19),
which measures cell metabolism as a function of mito-
chondrial reductase activity. For these experiments, atrial
cultures were incubated over a time course of 2, 5 and
7 days in the absence or presence of BIX01294. In addi-
tion, the tissue was subjected to a longer 14-day incuba-
tion period, consisting of an initial 7-day treatment with
or without BIX01294, and then maintained for an addi-
tional 7 days with fresh media without the drug. For all
these cultures, phase bright cells were subsequently col-
lected, replated in 96-well plates at identical cell concen-
trations, and then assessed for relative metabolic activity
after two further days of incubation. Thus, measurement
of the reduction of the MTT substrate in each well was
proportional to the number of viable cells that accumu-
lated in these secondary cultures, and served as an indi-
rect indicator for the rates of proliferation of the primary
cultures. As shown in Fig. 3a, phase bright cells har-
vested from atrial explants that were exposed to
BIX01294 for 5 and 7 days, displayed significantly
higher levels of the reduced MTT substrate than non-trea-
ted cells. Moreover, the results from the 14-day treatment
protocol indicated that the enhanced proliferative

(a)

(c)

(b)

Figure 2. BIX01294 promotes increased
generation of phase bright cells. Adult
mouse atrial tissue was cultured in the (a)
absence or (b) presence of 8 lM BIX01294
for 7 days, and then imaged live at day 14 of
incubation. It was evident by microscopic
inspection that (a) the non-treated control cul-
tures contained far fewer phase bright cells
than (b) were generated from BIX01294-trea-
ted tissue. This observation was verified by
(c) selectively harvesting phase bright cells
from atrial cultures and counting viable cells
using the trypan blue exclusion assay. Cardiac
cultures treated with BIX01294 generated on
average 3.6-fold greater numbers of phase
bright cells, as compared to control cultures.
(**) The differences in cell numbers observed
among the two distinct culture conditions had
a statistical significance of P < 0.005, as
determined by triplicate counts from 12 inde-
pendent cultures. Scale bar = 50 lm.
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phenotype persisted for at least a week following with-
drawal of BIX01294 (Fig. 3a). Corresponding dose–re-
sponse analysis indicated that the optimal BIX01294
dosage for provoking cell proliferation was 8 lM
(Fig. 3b). This concentration of BIX01294 generated
levels of metabolic activity by the cultured phase bright
cells that were approximately 4-fold greater than that

obtained from control cultures, with ANOVA testing con-
firming statistical significance (F5,17 = 4.453,
P < 0.005).

Proliferation of cardiac cells was further assessed by
uptake of the S-phase marker BrdUrd. Atrial cultures
were incubated with various doses of BIX01294 for 2
or 7 days, prior to a 48-h exposure to BrdUrd. Phase
bright cells were subsequently collected and immunoflu-
orescently stained for BrdUrd incorporation. Compara-
tive observation of immunostained phase bright cells
obtained from non-treated control (Fig. 4a,b) and
BIX01294-treated (Fig. 4c,d) cultures clearly indicate the
far higher incorporation of the BrdUrd nucleoside within
cells that had been exposed to the G9a HMTase inhibitor.
Tabulation of BrdUrd-positive cells obtained from the
respective cultures verified that over a range of doses,
BIX01294 enhanced the number of actively cycling phase
bright cells, following both 2- and 7-day treatments
(Fig. 4e), with statistical significance confirmed by
ANOVA analysis (F3,32 = 41.573, P < 0.001).

As a third indicator of cell cycle progression, phase
bright cells were immunostained for Ki67. This marker
labels actively cycling cells, primarily in metaphase, but
is absent in resting (G0 phase) cells. The pattern of
Ki67 staining was consistent with the MTT and BrdUrd
analysis, as atrial cultures incubated in BIX01294 for
7 days generated a 4.8-fold increase in the percentage of
phase bright cells that were Ki67-positive, as compared
to non-treated controls (Fig. 5).

