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SUMMARY

Direct reprogramming of induced cardiomyocytes
(iCMs) suffers from low efficiency and requires exten-
sive epigenetic repatterning, although the underlying
mechanisms are largely unknown. To address these
issues, we screened for epigenetic regulators of iCM
reprogramming and found that reducing levels of
the polycomb complex gene Bmi1 significantly
enhanced induction of beating iCMs from neonatal
and adult mouse fibroblasts. The inhibitory role of
Bmi1 in iCM reprogramming is mediated through
direct interactions with regulatory regions of car-
diogenic genes, rather than regulation of cell prolifer-
ation. Reduced Bmi1 expression corresponded with
increased levels of the active histone mark H3K4me3
and reduced levels of repressive H2AK119ub at
cardiogenic loci, and de-repression of cardiogenic
gene expression during iCM conversion. Further-
more, Bmi1 deletion could substitute for Gata4 dur-
ing iCM reprogramming. Thus, Bmi1 acts as a critical
epigenetic barrier to iCM production. Bypassing this
barrier simplifies iCM generation and increases yield,
potentially streamlining iCM production for thera-
peutic purposes.

INTRODUCTION

The adult mammalian heart has limited regenerative capacity

and is thus an important target for novel regenerative ap-

proaches to replenish lost cardiomyocytes (CMs) after cardiac

injury (Laflamme and Murry, 2011; Porrello et al., 2011; Ubil

et al., 2014; Xin et al., 2013). Cardiac reprogramming that con-

verts fibroblasts to contractile induced cardiomyocytes (iCMs)

by overexpression of cardiac-lineage-specific transcription fac-

tors holds great promise as an alternative approach for cardiac

regeneration and disease modeling (Addis and Epstein, 2013;

Addis et al., 2013; Chen et al., 2012; Fu et al., 2013; Hirai et al.,

2013; Ieda et al., 2010; Ifkovits et al., 2014; Jayawardena et al.,
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2012; Muraoka et al., 2014; Nam et al., 2013; Protze et al.,

2012; Qian and Srivastava, 2013; Song et al., 2012; Wada

et al., 2013; Wang et al., 2015a; Zhao et al., 2015; Zhou et al.,

2015). However, our limited understanding of the molecular

mechanism underlying cardiac reprogramming has significantly

hindered its potential translational applications.

Epigenetic regulation plays a critical role in shaping and main-

taining cellular identities during developmental programming

and cellular reprogramming. Recent studies on in vitro cardiac

differentiation of embryonic stem cells demonstrated that tem-

poral activation of functionally important cardiac genes requires

coordinated programmed control of chromatin structure (Paige

et al., 2012; Wamstad et al., 2012). Likewise, cellular reprogram-

ming is accompanied by profound changes in the epigenetic

landscape (Dhawan et al., 2011; Liang and Zhang, 2013; Luna-

Zurita and Bruneau, 2013; Onder et al., 2012; Tursun et al.,

2011). This transition in epigenetic status is likely to be involved

in suppressing the original cell-type-specific signature and es-

tablishing and stabilizing a target cell-type-specific program

(Apostolou and Hochedlinger, 2013; Buganim et al., 2013;

Papp and Plath, 2013). Epigenetic alterations were also

observed at both fibroblast- and CM-specific marker genes dur-

ing iCM reprogramming (Fu et al., 2013; Ieda et al., 2010). How-

ever, how these epigenetic transitions are regulated remains

elusive. iCM reprogramming, like other types of cellular reprog-

ramming, is an inefficient and slow process, which is at least in

part due to multiple epigenetic barriers that have not been iden-

tified. It also remains unclear whether iCM reprogramming

shares similar epigenetic mechanisms with induced pluripotent

stem cell (iPSC) reprogramming or has its own specific barriers.

Here we report the first shRNA-based loss-of-function screen

to explore the role of epigenetic factors in iCM reprogramming.

Among the identified epigenetic regulators of iCM reprogram-

ming, the polycomb ring finger oncogene Bmi1 acted as a major

epigenetic barrier during the early phase of iCM reprogramming.

Genetic and epistasis analyses suggested that the inhibitory ef-

fect of Bmi1 on iCM reprogramming was not completely medi-

ated by its downstream effectors involved in cell proliferation

such as p16Ink4a, p19Arf, and p53. Instead, we discovered an un-

characterized role of Bmi1 in directly binding the regulatory re-

gions of several cardiogenic genes includingGata4. Knockdown

of Bmi1 caused de-repression of endogenous Gata4 and could
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functionally replace Gata4 to induce beating iCMs. Thus, our

work identifies Bmi1 as a critical epigenetic barrier at the early

stage of iCM reprogramming and demonstrates that removing

this early epigenetic barrier is sufficient to generate functional

iCMs with fewer transcription factors.

