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Abstract
Accumulation of reactive oxygen species (ROS) is associated with several cardiovascular pathologies and with cell cycle
exit by neonanatal cardiomyocytes, a key limiting factor in the regenerative capacity of the adult mammalian heart. The
polycomb complex component BMI1 is linked to adult progenitors and is an important partner in DNA repair and redox
regulation. We found that high BMI1 expression is associated with an adult Sca1+ cardiac progenitor sub-population with
low ROS levels. In homeostasis, BMI1 repressed cell fate genes, including a cardiogenic differentiation program. Oxidative
damage nonetheless modified BMI1 activity in vivo by derepressing canonical target genes in favor of their antioxidant and
anticlastogenic functions. This redox-mediated mechanism is not restricted to damage situations, however, and we report
ROS-associated differentiation of cardiac progenitors in steady state. These findings demonstrate how redox status influences
the cardiac progenitor response, and identify redox-mediated BMI1 regulation with implications in maintenance of cellular
identity in vivo.

Introduction

Several studies have reported that mammals generate new
mature cells, including cardiomyocytes, throughout their
lifetime, although the contribution of different populations to
adult cardiac turnover continues to be debated [1]. At

difference from other adult tissues, there is no complete
characterization of these “progenitor cells”, of which SCA1 is
the most widely used membrane marker [2, 3]. Despite its
widespread use as a cardiac progenitor surface marker, SCA1
cardiac cells are a heterogeneous population that includes
adult cardiac progenitor cells [3–5]. Adult progenitors are
located in niches that provide a low oxidative environment,
which regulates their cell cycle status and metabolism[6].
Several attempts have been made to define the cardiac cells
with the lowest reactive oxygen species (ROS) levels, based
on expression of the hypoxic marker hypoxia inducible
factor-1 alpha before HIF-1α. Recent reports identified rare
proliferative HIF-1α+ cardiomyocytes [7] and hypoxic cells
associated with the epicardium, the least-vascularized heart
area [8]. The adult heart nonetheless has the highest oxygen
tension of any organ, and adult stem cells are also associated
with non-hypoxic adult vasculature [9, 10]. Hypoxia indu-
cible factor-1 alpha

The relationship between the adult stem cell and ROS has
been studied extensively in several adult stem cell popula-
tions [11, 12]: but the role of ROS in adult cardiac cell
turnover and progenitor behavior is little explored. ROS have
important functions in adult tissue homeostasis, and affect
both differentiated cells and adult stem cells [13]. Low ROS
levels are necessary for adult progenitor cell proliferation,
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and a ROS increase primes progenitor differentiation in
several tissues [12, 14]. The heart is not an exception and its
highest regeneration capacity is found during development of
the embryo, which resides in a relatively hypoxic environ-
ment [15]. These reports suggest a role of oxidative damage
in adult cardiac progenitor cell behavior.

BMI1 is a member of the polycomb repressive complex
1 (PRC1), which is linked to multipotent cell populations
[16–18]. including those in the heart. [19] BMI1 acts as an
epigenetic repressor, remodeling chromatin through histone
monoubiquitination [20] Among its main targets, PCR1
represses Hox, p16INK4a and master differentiation genes
[21, 22]. Additional PCR1 functions are described in
mammalian somatic cells; BMI1 is needed for constitutive
heterochromatin formation [23] and is recruited to DNA
breaks after DNA damage [24]. thus reducing G2/M
checkpoint activation [25]. Finally, BMI1 deficiency indu-
ces a ROS increase due to mitochondrial dysfunction [26,
27]. This crossroad between cell metabolism and progenitor
cell maintenance suggests BMI1 as a pivotal molecule in
the regulation of progenitor cell identity.

Here we show that differentiation status is directly rela-
ted to ROS levels in adult cardiac progenitor cells in
homeostasis. Moreover, we found that the contribution of
cardiac Bmi1+ cells to mature cardiac progeny increases
after genotoxic stress, and that this response is triggered by
an increase in ROS levels. Our results confirm that oxida-
tive stress modifies BMI1 function in vivo, to promote
deregulation of canonical target genes, which leads to dif-
ferentiation. The reduction of pathology-related ROS levels
rescued the BMI1−related epigenetic function in vivo. This
relationship between oxidative stress and progenitor cell
differentiation highlights ROS as a central regulator of
in vivo adult cardiac progenitor turnover.

Results

A postnatal increase in ROS levels induces terminal
differentiation of cardiac Bmi1+ cells

An important result of aerobic metabolism is the generation
of ROS, which cause postnatal cardiomyocyte exit from the
cell cycle in vivo [15] and is linked with differentiation in
various adult stem cell systems [28]. To evaluate the effect of
an acute increase in ROS levels in cardiac progenitor cells
in vivo, we analyzed the differentiation status of Bmi1-
derived cells between postnatal days 1 and 14. Mammalian
fetal heart resides in a relatively hypoxic environment, and in
the 2 weeks after birth, there is an acute increase in ROS
(Supplementary Figure 1A) and DNA damage. [15] We
induced lineage tracing by tamoxifen (Tx) administration in
Bmi1CreERT/+R26Tomato/+ mice at embryonic day (E) 18.5.