BIX01294 does not alter CPC phenotype

As BIX01294 exposure expanded numbers of phase
bright cells, which normally contain enriched popula-
tions of CPCs, we next examined whether treatment
with this drug provoked any changes in CPC phenotype.
First, we compared phase bright cells collected from
non-treated control and BIX01294-treated atrial tissue,
for expression of CD90 and Sca1, which are stem cell
markers associated with CPCs (5,6,20,21). Immunofluo-
rescent analysis demonstrated that neither the pattern nor
prevalence of CD90 and Sca1 expression differed
among CPCs derived from non-treated and BIX01294-
treated cultures (Fig. 6a–d). Nor were there any differ-
ences apparent among CPCs obtained from control or
treated cultures for the display of Islet1 (Fig. 6e–h),
which is a transcription marker affiliated with cardiac
progenitors (22–24). In addition, cells obtained from
BIX01294-treated and control cultures appeared to have
identical distribution patterns of the CPC-associated gap
junction proteins, Cx40 and Cx43 (Fig. 7a–d). In accor-
dance with this immunostaining data, flow cytometric
analysis confirmed that BIX01294 did not affect the

(a)

(b)

Figure 3. BIX01294 stimulates proliferation of phase bright cells.
The MTT assay was used as an indirect indicator of cell proliferation
to assess (a) time course and (b) dose–response to BIX01294 treat-
ments. (a) Time course studies were carried out by incubating atrial
cultures for 2, 5 and 7 days in the absence or presence of 8 lM
BIX01294. Additionally, there was a 14-day time point where cultures
were treated with or without BIX01294 for 7 days, and incubated for
another 7 days in fresh medium without the drug. Statistical signifi-
cance was determined by the t-test by comparing BIX01294-treated
and the corresponding control cultures from the same day of incuba-
tion. (b) For dose–response analysis, atrial cultures were incubated in
the absence or presence of various doses of BIX01294 for 7 days. For
both time course and dose–response studies, phase bright cells were
subsequently collected from cultures, replated at identical cell concen-
trations in 96-well plates and then assessed for relative metabolic activ-
ity after two further days of incubation. For dosage experiments,
ANOVA analysis was used to analyse statistical significance of each
BIX01294 dosage versus the control cultures. F(5,17) = 4.453;
*P < 0.05; **P < 0.005; ***P < 0.001.
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levels or proportion of cells that exhibited these CPC
markers (Fig. 7e).

Native and BIX01294-expanded CPCs display similar
cardiac potential

A final issue to address is whether CPCs expanded by
BIX01294 treatment retain the cardiac potential inherent
in native CPCs. To compare the differentiation capaci-
ties of CPCs collected from non-treated control and
BIX01294-treated tissue, these cells were co-cultured
with neonatal rat cardiomyocytes, which is an

established culture model for testing the cardiac capacity
of progenitor cell populations (25,26). To distinguish the
two sources of cells within the co-culture, mouse CPC-
enriched cells were pre-labelled with the fluorescent
vital dye CFSE. After 2 weeks, co-cultures were either
immunostained to assess whether mouse CPCs gave rise
to sarcomeric protein-positive cells or harvested for
RNA and analysed for mouse cell-specific cardiac gene
expression. As shown in Fig. 8a and 8b, CPCs obtained
from non-treated control and BIX01294-treated mouse
tissue appeared to display a similar capacity to form car-
diomyocytes. This outcome is indicated by display of

(a) (b)

(c)

(e)

(d)

Figure 4. BIX01294 treatment enhances
BrdUrd incorporation by phase bright
cells. Atrial tissue was exposed to BrdUrd for
48 h following a 7-day incubation in the (a,b)
absence or (c,d) presence of 8 lM BIX01294.
Afterwards, phase bright cells were collected,
cytospun onto glass slides, immunostained for
BrdUrd incorporation and counterstained with
DAPI to mark all cell nuclei. The correspond-
ing BrdUrd and DAPI staining are showed
side-by-side for individual fields of phase
bright cells harvested from (a,b) non-treated
or (c,d) BIX01294-treated tissue, respectively.
Scale bar = 50 lm. (e) Calculation of per
cent of BrdUrd-positive phase bright cells in
the absence or presence or various doses of
BIX01294 for 2 (n = 8) and 7 days (n = 10).
ANOVA analysis was used to analyse statisti-
cal significance of each BIX01294 dosage
versus the control cultures. F(3,32) = 41.573;
*P < 0.05; ***P < 0.001.
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dual CFSE, muscle a-actinin-positive cells that inte-
grated into clusters of beating myocytes. The generation
of mouse-derived cardiomyocytes was further supported
by PCR analysis, where cardiac gene expression in
mouse CPC/rat cardiomyocyte co-cultures was compared
to controls consisting of either mouse CPCs or rat car-
diomyocytes cultured independently, or mouse heart and
liver tissue (Fig. 8c,d). The cellular origin of cardiac
gene transcription was discerned using primers that
specifically detected mouse, but not rat cardiac genes.
The PCR results (Fig. 8d) demonstrated that CPCs
obtained from BIX01294 or non-treated tissue were