RESULTS

Loss-of-Function Screen Identified Epigenetic Barriers
to, and Facilitators of, iCM Reprogramming
To identify potential epigenetic regulators of iCM reprogramming,

we employed a loss-of-function approach to explore the function

of 35 selectedcomponents of chromatinmodifying or remodeling

complexes (TableS1). For eachcandidate, apool of shRNAs (four

to six independent shRNA constructs) targeting different regions

within the gene was used and knockdown efficiency was vali-

dated (Table S1 and Figure S1A). The individual shRNA pools

were then transduced into neonatal cardiac fibroblasts (CFs) iso-

lated by using explant culture method (ExCFs) from a transgenic

a-muscle heavy chain (aMHC)-GFP reporter mouse (Ieda et al.,

2010; Qian et al., 2013) together with retroviruses expressing

polycistronic Mef2c/Gata4/Tbx5 (MGT) (Wang et al., 2015a).

Upon transduction ofMGT, activation ofGFPallowed us to follow

the emergence of newly induced iCMs. Furthermore, we used

cardiac Troponin T (cTnT) as an additional differentiated CM

marker to monitor CF to CM fate conversion (Figure 1A). iCM re-

programming efficiency was determined by flow cytometry anal-

ysis to quantify the percentage of aMHC-GFP+ and cTnT+ cells

(Figure 1A). Although to various degrees, knocking down 11 of

the 35 epigenetic regulators reduced reprogramming efficiency

(Figure 1B and Table S1). Silencing inhibitor of growth family

member 1 (Ing1) or lysine (K)-specific demethylase 5B (Kdm5b/

Plu1) resulted in at least 2-fold reduction in the percentages of

aMHC-GFP+ or cTnT+ cells (Figure 1B and Table S1). Ing1 func-

tions as a reader protein of H3K4me3/2, while Plu1 acts as an

H3K4me3/2 demethylase (Table S1). These observations high-

light the importance of histone methylation during iCM reprog-

ramming. On the contrary, loss of Plu1 function has been found

to enhance iPSC reprogramming (Kidder et al., 2013), suggesting

that this histone modifier might be required for iCM reprogram-

ming while impeding reprogramming to pluripotency.

In addition to the factors that were required for iCM reprog-

ramming, we also identified epigenetic regulators that likely
Figure 1. shRNA Screen Identified Bmi1 as a Critical Epigenetic Modu

(A–C) shRNA screen for identifying epigenetic regulators of iCM reprogramming. (A

in the percentage of aMHC-GFP+ and cTnT+ cells. (C) Histogram of normalized p

cardiac fibroblasts; iCMs, induced cardiomyocytes; shNT, non-targeting shRNA

(D and E) Representative flow plots (D) and quantification (E) for aMHC-GFP+ an

isolated CFs.

(F–I) Representative immunocytochemistry (ICC) images (F) for aMHC-GFP (green

infected with shNT or shBmi1, with quantification of the percentage in (G) and th

sarcomere structures with quantification in (I). DAPI (blue) was used to stain nucl

(J and K) Representative images of spontaneously contracting iCMs (dotted lines

isolated CFs, corresponding to Movie S1 and Movie S2. Quantification of beatin

(L) Representative images of iCMs exhibiting calcium transient (left panel) with qua

shBmi1 transduction, corresponding to Movie S3.

(M) Heatmap of the relative expression of a set of CM and CFmarker genes in con

For each experiment, n = �3–6 (except n = 10 for G and H; n = 40 for L), and aver

Error bars indicate mean ± SEM; *p < 0.05, **p < 0.01. See also Figure S1.
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acted as barriers to iCM reprogramming (Figures 1B and 1C).

shRNA pools against K(lysine) acetyltransferase 7 (Kat7/Myst2),

K(lysine) acetyltransferase 6A (Kat6a/Myst3), lysine (K)-specific

demethylase 5C (Kdm5c/Smcx) or inhibitor of growth family

member 5 (Ing5) resulted in a roughly 2-fold increase in iCM re-

programming efficiency (Figure 1C and Table S1). Myst2 and

Myst3 belong to the MYST family of histone acetyltransferases,

whereas Smcx functions as an H3K4 demethylase (Table S1).

Knockdown of helicase lymphoid specific (Hells/Lsh/Smarca6)

resulted in a 6-fold increase in the percentage of cTnT+ cells

(Figures 1B and 1C, Table S1). Hells encodes a component of

the SWI/SNF complex, and targeted deletion of Hells leads to a

genome-wide loss of DNA methylation and perinatal lethality

(Geiman et al., 2001). In conclusion, chromatin regulatory factors

involved in various aspects of epigenetic regulation function

either as facilitators of or barriers to iCM reprogramming.