Hearts were harvested on different postnatal days (P), coin-
ciding with low ROS levels (P1), binucleation and cardio-
myocyte cell cycle exit (P7), and young heart with high ROS
levels (P14). Cryosections at P1 showed Bmi1-derived cells
located extensively throughout atria and ventricles, including
ventricular septum and compact myocardium (Fig. 1a). Most
of these cells did not express mature cardiac markers
(Fig. 1b). At P7 and P14, we detected no Bmi1-derived cell
expansion, but mainly age-dependent differentiation, coin-
ciding with the reported increase in cardiac ROS levels; this
effect was especially prominent from P1 to P7 (Fig. 1b). We
detected no Tomato+ cells in vehicle-treated Bmi1CreERT/
+R26Tomato/+ mice at P14 (three hearts; 60 longitudinal sec-
tions) (Supplementary Figure 1B). These results suggest that
the oxygen-rich postnatal environment enforces Bmi1+ car-
diac progenitor differentiation in a ROS-dependent manner.

High BMI1 expression is associated with a cardiac
Sca1+ progenitor sub-population with low ROS
levels in adult mice

To analyze the functional benefits of high Bmi1 expression
in vivo, we used Bmi1GFP/+ transgenic mice [29], in which
reporter expression is controlled by the Bmi1 promoter and
allows direct identification of Bmi1+ cells. As BMI1 is a
master regulator of redox status [30, 31], we measured total
ROS levels of Bmi1-positive and -negative cardiac cells and
cardiomyocytes in homeostasis. As predicted, the Bmi1+

cardiac cells had low ROS levels (Fig. 2a), a common
characteristic of adult progenitors [6]. We sorted adult Bmi1
+ cells to analyze the functional benefits of high Bmi1
expression in vitro. Contrary to our prediction, <20% of
sorted Bmi1+ cells maintained Bmi1 expression after 5 days
in culture, and mRNA analysis confirmed acute Bmi1
downregulation (Fig. 2b). As Bmi1 expression in the heart is
associated mainly with Sca1+ cardiac progenitors [19], we
used a lentiviral BMI1 overexpression system to analyze
putative BMI1-associated effects in Sca1+ cardiac pro-
genitor cells [32]. The cardiac progenitors that overexpress
BMI1 (Sca1Bmi1) showed greater tolerance to an oxidative
environment than controls (Sca1Ctrl), although we found no
differences in double-strand break formation or repair after
gamma irradiation (γ-IR)-induced DNA damage (Fig. 2c).
The results suggest that BMI1 expression depends on the
heart environment and regulates redox balance in cardiac
progenitors in vitro.

Redox status determines the cardiomyocyte lineage
commitment of cardiac progenitors in adult mice

We hypothesized that in vivo cardiac progenitor differ-
entiation in the postnatal window due to acute ROS increase
is an amplification of adult cardiac progenitor differentiation
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in steady state. Nonetheless, analysis of the in vivo phy-
siological effect of ROS on cardiac differentiation is tech-
nically difficult due to the low turnover rate in adult heart.
We used Myh6MerCreMer/+R26Tomato/+ mice to identify and
track recently defined cardiomyocyte-committed progenitor
cells in the adult heart (Myh6+ non-myocyte cells; cardio-
blasts) [33]. Analysis of the non-myocyte fraction from Tx-

induced Myh6MerCreMer/+R26Tomato/+ mice showed Tomato+

cells (cardioblasts), which were not detected in vehicle-
induced mice (Fig. 3a). Histology confirmed the presence of
Myh6+Sca1+ progenitor cells that did not express mature
cardiomyocyte SαA (Supplementary Figure 1C). In accor-
dance with the proposed cardiomyocyte-committed state of
these cells, we observed a significant reduction in
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Fig. 1 The oxygen-rich postnatal environment induces cardiac pro-
genitor cell differentiation. a Longitudinal section images of Bmi1-
CreERT/+R26Tomato/+ hearts on distinct postnatal days (P1, P7, and P14).
Insets, Bmi1-derived cells (×3 magnification). Bars, 500 μm.
b Representative immunohistochemistry (IHC) images and

quantification of the percentage of Bmi1-derived cells that express
mature cardiac surface markers at P1, P7, and P14 (n= 3). Insets,
Bmi1-derived differentiated cells (×5 magnification). Bars, 50 μm. *p
< 0.05, **p< 0.005, ***p< 0.001; one-way ANOVA Tukey’s post
hoc test. Data shown as mean ± SEM
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cardioblasts at two months post-Tx induction (Supplemen-
tary Figure 1D).

We evaluated whether oxidative stress lead to an increase
in cardiomyocyte-committed progenitor cells. We adminis-
tered Tx to induce Myh6MerCreMer/+R26Tomato/+ mice 2 days
after paraquat (PQ) treatment, which generates oxidative
damage mainly by forming superoxide radicals [34], and
found a significant increase in cardioblasts compared with Tx
induction before oxidative damage (Fig. 3b). Data show that
oxidative damage causes a clear increase in cardiomyocyte-
committed progenitor cells in adult mouse heart.