equally able to undergo myocardial differentiation as
indicated by their similarly high levels of cardiac tro-
ponin T expression. Collectively, these data indicate that
BIX01294 can expand numbers of adult heart CPCs
without changing their phenotype or diminishing their
cardiac capacity.

Discussion

The adult heart is believed to contain endogenous stem
cells, often referred to broadly as CPCs, which con-
tribute to myocyte replacement during normal
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Figure 5. BIX01294 treatment enhances
Ki67 expression by phase bright cells. Fol-
lowing the incubation of atrial tissue for
7 days in the (a,b) absence or (c,d) presence
of 8 lM BIX01294, phase bright cells were
harvested and cytospun onto glass slides.
Afterwards, the cells were immunostained for
Ki67 expression and counterstained with
DAPI. Individual fields of phase bright cells
harvested from (a,b) non-treated or (c,d)
BIX01294-treated tissue are displayed with
the corresponding Ki67 and DAPI staining
showed in adjacent panels. Scale
bar = 50 lm. (e) Tabulation of per cent of
Ki67-positive phase bright cells in the
absence or presence of BIX01294. Statistical
significance of increased staining within
BIX01294-treated versus control cultures was
determined by the t-test. ***P < 0.001
(n = 9).
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homoeostasis. However, the utility of CPCs for treating
diseased hearts is limited by small quantities of these
cells that can be obtained from patient biopsies. Thus, a
major objective in optimizing the therapeutic utility of
CPCs is to expand their numbers without changing their
phenotype and sacrificing their competency to form dif-
ferentiated myocytes.

In previous studies (9,10), our laboratory has shown
that suppression of G9a HMTase activity using the
small molecule inhibitor BIX01294 can enhance the car-
diac competency of stem cells obtained from the bone
marrow. The present investigation was initially under-
taken as a follow-up to the bone marrow reports, as we
aimed to explore whether BIX01294 would have any
adverse consequences on differentiated cardiac tissue
that would negate any beneficial effect that this drug
would have on enhancing the ability of adult stem cells
to generate functional cardiac muscle. When differenti-
ated cardiac myocytes were incubated with BIX01294,
we did not observe any obvious detrimental effects on
their beating or sarcomeric organization. However, when
BIX01294 was applied to explanted cardiac tissue frag-
ments, there was a striking change that was readily evi-
dent by a simple visual inspection under the
microscope, as these cultures showed a substantial

increase in the amount of phase bright cells that were
generated in response to this drug. This observation was
confirmed mathematically and statistically by the trypan
blue exclusion assay, which indicated that BIX01294
treatments produced on average a 3.6-fold increase in
phase bright cell numbers after 2 weeks of culture.
Expansion and increased proliferative activity of this cell
population in response to BIX01294 was further con-
firmed by measuring cell metabolic activity using the
MTT assay, incorporation of BrdUrd and expression of
the cell cycle marker Ki67. The significance of these
results is that the phase bright cell population that arises
from cardiac cultures is known to be highly enriched for
CPCs. Importantly, the BIX01294-mediated expansion
of this cell population did not produce cells that differed
in phenotype or differentiation potential from those
CPCs that arose from non-treated control cultures. Both
the distribution and prevalence of stem cell markers
(e.g. CD90, Sca1 and Islet-1) and other CPC-associated
proteins (e.g. Cx40 and Cx43) among the non-treated
control and BIX01294-treated cell populations were very
similar. Moreover, co-culture with neonatal rat car-
diomyocytes indicated that CPCs obtained from non-
treated and BIX01294-treated cardiac explants showed
comparable capacities to undergo cardiac differentiation.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 6. Expression of progenitor markers in atrial-derived phase bright cells. Phase bright cells were collected from either (a,c,e,f) non-trea-
ted control or (b,d,g,h) BIX01294-treated atrial cultures, and immunofluorescently stained (grey) following (a–d) cytospinning onto glass slides or
(e-h) their attachment on culture plastic. Cultures were counterstained with DAPI to visualize nuclei (blue). Phase bright cells collected from control
and treated cultures showed similar patterns and prevalence of expression for (a,b) CD90 and (c,d) Sca1, which are stem cell markers associated
with CPCs. Differences were also not observed among phase bright cells obtained from (e,f) non-treated or (g,h) BIX01294-treated cultures, respec-
tively, for the expression of cardiac progenitor marker Islet1. For this transcription marker, antibody and DAPI staining is shown independently for
individual cellular fields, as indicated in the corresponding panels. Scale bar = 20 lm.
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Thus, the pronounced expansion of CPCs provoked by
BIX01294 does not appear to undermine their capacity
as cardiac progenitors.