Bmi1 Acts as a Critical Epigenetic Barrier to iCM
Reprogramming
Among the 35 candidate epigenetic regulators, ablation of Bmi1,

which encodes a polycomb group protein homologous to

Drosophila protein Posterior Sex Combs (Psc) (van Lohuizen

et al., 1991; van der Lugt et al., 1994), resulted in the most signif-

icant increase in iCM reprogramming efficiency (Figures 1B and

1C, Table S1). Flow analysis and quantification showed that

knocking down Bmi1 led to a 10-fold increase in the percentage

of cTnT+ cells (Figures 1B and 1C, Table S1). This significant

enhancement of iCM reprogramming efficiency caused by loss

of Bmi1 function is in sharp contrast to its positive role in iPSC

reprogramming (Moon et al., 2011; Onder et al., 2012). Thus,

we decided to focus on exploring the role of Bmi1 during fibro-

blast conversion into iCM. To further determine the effect of

Bmi1 knockdown on iCM reprogramming, we used two individ-

ual Bmi1 shRNAs, along with MGT to convert neonatal ExCFs

into iCMs. Consistently, silencing Bmi1 with these two shRNAs

individually resulted in a significant increase in the percentage

of aMHC-GFP+ and cTnT+ cells compared to shNT controls

(Figures S1B and S1C). Pooled shBmi1 oligos had a knockdown

efficiency of >90% and increased iCM reprogramming efficiency

to an even greater degree than individual shBmi1 oligos (Figures

S1C and S1D). For the rest of the study, we used shBmi1-pool

(referred to as shBmi1) unless otherwise indicated. shBmi1 treat-

ment not only increased the percentage of iCMs but also
lator of iCM Reprogramming

) Schematic of the shRNA screen. (B) 2D scatter plot showing fold change (FC)

ercentages of aMHC-GFP+ and cTnT+ cells from positive hits. ExCFs, explant

control.

d cTnT+ cells 10 days after MGT and shBmi1 or shNT transduction on freshly

), aActinin (red), and cTnT (magenta) on MGT-transduced freshly isolated CFs

e absolute number in (H). High-magnification views of aActinin staining show

ei. Scale bars, from left to right: 200 mm, 200 mm, 100 mm, 10 mm, and 200 mm.

) with indicated viral infection 4 weeks after being reprogrammed from freshly

g cells in one well of a 24-well plate is in (K).

ntification (right panel). iCMswere labeled with Rhod-3 4 weeks after MGT and

trol CFs and shNT- or shBmi1-infected ExCFs 2 weeks after MGT transduction.

aged numbers from technical duplicates or triplicates were used for statistics.



resulted in an increased number of iCMs compared to shNT

control treatment. We quantified the absolute numbers of

aMHC-GFP+ or cTnT+ iCMs using flow cytometry and observed

a significant increase in the numbers of both aMHC-GFP+ and

cTnT+ cells (Figure S1E). Additionally, shBmi1-treated, freshly

isolated neonatal CFs exhibited a similar increase in reprogram-

ming efficiency and the numbers of aMHC-GFP+ or cTnT+ cells

(Figures 1D and 1E).

We next determined if this increased CF to iCM conversion

rate could translate into enhanced structural and functional

maturation. We performed immunocytochemistry (ICC) on

shBmi1- and shNT-treated cultures 2 weeks after infection and

found that Bmi1 knockdown resulted in a significantly increased

number of cells expressing sarcomeric aActinin and cTnT (Fig-

ures 1F–1H). In addition, Bmi1 knockdown gave rise to an

88.7% increase in the number of aActinin+ iCMs that assembled

sarcomeres (Figure 1I). More strikingly, we observed twice as

many beating iCMs that exhibited periodic calcium oscillation

in shBmi1 cultures as we did in control cultures (Figures 1J–1L,

Movie S1, Movie S2, and Movie S3). Furthermore, molecular

characterization of the Bmi1-depleted and control cells by ex-

amination of the expression of a panel of sarcomere, contrac-

tility, and ion channel genes revealed higher expression of these

functionally important cardiac genes in the Bmi1-depleted cul-

tures (Figure 1M). Taken together, our data demonstrate that

knockdown of Bmi1 remarkably enhances MGT-mediated iCM

reprogramming.