We examined the relationship between Bmi1 and mature
cardiomyocyte genes. In Bmi1GFP/+ mice, Bmi1+ cells with

lower Bmi1 levels (Bmi1low) expressed higher levels of
cardiogenic genes (Myh6 and Tnnt2) than Bmi1+ cells with
higher Bmi1 levels (Bmi1high) (Supplementary Figure 1E).
These results suggest an inverse relationship between
expression of Bmi1 and cardiogenic genes. To test the
overlap between Myh6+ and Bmi1+ adult cardiac popula-
tions, we generated a triple transgenic Myh6MerCreMer/

+R26Tomato/+Bmi1GFP/+ mouse line. In these mice, Bmi1+

progenitor cells were GFP+; after Tx induction, Myh6+

cells were irreversibly Tomato labeled, and Bmi1+Myh6+

cells were double-positive (GFP and Tomato). Analysis of
adult hearts 5 days post-Tx induction showed that 0.75% of
non-myocyte cells were double-positive (Myh6+Bmi1+),
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Fig. 2 High Bmi1 expression
correlates with low ROS levels in
adult heart. a In vivo mean
fluorescence intensity (MFI) of
reactive oxygen species (ROS)
levels in cardiac Bmi1+ cells
(green), Bmi1− cells (blue), and
cardiomyocytes (purple) from
Bmi1GFP/+ mice (n= 4). **p<
0.005; one-way ANOVA
Tukey’s post hoc test. b In vitro
culture of Bmi1+ cells from
Bmi1GFP/+ mice induced
downregulation of Bmi1
expression, measured by FACS
and RT-qPCR (n= 3). ***p<
0.001; unpaired Student’s t-test.
c Relative in vitro proliferation
rate in oxidative medium (left)
and in vitro DNA damage
(53BP1 foci) repair response
after γ-irradiation (IR) (right)
between Sca1Ctrl (blue) and
Sca1Bmi1 cells (red) (n= 3). *p
< 0.05, **p< 0.005; unpaired
Student’s t-test. Data shown as
mean± SEM
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approximately 25% of the cardioblasts (Myh6+) were Bmi1
positive (Fig. 3c). Histology confirmed that these cells were
mononucleated and SαA negative (Fig. 3d and

Supplementary Figure 1F). Phenotypic characterization of
these populations by fluorescent-activated cell sorting
(FACS) showed that they are virtually c-KIT-negative
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(Supplementary Figure 2). Bmi1+ cells express SCA1 more
frequently than Myh6+ or Bmi1+Myh6+ cells; all three
populations have cells positive for PDGFRα- and CD31-
related progenitor markers, although in different proportions
(Supplementary Figure 2). The data suggest overall that
BMI1 and MYH6 do not define a homogeneous cardiac
progenitor cell population, and we cannot rule out the
presence of several types of adult progenitors within these
populations or a correlation between BMI1 levels and a
specific metabolic state of the cells. fluorescent-activated
cell sorting (FACS) platelet-derived growth factor receptor
α (PDGFRα)

To compare BMI1 expression and committed status, we
quantified total ROS levels in Myh6MerCreMer/+R26Tomato/+

Bmi1GFP/+ mice. Flow cytometry analysis showed that
Bmi1+Myh6– cells had the lowest and Bmi1−Myh6+ cells
the highest total ROS levels, whereas double-positive cells
had an intermediate ROS level (Fig. 3e). These data
strongly suggest that cardiac Bmi1+ cells are the origin of at
least part of adult cardiomyocyte-committed cells, and
indicate a direct relationship between ROS levels and the
cardiomyocyte-committed status of cardiac progenitors in
the adult mouse.

Genotoxic damage increases cardiac progenitor
differentiation rate in adult mice

Various pharmacological drugs are linked to ROS increase
in mice, but there is no treatment that induces ROS increase
without DNA damage [12, 15]. To link ROS increase with
adult cardiac progenitor differentiation, we tested several
types of genotoxic damage. We gamma-irradiated (γ-IR; 9

Gy) adult heart after Tx administration in Bmi1CreERT/+

R26YFP/+ mice [16] to examine the relative contribution of
cardiac Bmi1+ cells and of their progeny to mature heart
populations. Genotoxic damage rapidly increased total and
mitochondrial ROS levels (Supplementary Figures 3A and
3B). Four months after γ-IR, immunohistochemistry (IHC)
analyses showed a significant increase in the Bmi1+ cell
contribution to endothelial (2.5−fold), smooth muscle (3.9-
fold), and cardiomyocyte lineages (2.8-fold) compared with
unirradiated mice (Supplementary Figure 3C). The multi-
factorial nature of γ-IR-derived damage prompted us to test
other, more specific genotoxic reagents. For preferential
evaluation of oxidative stress, we used PQ dichloride, and
of DNA damage, we used the anticancer drug mitomycin-C
(MMC), which induces DNA crosslinks that block DNA
replication and transcription (Supplementary Figure 4A)
[35]. At 4 months after damage, we evaluated Bmi1+ cell
differentiation to cardiomyocytes in Bmi1CreERT/+R26YFP/+

mice to assess the genotoxic differentiation effect. We used
immunocytochemistry (ICC) to quantify results in freshly
plated cardiomyocytes and FACS for confirmation, with a
cardiomyocyte-specific gating strategy based on size dif-
ference between non-myocyte cells and cardiomyocytes
(Supplementary Figure 4B) [19, 36]. Genotoxic reagents
similarly induced an increase in Bmi1-derived cardiomyo-
cytes compared with control hearts (Supplementary Fig-
ures 4C and 4D and Supplementary Table 1). Results
suggest that ROS are the main effectors in Bmi1+ cell
differentiation after oxidative damage.