As CPCs were first characterized in the adult heart,
methods have been developed to grow these cells
in vitro and expand their numbers in culture (6,8,27).
These expansion protocols involve multi-week incuba-
tion under high serum and/or cytokine environment.
Certainly, our data show that in the absence of
BIX01294, adult CPCs are proliferative and will expand
in culture. However, administering BIX01294 to the
original source tissue further enhanced their proliferative

phenotype, without compromising their identity or capa-
bilities as CPCs. The increased expansion in response to
this drug is notable due to the limited number of cells
that can be obtained from biopsies of human patients.
The results presented in this study are promising, as
treatments with BIX01294 did not appear to cause any
deleterious effect on the function of CPCs or differenti-
ated cardiac myocytes. Interesting follow-up studies
would be to determine if any of the cytokines that have
been characterized for supporting CPC growth in culture
(6,8,28) – such as stem cell factor, bFGF, EGF and car-
diotrophin-1 – would act in concert for further

(a) (b)

(c)

(e)

(d)

Figure 7. Cell membrane marker expres-
sion by phase bright cells. PBCs collected
from either (a,c) non-treated control or (b,d)
BIX01294-treated atrial cultures were
immunostained (grey) for (a,b) Cx40 or (c,d)
Cx43, and counterstained with DAPI (blue).
Neither gap junction protein showed any
comparative dissimilarities on their pattern of
expression among the two culture conditions.
Scale bar = 20 lm. (e) Flow cytometric anal-
ysis of Sca1 and Cx43 showed comparable
histogram profiles. Plots for non-treated con-
trol and BIX01294-treated PBCs are shown
in red and blue, respectively, with the grey
lines representing cells stained with secondary
antibody only. Placement of the M1 marker
at peak fluorescence for each antigen indicate
that Sca1-positive cells represent 51.1% and
53.2%, and Cx43-positive cells represent
61.0% and 65.0% of non-treated and
BIX01294-treated populations of phase bright
cells, respectively.
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promoting the expansion of CPCs in cultures. Future
studies should also test the capacity of CPCs derived
from BIX01294-treated cardiac tissue to treat the heart
in situ, by repairing cardiac tissue that has been dam-
aged in response to injury.

In previous studies, we noted that BIX01294 expo-
sure enhanced the number of progenitor cells generated

from bone marrow cultures (10). This raises the possi-
bility that the positive effect of this drug on cell prolif-
eration may be applicable for many cell types due to
its inhibition of G9a HMTase. Yet reports in the litera-
ture portray the opposite role for this enzyme as a cell
cycle regulator. In several types of cancers, the highly
proliferative malignant phenotype has been associated

(a) (b)

(c) (d)