To further assess the repressive function of Bmi1 on cardiac

reprogramming, we used the following three commonly used re-

programming methods in conjunction with shBmi1 or shNT to

generate iCMs from freshly isolated neonatal CFs: (1) the MGT

polycistronic construct (Wang et al., 2015a), (2) separate

M+G+T (Ieda et al., 2010), or (3) M+G+T plus Hand2

(M+G+T+H) (Song et al., 2012). Interestingly, we observed the

highest percentage of aMHC-GFP+ or cTnT+ cells by MGT,

but the highest absolute number of cTnT+ cells by M+G+T+H

regardless of Bmi1 knockdown (Figures 2A–2F), reflecting varied

reprogramming outcomes depending onwhichmarker was used

as the readout. Nevertheless, Bmi1 knockdown uniformly

increased iCM percentage across all reprogramming conditions

(Figures 2A–2F) and exerted the most influence over the MGT

transduced cultures (Figures 2A–2F). The significant increase in

reprogramming efficiency observed with Bmi1 knockdown un-

der all conditions indicates that depletion ofBmi1 influences car-

diac reprogrammingmediated by different cocktails and leads to

higher reprogramming efficiency (reached to 50% of marker+

iCMs under MGT induction) compared to the corresponding

controls.

Furthermore, we validated our findings in multiple cell types of

diverse origin, including mouse embryonic fibroblasts (MEFs),

neonatal tail tip fibroblasts (TTFs), adult CFs, adult TTFs, and

CD31+ endothelial cells. Upon Bmi1 knockdown, all cell types

exhibited a significant increase in the percentage and absolute

number of cardiac-marker-positive iCMs 10 days after MGT

transduction (Figures 2G–2P). Quantification of flow and ICC

analyses also revealed that enhancement of iCM induction var-

ied depending on the cell types assayed (Figures 2G–2P), sug-

gesting potential intrinsic variability of genetic and epigenetic

features and cell plasticity among different cell types. To further
C

validate the enhancement of cardiac reprogramming in non-

fibroblast CD31+ endothelial cells, we assessed the expression

of several sarcomere and ion channel markers, including Myh6,

Myl7, Actc1, Pln, Slc8a1, Scn5a, Cacna1c, Ryr2, and Myl2, and

we found that these markers were more highly expressed in

shBmi1-treated cells, especially the ion channel marker genes

(Figure S2A). Thus, Bmi1 knockdown enhances iCM reprogram-

ming under a variety of conditions and across diverse cell types.

Given the opposing effects of Bmi1 depletion on iCM reprog-

ramming and iPSC reprogramming, we next asked if Bmi1 acted

as a general repressor of somatic reprogramming/transdifferen-

tiation or functioned specifically as a repressor of iCM reprog-

ramming. To this end, we generated induced neurons (iNs)

from MEFs by following a recently reported protocol (Xue

et al., 2013) with shBmi1 or shNT. The efficiency of iN reprogram-

ming was assessed using ICC of neuron marker microtubule

associated protein 2 (MAP2) (Figure S2B). AlthoughBmi1 knock-

down appeared to alter the morphology of the MAP2+ iNs (Fig-

ure S2B), it did not have any effect on the number of MAP2+ cells

(Figure S2C). Further analysis revealed that there was no signif-

icant change in the expression levels of additional neuronal

markers such as class III b-tubulin (Tubb3) and Nestin (Nes)

with shBmi1 compared to the control (Figure S2D). These results

indicate that Bmi1 does not regulate direct neuron reprogram-

ming but rather acts as a specific repressor of the iCM

reprogramming.

Bmi1 Functions at the Early Stage of iCM
Reprogramming
Next, we sought to determine the temporal window for

silencing Bmi1 to achieve an enhancement in iCM induction.

We performed flow analysis and quantified the percentage of

aMHC-GFP+ and cTnT+ cells generated from shBmi1- and

shNT-treated reprogramming ExCFs at a series of time points.

Enhancement in iCM reprogramming efficiency by shBmi1

occurred as early as day 3 (Figures 3A and 3B). Likewise, west-

ern blot analysis indicated that Bmi1 depletion resulted in a sig-

nificant upregulation of cardiac marker aMHC-GFP protein

expression as early as day 3 (Figure 3C). These observations

were further confirmed by the higher expression of a panel of

CM marker genes in shBmi1-treated reprogramming fibroblasts

at day 3, suggesting an effect of Bmi1 knockdown on cardiac

fate acquisition at the early stage of reprogramming (Figure 3D).

To further define the critical time window for Bmi1 knockdown,

we introduced Bmi1 shRNAs into neonatal ExCFs at 0, 1, 2, 3,

or 5 days after MGT transduction (Figure 3E). Interestingly, we

found that iCM reprogramming efficiency as indicated by the

percentages of aMHC-GFP+ or cTnT+ cells was reliably

increased only if shBmi1 was introduced within 3 days of MGT

infection (Figures 3F and 3G). Depletion of Bmi1 at 5 days after

MGT transduction did not noticeably affect iCM generation (Fig-

ures 3F and 3G). Moreover, reasoning that chromatin remodeling

is a prerequisite step to cell fate conversion, we asked if

removing the epigenetic barrier by knocking down Bmi1 prior

to the introduction of MGT could lead to a similar enhancement.