To confirm this hypothesis, we tested whether ROS
scavenging with the antioxidant N-acetylcysteine (NAC)
rescued oxidative damage (Supplementary Figure 4A). A
decrease in total ROS levels (Supplementary Figure 4E)
was accompanied by a significant reduction in Bmi1-
derived cardiomyocytes at the end of treatment (4 months)
(Supplementary Figures 4C and 4D), although antioxidant
treatment was unable to prevent ROS-related differentiation
completely. rescued oxidative damage (Supplementary
Figure 4A)

BMI1 regulates cardiac progenitor differentiation
through its antioxidant- and anticlastogenic-related
functions

BMI1 was originally described as an epigenetic repressor
through monoubiquitination of histone 2A (H2AK119ub)
[37]. Several groups have also reported various roles for
BMI1 in redox maintenance and DNA damage repair [25,
26, 38–40]. We thus hypothesized that oxidative stress
derepresses BMI1 canonical DNA targets in favor of stress-
related functions.

Oxidative damage in primary cardiac Bmi1+ cells
in vitro (1 μM H202) induced downregulation of stemness-

Fig. 3 ROS levels correlate with in vivo adult Bmi1+ cardiac progenitor
cell differentiation status. a Representative FACS plot of non-myocyte
cells at 5 days after corn oil (post-CO) and Tx induction (post-TM) in
Myh6Cre/+R26Tomato/+ mice (n= 4). b Representative FACS plots and
quantification of cardiac Myh6+ cells (Tomato+) in heart in home-
ostasis (blue bar) and after oxidative stress (PQ) (red bar). Myh6Cre/+

Rosa26Tomato/+ mice were analyzed five days after Tx treatment (TM)
(n= 4). *p< 0.05; unpaired Student’s t-test. c Representative FACS
plot at five days post-Tx induction in Myh6MerCreMer/+R26Tomato/

+Bmi1GFP/+ mouse heart, showing GFP+ (4.5%), Tomato+ (3%), and
double-positive (0.75%) cells (n= 4). Double-positive cells are 22.3±
2% of the Myh6+ cell population. Representative FACS controls of
vehicle-induced (negative) and Tx-induced (Tomato+) Myh6MerCreMer/

+Rosa26Tomato/+ mice are shown in panel a. d IHC on cryosections
confirmed the presence of double-positive non-myocyte cells at 5 days
post-Tx induction in Myh6MerCreMer/+R26Tomato/+Bmi1GFP/+ mice.
Insets, double-positive cells (GFP+Tomato+) (×5 magnification).
Bars, 50 μm. e FACS quantification of total ROS levels in non-
myocyte fraction at 5 days post-Tx induction in Myh6MerCreMer/

+R26Tomato/+Bmi1GFP/+ mice. Top: histograms of total ROS levels of
indicated cardiac populations. Bottom: quantification (median fluor-
escence intensity) of total ROS levels for these cell populations (n=
4). Left ventricle (LV), right ventricle (RV), relative units (RU). *p<
0.05, **p< 0.005; one-way ANOVA Tukey’s post hoc test. Data
shown as mean± SEM
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related genes and upregulation of differentiation-related
genes, with no marked changes in Bmi1 levels (Supple-
mentary Figure 5A). To determine the in vivo effects of
oxidative stress, we performed chromatin immunoprecipi-
tation (ChIP) (against BMI1 and H2AK119ub), followed by

massive parallel DNA sequencing (ChIP-seq) of Sca1
+CD45− cardiac progenitors at 10 days post-PQ treatment.
We found no differences in cardiac BMI1 expression or
Bmi1+ cell number shortly after oxidative damage (Sup-
plementary Figures 5B and 5C). Ingenuity pathway analysis
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of BMI1- and H2AK119ub-related peaks in homeostasis
revealed an enrichment in differentiation-related genes
(vWF, Cdh5, Tpm2, Tnnt1, and Mef2c) and BMI1 peaks,
also in stemness-related genes (Atg5, Atg7, and Hoxb1)
(Supplementary Table 2). After oxidative damage, we
detected an unanticipated sharp decrease in the number of
peaks (>90%) compared with homeostasis conditions, with
very few specific peaks called from BMI1 and H2AK119ub
ChIP-seq. In addition, only 25% of BMI1 peaks overlapped
with H2AK119ub peaks after PQ treatment, compared with
>70% in steady state (Fig. 4a). The peaks absent after
damage included some genes related to endothelial, fibro-
blast, and cardiomyocyte differentiation genes, and several
signaling pathways were predicted to be affected (Fig. 4b,
Supplementary Figure 5D and Supplementary Table 2). In
Bmi1-derived cells from Bmi1CreERT/+R26YFP/+ PQ-treated
mice, we found upregulation of several differentiation-
related genes, particularly of cardiomyocyte- and
myofibroblast-related genes (Fig. 4c), which confirmed
ChIP-seq data. These results suggest that in vivo oxidative
stress induces an acute loss of BMI1 canonical DNA target
peaks, which promotes expression of differentiation-related
genes.

In mammals, BMI1 accumulates as discrete nuclear foci
and is linked with transcriptional silencing and hetero-
chromatin proteins [20, 23]. We used ICC to analyze the
nuclear BMI1 distribution after 10 days of PQ treatment in
Bmi1-derived cells from Bmi1CreERT/+R26YFP/+ mice. The
number of BMI1/H2AK119ub-coexpressing foci decreased
after oxidative stress (Fig. 4d, top), which again supported
ChIP-seq results. We also detected a significant increase in
the area of BMI1 nuclear staining, but less coexpression
with HP1, one of the major heterochromatin proteins, as
well as dynamic relocalization after oxidative stress

(Fig. 4d, bottom). With the previous data, these results
strongly suggest that oxidative damage induces BMI1
delocalization from canonical DNA targets linked to upre-
gulation of differentiation-related genes.