Figure 8. Co-cultures of mouse CPCs and neonatal rat cardiomyocytes. Phase bright cells collected from (a) non-treated or (b) BIX01294-treated
atrial tissue were labelled with the fluorescent vital dye CFSE (green), prior to 2 weeks of co-culture with neonatal rat cardiomyocytes. Afterwards, co-
cultures were immunolabelled against muscle a-actinin (red) and counterstained with DAPI (blue). Note that under both culture conditions, CPCs were
able to undergo cardiac differentiation, as indicated by the presence of CFSE-labelled, a-actinin-positive mouse-derived cells (arrows) within large clus-
ters of rat myocytes. These two representative images are indicative of the similar cardiac potential of mouse CPCs obtained from non-treated or
BIX01294-treated atrial explants. Scale bar = 20 lm. This observation was substantiated by measurement of gene expression by PCR amplification of
RNA harvested from the co-cultures. (c) RNA concentrations of mouse liver, mouse heart or rat cardiomyocytes (CM) cultured independently or in the
presence of control or BIX01294-treated mouse CPCs were normalized to the housekeeping gene GAPDH (top panel), using primers that recognize the
RNA from both species. Subsequent amplification with non-species-specific cardiac troponin I primers (bottom panel) verified that each of the samples
(except the negative control liver) displayed strong myocardial gene expression. (d) RNA samples were amplified to the HPRT housekeeping gene using
primers that strictly recognize this sequence only in mouse cells (top panel). The concentration of sample loaded per lane was normalized to the expres-
sion of HPRT expression, except the rat cardiomyocyte only control. For this rat RNA only sample, template volume was normalized to the co-culture
samples based on the expression displayed in panel C for non-species-specific GAPDH. Subsequently, normalized templates were amplified with pri-
mers that only recognize cardiac troponin T expressed solely in mouse cells (bottom panel). Among controls, mouse heart displayed expression of this
myocardial gene as expected, while neither mouse liver or rat cardiomyocyte template was amplified with these mouse cardiac-specific primers. How-
ever, when co-cultured with the rat cardiomyocytes, control and BIX01294-treated mouse CPCs showed near equivalent cardiac troponin T expression.
Note that in the absence of the rat cardiomyocytes, neither population of mouse CPCs was positive for cardiac troponin T, which correlates with the pro-
genitor phenotype of the phase bright cell-derived cells.
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with elevated levels of G9a HMTase (29–32). Other
laboratories have reported experimentation with cultured
cells, where BIX01294 treatments stifled cell prolifera-
tion (33,34). With the cancer diagnosis, this conundrum
may be explained by the inhibition of tumour suppressor
gene expression and activation of the serine–glycine
oncogenic metabolic pathway that results from the abnor-
mally high levels of G9a HMTase (30,31). Thus, the
overall level of G9a HMTase may dictate its effect on
cell proliferation, with both abnormally high levels and
reduction of its normal endogenous enzymatic activity
causing an increase in cell cycle.

At first glance, our results may seem harder to recon-
cile with the previous cell culture investigations that G9a
HMTase inhibition repressed cellular proliferation
(33,34). Yet, an effect we noticed is that the BIX01294
influence on cell behaviour is based on the overall culture
environment. In the present study, BIX01294 was used to
treat non-dissociated tissue chunks, from which emerged
the phase bright cells. While our previous studies with
bone marrow used dissociated cells, those cultures were
fully confluent when treated with BIX01294 (9,10).
Under those conditions, the drug promoted a proliferative
phenotype. In contrast, cells responded poorly when
exposed to BIX01294 at subconfluent densities, as they
were clearly stressed and therefore, non-proliferative.
Another contrast with studies describing BIX01294 as
negatively influencing proliferation was that the cells in
those reports were assayed within 24 h of exposure to the
drug (33,34). In the present study, that time point was too
early to ascertain any increase in cell proliferation, as we
assayed time courses of up to 2 weeks. Thus, BIX01294
does not act on cell proliferation as a simple on–off
switch, but influences cell behaviour based on the overall
environment of the cells and tissues.

In summary, our results indicate that BIX01294 can
act as an expansion factor for endogenous CPCs from the
adult heart. This drug is able to significantly enhance the
number of CPCs obtained from cardiac tissue fragments,
without compromising CPC phenotype or differentiation
potential. Moreover, BIX01294 did not negatively impact
the function or sarcomeric structure of fully differentiated
cardiac myocytes, which indicates that this drug is not
deleterious to cardiogenesis. Together, these data suggest
that this drug may have utility as an agent for generating
large numbers of native CPCs, which potentially could be
used for treating heart disease.
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Supporting Information

Additional Supporting Information may be found online
in the supporting information tab for this article:

Fig. S1. BIX01294 treatment does not alter car-
diomyocyte beating. Newborn rat cardiomyocytes cul-
tured in the (a) absence or (b) presence of 8 lM
BIX01294 displayed similar beating rates, as demon-
strated in videos of day 4 cultures.
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