Fibroblasts were infected with shBmi1-puro lentiviruses and

cultured under puromycin selection for 3 days beforeMGT trans-

duction (Figure 3H). Flow cytometry analysis showed that

shBmi1-treated neonatal ExCFs also had significantly higher
ell Stem Cell 18, 382–395, March 3, 2016 ª2016 Elsevier Inc. 385



Figure 2. Knockdown of Bmi1 Enhanced the Conversion of Diverse Cell Types into iCM When Different Cocktails Were Used

(A–F) Representative flow plots with quantification (A–C) and ICC imageswith quantification (D–F) for aMHC-GFP+ and cTnT+ cells reprogrammed from fresh CFs

10 days after viral infection. DAPI (blue) was used to stain nuclei. Scale bars, 400 mm.

(G–P)Representativeflowplotswithquantificationand ICC imageswith quantification for cardiac-marker-gene-positive cells (as indicated) reprogrammed fromMEFs

(G and H), neonatal TTFs (I and J), adult CFs (K and L), adult TTFs (M and N), and CD31+ endothelial cells (O and P) 10 days after viral infection. Scale bars, 200 mm.

For each experiment, n = �3–6 (except n = 20 for E and F; n = 10 for H, J, L, N, and P); averaged numbers from technical duplicates or triplicates were used for

statistics. Error bars indicate mean ± SEM; *p < 0.05, **p < 0.01. See also Figure S2.
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Figure 3. Bmi1 Functions during the Early Stage of iCM Reprogramming

(A and B) Histogram showing the percentages of aMHC-GFP+ cells (A) and cTnT+ cells (B) from flow analyses at indicated time points.

(C) Western blot of aMHC-GFP protein expression on ExCFs infected with MGT plus shNT or shBmi1 at indicated days. bActin was used as the loading control.

(D) Fold change (FC) in cardiac marker gene expression levels at reprogramming day 3 between MGT-transduced ExCFs infected with shBmi1 and the ones

infected with shNT.

(E) Schematic of experimental design to determine the time window for Bmi1 knockdown.

(F and G) Quantification of the fold change (FC) in the percentage of aMHC-GFP+ cells (F) and cTnT+ cells (G) reprogrammed as illustrated in (E). Values were

normalized to the corresponding shNT control.

(H) Schematic of experimental design to determine the effect of knocking down Bmi1 prior to MGT transduction.

(I) Quantification of the fold change (FC) in the percentage of aMHC-GFP+ and cTnT+ cells reprogrammed as illustrated in (H). Values were normalized to

corresponding shNT control.

For each experiment, n = �3–6; averaged numbers from technical duplicates or triplicates were used for statistics. Error bars indicate mean ± SEM; *p < 0.05,

**p < 0.01.
percentages of aMHC-GPF+ and cTnT+ cells compared to those

of the controls (Figure 3I). These data suggest that Bmi1 func-

tions during the early stage of iCM reprogramming and that

knockdown of Bmi1must occur within the first 3 days of or prior

to MGT introduction to enhance iCM reprogramming.

Bmi1 Suppresses iCM Reprogramming Independent of
Its Role in Regulating Cell Proliferation
One of the well-documented functions of Bmi1 is to regulate cell

proliferation and senescence through its downstream effectors

p16Ink4a, p19Arf, and p53 (Jacobs et al., 1999; Park et al.,

2004). We asked if the enhancement of iCM reprogramming by

Bmi1 knockdown was mediated through an upregulation of

p16Ink4a (isoform 2 of Cdkn2a), p19Arf (isoform 1 of Cdkn2a), or

p53. We first analyzed their expression in control shNT- and

shBmi1-infected reprogramming fibroblasts and found that

Bmi1 depletion indeed resulted in an upregulation of the expres-

sion of these target genes during iCM reprogramming (Fig-

ure S3A). We then knocked down Bmi1 and its target genes

simultaneously to determine if the increased reprogramming ef-

ficiency by Bmi1 knockdown could be reversed by silencing

Bmi1 target gene expression. qRT-PCR analysis indicated that

we knocked down the expression of Bmi1 target genes by at

least 90% (Figure S3B). Interestingly, quantification of flow cy-
C

tometry analysis showed that the double knockdown cultures

exhibited a significant increase in the percentages of aMHC-

GPF+ and/or cTnT+ cells compared to the controls (Figure 4A),

suggesting that the inhibitory effect of Bmi1 on iCM reprogram-

ming was unlikely to be completely mediated by these down-

stream targets.

To further assess the effect of p53 or p19Arf ablation on

shBmi1-mediated enhancement of iCM reprogramming, we

genetically ablated these genes by infecting neonatal ExCFs iso-

lated from p53 or p19Arf floxed mice with Ad-Cre-eGFP (Figures

4B–4E, S3C, and S3D). This approach allowed us to simulta-

neously excise the genes and label infected cells with eGFP.