ROS-related BMI1 function induces its delocalization
from DNA canonical targets in vivo

We used the Bmi1 heterozygous knockout mice
(Bmi1+/GFP;Bmi1+/−) to further confirm ROS involvement
in BMI1 function in in vivo homeostasis. These transgenic
mice are characterized by an early aging-like phenotype,
due in part to increased oxidative damage [41, 42]. To
decrease the oxidative damage without affecting Bmi1
alleles, we crossed Bmi1+/− mice with glucose-6-phosphate
dehydrogenase (G6PD) transgenic mice. These mice show a
reduction of oxidative stress in several organs, including
heart [43].

We assessed the epigenetic signature by (ChIP-qPCR) on
several canonical BMI1 DNA targets in Sca1+CD45−

cardiac progenitor cells based on our ChIP-seq Bmi1-rela-
ted targets in homeostasis (Supplementary Table S2) and
others previously described [21, 44]. Chromatin silencing
was examined by measuring H2AK119ub, and by Bmi1-
specific binding using hearts under oxidative stress (Bmi1
+/−) and with reverted phenotype (Bmi1+/−G6PDtg) (Sup-
plementary Figure 5E). The reduction in oxidative stress led
to a significant increase in H2AK119ub and BMI1 signals
in Bmi1 canonical target genes in Sca1+CD45− cardiac
progenitor cells in Bmi1+/−G6PDtg compared with Bmi1+/−

hearts (Fig. 5a). The increase in BMI1-related epigenetic
signals was accompanied by decreased mRNA expression
of differentiation-related genes in freshly sorted Sca1+Bmi1
+ progenitor cells from Bmi1+/−G6PDtg mice (Fig. 5b).
These data strongly indicate a ROS-dependent BMI1
function in cell fate decisions in adult cardiac progenitor
cells (Fig. 5c).

Discussion

Cell metabolism is becoming recognized as a determining
factor for cell fate and cell cycle status in different organs,
including the heart [45]. During heart development, cardiac
cells are in a relatively hypoxic environment with anaerobic
metabolism and low ROS levels, where proliferation of
immature cardiomyocytes is the main regenerative
mechanism [46]. Postnatal normoxia increases ROS levels
and oxidative damage, inducing cell cycle exit and terminal
cardiomyocyte differentiation [15]. The role of ROS in
adult cardiac cell turnover and progenitor behavior is
nonetheless one of the least-explored sources of information
on cardiac regeneration.

Fig. 4 Oxidative damage induces derepression of BMI1 canonical
target genes and promotes differentiation. a Venn diagrams sum-
marize the percentage of coexpression of peaks called from BMI1 and
H2Aub–seq in homeostasis and after oxidative damage (PQ). b Inte-
grative Genomics Viewer views of binding profiles for differentiation-
related genes of cardiac progenitor cells (Sca1+CD45−) from control
mice (homeostasis) and PQ-treated mice (damage). Chr, chromosome.
c In vivo differentiation-related gene expression in Bmi1-derived cells
from Bmi1CreERT/+R26YFP/+ mice 10 days post-PQ treatment (red) and
age-matched control Bmi1-derived cells (homeostasis; blue) by RT-
qPCR (n= 3). d Nuclear location of H2Aub (yellow), BMI1 (red) and
HP1 (gray) in Bmi1-derived cells from Bmi1CreERT/+R26YFP/+ mice
10 days post-PQ treatment (damage) compared with age-matched
control mice (homeo). Top: representative immunocytochemistry
(ICC) images of nuclear coexpression of BMI1/H2Aub (arrows) and
BMI1/HP1 (arrowheads) in homeostasis and after PQ treatment. Bars,
10 μm. Bottom: quantification of the coexpression in homeostasis
(blue) and after PQ treatment (red) (n= 3; ≥ 40 cells per mouse).
Statistical analyses: *p< 0.05, **p< 0.005; unpaired Student’s t-test.
Data shown as mean± SEM
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Our data show that one of the critical regulators of adult
cardiac progenitor cell differentiation is the level of ROS,
which act in part through epigenetic modifications related to
the polycomb repressive complex component BMI1. Here
we identified an inverse relationship between BMI1
expression and cardiomyocyte differentiation status, and
showed that cardiac Bmi1+ cells make up 25% of the

cardiomyocyte-committed cells (Myh6+ cells) in adult
heart. These cardiomyocyte-committed progenitors (Myh6
+Bmi1+) had the highest ROS levels of all adult cardiac
progenitor cells. In vitro studies of embryonic stem cell
differentiation to cardiomyocytes suggest a relationship
between ROS levels and cardiogenic gene expression [47,
48]. here we demonstrate that ROS levels are directly linked