Ad-CMV-GFP infection was served as a control. qRT-PCR anal-

ysis revealed that p53 or p19Arf expression in the Ad-Cre-eGFP

infected fibroblasts was significantly reduced compared to that

in the Ad-CMV-GFP infected ones (Figure S3C). These cells

were then infected with MGT plus shBmi1 or shNT, and analysis

of iCMmarkers was conducted on the GFP+ population of null or

wild-type (fl/fl) control fibroblasts (Figure 4B). We observed that

reprogramming efficiency of both p53 null and control CFs was

significantly increased by shBmi1 compared to shNT control

(Figures 4C and 4D). Likewise, iCM reprogramming efficiency

enhanced by Bmi1 depletion was not suppressed by targeted

deletion of p19Arf (Figure 4E). Interestingly, we found that the
ell Stem Cell 18, 382–395, March 3, 2016 ª2016 Elsevier Inc. 387



expression of p16Ink4a increased when p53 or p19Arf was

knocked down and p19Arf was slightly upregulated upon p53

or p16Ink4a depletion (Figure S3E), suggesting compensatory

mechanisms between p53, p16Ink4a, and p19Arf. Therefore, we

conducted double and triple knockdowns of p53, p19Arf, and

Cdkn2a to assess their roles in shBmi1-mediated enhancement

of cardiac reprogramming. Flow cytometry analysis demon-

strated that Bmi1-depleted cultures exhibited lower but still sig-

nificant increases in the percentage of aMHC-GFP+ or cTnT+

cells compared to control cultures even when Cdkn2a and p53

were simultaneously silenced (Figure 4F). To further determine

if Bmi1 functions through these genes, we tested if overexpres-

sion of each could recapitulate the shBmi1 phenotype. Consis-

tently, we found that overexpression of p53, p16Ink4a, or p19Arf

did not enhance and sometimes even lowered the percentages

of aMHC-GFP+ or cTnT+ cells in MGT-transduced cultures (Fig-

ures S3F and S3G). Thus, the well-known downstream targets

p53, p16Ink4a, and p19Arf are unlikely to be themajor downstream

mediators of Bmi1 in cardiac reprogramming.

Based on previous reports that Bmi1 and its downstream

targets are involved in cell proliferation and senescence (Jacobs

et al., 1999; Levine, 1997; Quelle et al., 1995; Sharpless and

DePinho, 1999), we sought to determine the requirement of

cell proliferation in shBmi1-mediated iCM reprogramming. We

used Mitomycin C (MMC), a commonly used inhibitor of cell

proliferation, to block CF proliferation 2 days after MGT and

shBmi1 or shNT transduction and examined the effect on

shBmi1-mediated enhancement of iCM reprogramming (Fig-

ure 4G). Interestingly, althoughMMC treatment inhibited CF pro-

liferation as evidenced by the lack of Ki67 staining in the nuclei of

treated cells (Figure 4I), it did not have any noticeable effect on

shBmi1-mediated enhancement of iCM reprogramming (Figures

4H and 4I). Next, we addedMMCbefore the introduction ofBmi1

shRNAs and treated the cells with 5-ethynyl-20-deoxyuridine
(EdU) to label the proliferating cells upon Bmi1 knockdown

(day 2 to day 10) or 2 days before assaying reprogramming effi-

ciency (day 8 to day 10) (Figure 4J). Consistently, we found that

almost all aMHC-GFP+ iCMs were EdU� in both shBmi1- and

shNT-treated cultures (Figures 4K and 4L). The MMC treatment

decreased the reprogramming efficiency; however, depleting

Bmi1 still resulted in an increased percentage of aMHC-GFP+

iCMs within EdU� cells when compared to the control, reflecting

the effect of Bmi1 knockdown in non-proliferating fibroblasts

(Figure 4M). These data suggest that Bmi1 functions to suppress

iCM generation independently from its role in regulating its

downstream effectors involved in cell proliferation.

Bmi1 Acts as a Repressor through Directly Binding to a
Set of Cardiac Loci
As a key component of Polycomb Repressive Complex 1