Fig. 5 ROS decrease prevents BMI1 derepression of DNA canonical
target genes in vivo. a ChIP-qPCR for BMI1 and K119 ubiquitination
of H2A (H2Aub) at indicated gene loci in Sca1+ cardiac progenitor
cells from adult Bmi1+/− (blue) and Bmi1+/−G6PDtg (red) mice (n=
3). Red arrows indicate primer amplification site on the gene. NC
(unrelated genomic locus). b In vivo differentiation-related gene
expression in Sca1+ cardiac progenitor cells from adult Bmi1+/− (blue)

and Bmi1+/−G6PDtg (red) mice, measured by RT-qPCR (n= 3). c
Working model. BMI1 regulates cell fate decisions in homeostasis.
The increases in ROS and oxidative DNA damage induce an imbal-
ance in BMI1 function; BMI1 is recruited far from canonical cell fate-
related DNA targets, which promotes Bmi1+ cell differentiation.
Statistical analyses: *p< 0.05, **p< 0.005, ***p< 0.001; unpaired
Student’s t-test. Data shown as mean± SEM
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with myofibroblast- and cardiomyocyte-related gene
expression in vivo. In addition, we found that several types
of genotoxic damage increased the contribution of Bmi1-
derived progenitors to mature cardiac progeny, and that this
ROS-mediated differentiation effect was partially rescued
by antioxidant treatment. Although ROS scavenging sig-
nificantly reduced ROS-related differentiation, it was not
entirely avoidable as ROS effects are modulated by its
intensity, duration and cell site of action [14, 49, 50].

Several authors have linked ROS with a decrease in
autophagy [51] and activation of differentiation-related
signaling pathways [52, 53]. We nonetheless focused on
upstream events that could regulate these pathways. Two
recent reports suggest a PCR1 (BMI1-related polycomb
repressive complex) function in epidermal and embryonic
stem cell differentiation [54, 55]. Our results provide in vivo
evidence of the effect of cell redox status on BMI1 activity
in cardiac progenitor cells. A low oxidative environment
allows BMI1 cell fate repressor activity, where BMI1 binds
to differentiation-related sites in the DNA. BMI1 function
as an epigenetic repressor of differentiation-related genes
has been described in other cell types [18, 37, 56]. We
observed that in homeostasis conditions, BMI1 represses a
cardiogenic differentiation program in Sca1+ cardiac pro-
genitors in vivo, which emphasize its stemness-related role
in adult heart. An acute increase in oxidative damage altered
in vivo BMI1 activity by recruiting BMI1 away from
canonical DNA targets. This increase did not induce BMI1
upregulation in vitro or in vivo, but triggered an imbalance
toward stress-related functions and thus derepressed cano-
nical target genes that regulate cell identity and cell fate
decisions. These stress-related functions might include
BMI1-related antioxidative and anticlastogenic functions, as
reported for several cell types [24, 26, 27, 40]. Similar to a
ROS-dependent epigenetic mechanism proposed for Dro-
sophila [57]. we identify BMI1 regulation mediated by cell
redox status in mammals.

This ROS-mediated mechanism is not restricted to stress-
related situations such as an acute genotoxic damage or
postnatal normoxia, but has a major role in the physiolo-
gical turnover of adult progenitor cells. Our results show
that the reduction of ROS levels in adult heart by G6PD
overexpression increased BMI1 binding to canonical DNA
targets in cardiac progenitors in vivo. mRNA analysis
confirmed the repressor role of the Bmi1-derived epigenetic
signature in these genes.

Our studies thus demonstrate that ROS levels are a key
factor in the switch between the stemness and cell fate of
cardiac progenitor cells, in part by derepressing canonical
BMI1 target genes related to cell fate decisions. It is tempting
to speculate that manipulation of ROS-related pathways and/or
stimulation of putative cardiac Bmi1+ cell-related niches
would enhance a hitherto limited regenerative process.

Materials and methods

Transgenic mice and Tx administration

Transgenic mice included Myh6MerCreMer/+ [33],
Bmi1CreERT/+ [16], Bmi1GFP/+ [29], Rosa26YFP/+,
Rosa26Tomato/+ (Ai9 Jackson Laboratory), and G6PDtg mice
[43], all on the C57BL/6 background. Tx was dissolved in
corn oil (Sigma) and mice received Tx (i.p.) every 24 h on
3 consecutive days (9 mg/40 g body weight). To
maximize labeling, Tx was administered to Myh6MerCreMer/+

R26Tomato/+ and Myh6MerCreMer/+R26Tomato/+Bmi1GFP/+ mice
on 5 consecutive days. A 2 mg single oral Tx dose at
18.5 days post-coitus was used for Cre recombination
during development. We included a half-dose of proges-
terone to reduce abortion rates after Tx treatment. Animal
studies were approved by the CNB-CSIC ethics committee
and by the Division of Animal Protection of the Comunidad
de Madrid (PA 56/11, PROEX 048/16). All animal proce-
dures conformed to EU Directive 2010/63EU and Recom-
mendation 2007/526/EC regarding the protection of animals
used for experimental and other scientific purposes,
enforced in Spanish law under Real Decreto 1201/2005.

Genotoxic stress damages

Whole-body γ-IR was performed in a Cesium Mark1
irradiator (Shepherd Associates). Except where indicated,
mice (6–8 weeks old) were irradiated 7 days after Tx
treatment, on 2 consecutive days (4.5 Gy+ 24 h+
4.5 Gy) to minimize high turnover rate tissue damage. To
avoid bone marrow aplasia, irradiated mice were
transplanted (i.v.) with 106 whole BM cells isolated from
age-matched C57BL/6 mice. For oxidative stress
experiments, each mouse received a single dose of 20 mg/
kg PQ (Sigma) (i.p.) 7 days after Tx treatment. For DNA
damage experiments, mice received seven consecutive
doses of 1 mg/kg MMC (Sigma) (i.p.) 7 days after Tx
treatment. N-acetylcysteine (Sigma) was dissolved in
phosphate-buffered saline (PBS) and each mouse received a
single dose i.p. of 150 mg/kg, with 1 mg/ml in drinking
water (ad libitum) for 4 months. The NAC dose is com-
parable to others used to decrease oxidative damage in adult
mice [14, 58].

Histology and IHC analyses

For IHC, hearts were fixed in 4% paraformaldehyde (PFA;
overnight (O/N), 4°C) and cryopreserved in 30% sacchar-
ose, frozen in optimum cutting temperature, and sectioned
in 8‐μm sections on a cryostat. Heart IHC and ICC have
been described in detail [19]. optimum cutting temperature
OCT compound
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For ICC detection of nuclear antigen, cells were plated
by cytospin (400× g, 4 min), fixed with 4% PFA (15 min,
room temperature (RT)), permeabilized in 0.5% Triton-X
100 (2 min, RT), and blocked in 5% bovine serum albumin
(BSA)/PBS (O/N, 4 °C). Slides were then incubated in 1%
BSA/PBS with primary antibodies (1–2 h, 37°C) (Supple-
mentary Table S3). Slides were washed three times and then
incubated in PBS/1% BSA with appropriate secondary
antibodies (1 h, 37 °C). Nuclei were labeled with 4,6-dia-
midino-2-phenylindole (DAPI; 15 min, RT) and slices were
mounted with ProLong antifade reagent (Invitrogen).

For ROS detection, hearts were frozen immediately in
OCT, and cryostat sectioned in 8-μm sections, stained with
dihydroethidium (10 μM in PBS; 30 min, 37 °C), washed
gently, nuclei labeled with DAPI, and slices mounted.
Staining specificity was confirmed by ablation of the signal
by preincubating sections with 500 IU/ml PEG-superoxide
dismutase (Sigma).

For histological quantification (DNA damage, differ-
entiation), at least 30 representative transverse heart sec-
tions from ventricles and atria were used.

For ICC quantification, at least 100 cells from at least
three mice were used. Positive cells were counted manually
using ImageJ software ((Fiji) v2.0.0 (2015; NIH)). BMI1-
and H2Aub-positive surface areas were quantified by
acquiring random images of nuclei (630×) and calculating
the number of stained surfaces per total surface in ImageJ.

Images were captured with a Zeiss LSM 700 or Leica
TCS SP5. Processing, including assignment of pseudoco-
lors and changes in brightness, was applied uniformly to the
entire image to equalize the appearance of multiple panels
in a single figure.

Isolation of adult mouse cardiomyocytes, non-
myocyte cells, cell culture

Non-myocyte cells and cardiomyocytes were obtained by
the Langendorff method using retrograde perfusion through
the aorta [19]. Sca1+CD45− cells were cultured in Iscove’s
modified Dulbecco’s medium (Invitrogen) containing 10%
fetal bovine serum (ESCell FBS, Gibco), 100 IU/ml peni-
cillin, 100 mg/ml streptomycin, and 2 mM L-glutamine (all
from Invitrogen), 103 units ESGRO Supplement (Milli-
pore), 10 ng/ml epidermal growth factor (Sigma) and 20 ng/
ml fibroblast growth factor (Peprotech) (37 °C, 3% O2, 5%
CO2).

Flow cytometry

For flow cytometry analysis, hearts were digested by the
Langendorff method and cell- or cardiomyocyte-enriched
fractions analyzed. Total ROS was detected using CellROX
(ThermoFisher), following the manufacturer’s protocols.

Cell sorters used were Beckman Coulter Moflow XDP and
BD FacsAria II Special Order System, and cell cytometers
were Beckman Coulter GALLIOS Analyzer and BD
FACSCanto II. FlowJo vX1 was used for data analysis.

Western blotting and HPLC

For Western blotting, cells and tissues were lysed (45 min,
4 °C) in radioimmunoprecipitation assay buffer (RIPA;
Sigma-Aldrich), with addition of cOmplete, EDTA-free
Protease Inhibitor Cocktail (Roche). Proteins were quanti-
tated using the Infinite m200 (Tecan). Lysates were size
fractionated by sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis, transferred to Hybond ECL
nitrocellulose membranes (GE Healthcare), probed with
indicated antibodies (Supplementary Table S3), and ana-
lyzed by enhanced chemiluminescence (GE Healthcare).

Protein carbonyls and thiobarbituric acid-reactive sub-
stances were determined in perfused heart homogenates as
described [59, 60].

ChIP assays and sequencing

For ChIP analysis, we used a Sca1+CD45−-enriched car-
diac population. After Langendorff heart digestion, we
depleted the hematopoietic lineage (CD45+) by immuno-
magnetic separation (AutoMACS Pro Separator); the SCA-
1+ fraction was purified by magnetic cell sorting using a
lineage cell depletion kit and Sca1 microbeads (all from
Miltenyi Biotec). Homeostasis and damaged Sca1+CD45−

cells were isolated and immunoprecipitated synchronically
to avoid procedural differences.