(PRC1), Bmi1 is essential for PRC1 assembly and, together

with the catalytic ring finger proteins Ring1A and Ring1B

(Ring1A/B), mediates monoubiquitination of histone H2A at

lysine 119 (H2AK119ub) to repress target gene expression

(Cao et al., 2005; Ku et al., 2008; Morey et al., 2015). To gain

insights into the mechanism by which Bmi1 modulates iCM re-

programming, we sought to identify direct targets of Bmi1. Inter-

estingly, gene ontology analysis of recently published Bmi1

ChIP-seq data revealed an unexpected enrichment of key car-
388 Cell Stem Cell 18, 382–395, March 3, 2016 ª2016 Elsevier Inc.
diac transcription factor genes (Gargiulo et al., 2013) (Fig-

ure S4A). This finding prompted us to perform further analysis

of this Bmi1 ChIP-seq data as well as publically available global

H3K4me3 and H3K27me3 genome mapping data generated

with cardiac tissue or cardiac cells (Bernstein et al., 2012; Paige

et al., 2012; Wamstad et al., 2012). Through this analysis, we

identified strong Bmi1 binding peaks that overlapped with

H3K4me3 or H3K27me3 occupied sites at the regulatory regions

of cardiogenic genes, including Gata4, Nkx2-5, Isl1, Pitx2,

Tbx20, Hand2, and Smad6 (see reviews from Olson, 2006; Sri-

vastava, 2006) (Figures 5A and S4B). We therefore postulated

that Bmi1 repressed CM fate in non-myocytes by modulating

chromatin accessibility of these key cardiac loci. To test this hy-

pothesis, we performed Bmi1 ChIP assay followed by qPCR on

MEFs to quantify the enrichment of Bmi1-bound DNA fragments

from these cardiogenic gene loci (Figures 5B and S4C). Indeed,

we found that Bmi1 bound at distinct regions of the cardiac loci

Gata4, Nkx2.5, Isl1, Pitx2, Tbx20, and Hand2, but not Smad6, in

fibroblasts. For instance, Bmi1 bound toGata4 locus primarily at

G3, approximately �3136 to �3029 base pairs (bp) upstream

from the transcription start site (TSS); Bmi1 bound to Nkx2.5 lo-

cus primarily at N6 from �9360 to �9229 bp relative to TSS,

which contains Gata factor binding sites and less at N3 from

�5842 to �5665 bp relative to TSS where Smad factors bind

(Figures 5A and 5B). ChIP-qPCR experiments also revealed

that the Bmi1-bound cardiac loci were co-occupied by

H2AK119ub, Ring1B, and the PRC2 key component Ezh2 (Fig-

ures 5C–5E), suggesting a repressive chromatin state of these

cardiac loci in fibroblasts.

To test if Bmi1 modulated chromatin status of the cardiogenic

genes during the early stage of reprogramming, we performed

ChIP-qPCR of H2AK119ub, H3K4me3, and H3K27me3 on

Bmi1-depleted and control MEFs that had been transduced

with MGT for 3 days. The positive and negative controls for

ChIP-qPCR of each mark are shown in Figure S4D. Upon Bmi1

depletion, H2AK119ub at the cardiogenic loci was completely

removed (Figures 5F and S4E), consistent with Bmi1’s role in

PRC1 assembly to promote monoubiquitination of H2AK119.

Additionally, in the absence of Bmi1, H3K4me3 levels were

moderately increased at the regulatory regions of Gata4, Isl1,

Pitx2, and Tbx20 near where Bmi1 binds (Figures 5G and S4E).

Interestingly, the most significant enhancement of H3K4me3

level was detected at the Gata4 locus (Figure 5G). In contrast,

H3K27me3 modifications at the same loci were barely affected

by Bmi1 knockdown (Figures 5H and S4E). We only detected a

decrease in H3K27me3 modification in the P2 region of Pitx2

and T3 region of Tbx20 (Figure 5H). The Smad6 locus that was

not bound by Bmi1 exhibited low levels of H2AK119ub and

H3K27me3. In addition, H3K4me3 levels at Smad6 were unal-

tered by loss of Bmi1 (Figures S4D and S4E, lower panel).

Consistent with the increase in the level of H3K4me3 and amajor

loss of H2AK119ub at the loci, the endogenous mRNA expres-

sion of Gata4, Isl1, Pitx2, and Tbx20 was significantly upregu-

lated by Bmi1 knockdown during iCM reprogramming (Figures

5I). In contrast, Bmi1 knockdown did not affect the expression

levels of the genes (Nkx2-5 and Hand2) whose loci exhibited

reduced H2AK119ub, but unaltered H3K4me3 levels (Figures

5I, S4E, and S4G). These data suggest that removal of the

repressive mark H2AK119ub is not sufficient to induce the
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expression of all the Bmi1-bound cardiogenic genes. The in-

crease in the level of H3K4me3 in addition to a loss of

H2AK119ub, however, is more closely correlated with de-

repression of cardiogenic gene expression.

In order to determine if Bmi1 only repressed the expression of

the cardiogenic genes during iCM reprogramming, we re-

analyzed the ChIP-seq data (Bernstein et al., 2012; Gargiulo

et al., 2013; Paige et al., 2012; Wamstad et al., 2012) and identi-

fied Bmi1 binding peaks that were overlapped with H3K27me3

and H3K4me3 binding sites at other lineage loci (Figure S4H).