After isolating the Sca1+CD45− cardiac population,
formaldehyde was added directly to the cell suspension
(final concentration 1%) and cell were incubated on a
shaking platform (10 min, RT). Crosslinking was termi-
nated by adding glycine (0.125M; 5 min). Crosslinked cells
were washed twice with cold PBS and lysed in 1% SDS, 50
mM Tris-HCl (pH 8.0), and 10 mM EDTA, with protease
inhibitors (15 min, 4 °C). Lysates were sonicated to obtain
chromatin fragments< 1 kb, then centrifuged (15 min, RT),
diluted 1:10 with 1.1% Triton-X 100, 2 mM EDTA, 150
mM NaCl, and 20 mM Tris-HCl (pH 8.0) containing pro-
tease inhibitors, precleared with 50% salmon sperm DNA
and protein A agarose slurry (Upstate). Antibodies were
added (O/N, 4 °C) (for antibodies used, see Supplementary
Table S3). We then added salmon sperm DNA and protein
A agarose beads (60 μl) and incubated (1 h, 4 °C). Samples
were centrifuged and immunoprecipitated pellets washed
with 0.1% SDS, 1% Triton-X 100, 2 mM EDTA, 20 mM
Tris-HCl (pH 8.0), 150 mM NaCl (once); 0.1% SDS, 1%
Triton-X 100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.0), 500
mM NaCl (once); 0.25M LiCl, 1% Nonidet P-40, 1%
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sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl (pH
8.0) (once); and 10 mM Tris-HCl (pH 8.0), 1 mM EDTA
(twice). Chromatin was eluted from beads twice by incu-
bation with 250 μl 1% SDS, 0.1 M NaHCO3, with rotation
(15 min, RT). Crosslinking was reversed by adding 20 μl 5
M NaCl (4 h, 65 °C). Samples were supplemented with 20
μl 1 M Tris-HCl (pH 6.5), 10 μl 0.5 M EDTA, 20 μg RNase
A and 40 μg proteinase K, and incubated (1 h, 45 °C), fol-
lowed by DNA isolation using a kit (MO BIO).

Libraries were prepared using the NEBNext Ultra DNA
Library Prep for Illumina kit (E7370; New England Bio-
labs). Briefly, from 1 to 5 ng of input and ChIP-enriched
DNA were subjected to end repair and addition of “A” bases
to 3′ ends, ligation of adapters and USER excision. All
purification steps were performed using AgenCourt
AMPure XP beads (A63881, Qiagen). Libraries were
amplified by PCR using NEBNext Multiplex Oligos for
Illumina (Index Primers Set 1; E7335 or Index Primers Set
2; E7500). Final libraries were analyzed using Agilent High
Sensitivity chip to estimate, quantity and confirm size dis-
tribution, and then quantified by qPCR using the KAPA
Library Quantification Kit (KK4835, KapaBiosystems)
prior to amplification with Illumina cBot. Libraries were
loaded at a 1.42 pM concentration onto the flow cell and
were sequenced 1× 50 on Illumina HiSeq 2500.

Raw reads in FASTQ format were quality controlled with
FASTQC. For each sample, ChIP DNA sequence reads were
mapped to the mouse genome (Ensembl version
GRCm38.85) using Bowtie2 software. For ChIP-Seq analy-
sis, we used the HOMER suite. For further HOMER analy-
sis, aligned data were first transformed in an independent
platform using the makeTagDirectory function to allow
mapping quality with default settings. The HOMER
findPeaks-style factor function was then used to identify
genome regions in which more sequencing reads were pre-
sent than would be expected by chance. The FindPeaks
function was applied to each sample individually and the two
INPUTS together as control. The HOMER getdifferential
function was used to find peaks differentially enriched
between experiments. To add information about the replicate
in which the peak was detected, mergePeaks function was
used to combine all results. To annotate peaks, we used
annotatePeaks.pl. Additional gene symbols and descriptions
were obtained from BioMart. The bedtools Getfasta function
was used to extract peak sequences. All information was
visualized using the Integrative Genomics Viewer (IGV).

RT-qPCR analysis

RNA was purified using the Cells-to-CT kit (Ambion,
Thermo). Complementary DNA (cDNA) was obtained by
reverse transcription with the High Capacity cDNA Reverse

Transcription Kit (Applied Biosystems). cDNAs were ana-
lyzed by real-time PCR using the Power SYBR Green PCR
Master Mix (Applied Biosystems). Amplification, detection,
and data analysis were carried out with an ABI PRISM
7900HT Sequence Detection System and normalized to
GUSB and GAPDH expression. Changes in mRNA
expression are noted as x-fold change relative to the control.
For ChIP-qPCR, we used an unrelated genomic locus 22 kb
upstream of the Pitx2 gene transcription start site as a
negative control (NC). Amplicons are illustrated in Fig. 5a
and qPCR primers are listed in Supplementary Table 3.
ChIP signals were represented as a fold change of input
chromatin.

Statistical analysis

Statistical analyses were performed with R version 3.2.4.
Statistical comparisons between data sets were made with
analysis of normality and variance, followed by an unpaired
Student’s t-test for comparing differences between two
groups and analysis of variance (ANOVA) test for over two
groups, as detailed in the figures. A value of p< 0.05 was
considered significant. All replicates considered are biolo-
gical replicates.

Accession numbers

The GEO accession number for ChIP-seq data reported in
this article is GSE92700 (Supplementary Table 3).
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