We carefully selected representative loci encoding regulators

of other lineages, including Zic1 and Sox2 (neuron), Pax2 and

Sall1 (kidney), and Nkx6-1 and Sox9 (pancreas) to determine

the regulation by Bmi1 during iCM reprogramming (Figure S4H).

We found that only two loci (Pax2 and Nkx6-1) had Bmi1 binding

peaks that overlapped with H2AK119ub, Ring1B, and Ezh2

binding sites and upregulated their expression upon Bmi1

knockdown (Figures S4H–S4K). However, Bmi1 knockdown

did not have any noticeable effect on gene expression of other

loci (Figure S4I).

Taken together, our data suggest that Bmi1 regulates a set of

critical cardiogenic factors through directly binding to their reg-

ulatory regions to modulate their chromatin status and

expression.

iCM Reprogramming using Two Transcription Factors,
Mef2c and Tbx5
We were intrigued to find that among the identified targets of

Bmi1, Gata4, one of the transcription factors used for iCM re-

programming (Addis et al., 2013; Fu et al., 2013; Ieda et al.,

2010; Ifkovits et al., 2014; Inagawa et al., 2012; Nam et al.,

2013; Qian et al., 2012; Song et al., 2012), was most significantly

upregulated in Bmi1-depleted fibroblasts (Figure 5I). Moreover,

Gata4 can function as a pioneer transcription factor that binds

to its target sites on nucleosomes or compacted chromatin (Ci-

rillo et al., 2002). Because removing Bmi1 de-repressed endog-

enous Gata4 and other cardiogenic genes, we postulated that

Bmi1 depletion could replace Gata4 in reprogramming fibro-

blasts into functional iCMs. We systematically evaluated all

possible two or one cardiac reprogramming factor combinations

for their capacity to reprogram shNT or shBmi1 fibroblasts

into iCMs. Flow cytometry analysis revealed that only Mef2c in
Figure 4. Bmi1 Suppresses iCM Reprogramming Independent of Cell P

(A) Quantification of the fold change (FC) in the percentage of the aMHC-GFP+ a

used as additional non-targeting control. Values were normalized to the controls

(B–E) Experiments to determine the effect of targeted deletion of p53 or p19AR

schematic in (B), and representative flow plots and quantification in (C)–(E).

(F) Quantification of the fold change (FC) in the percentage of aMHC-GFP+ and cT

were normalized to the corresponding shNT control.

(G–I) Experiments to determine the effect of Mitomycin C (MMC) treatment on s

quantification of flow analyses in (H), and representative ICC pictures of aActini

nuclei. Scale bars, 200 mm.

(J–M) The effect of cell proliferation on shBmi1-mediated enhancement of iCM r

Representative flow contour plots and quantification without MMC treatment. (M

EdU� cells upon MMC treatment. The starting time point for EdU incorporation is

gating controls. UT stands for EdU untreated culture.

For each experiment, n = �3–6; averaged numbers from technical duplicates o

experiment from one litter of pups. Error bars indicate mean ± SEM; *p < 0.05, *
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combination with Tbx5 (M+T) efficiently converted shBmi1, but

not the shNT control, fibroblasts into iCMs that expressed CM

marker gene expression (Figure 6A).

Next, to determine if iCM generation could be achieved with

a single vector, we generated two polycistronic constructs to

express Mef2c and Tbx5 in a single mRNA (MT and TM, Fig-

ure 6B). The construct with Mef2c at the first position resulted

in a higher reprogramming efficiency than the other (Figures 6C

and 6D), consistent with our previous finding that stoichiometry

of the reprogramming factors influences iCM reprogramming

(Wang et al., 2015a). Moreover, the capability of MT plus

shBmi1 to reprogram fibroblasts into aMHC-GFP+ and/or

cTnT+ cells was abolished upon the depletion of Gata4 (Figures

6E, S5A, and S5B), suggesting that Gata4 was one of the major

downstream effectors of Bmi1 during iCM reprogramming.

Importantly, iCMs generated by MT overexpression with Bmi1

knockdown not only turned on cardiac marker gene expression,

but also assembled sarcomere structures and exhibited calcium

oscillation and spontaneous contraction after 2–4 weeks of cul-

ture (Figures 6F–6H, Movie S4, and Movie S5), while none of

these features were observed with shNT and MT co-infected

fibroblasts. Taken together, our results demonstrate that, after

removing epigenetic barriers by Bmi1 depletion, Mef2c and

Tbx5 are sufficient to reprogram fibroblasts into functional

beating iCMs.

DISCUSSION

In this study, we performed a functional screen to identify epige-

netic regulators of direct cardiac reprogramming. Knocking

down a selected set of epigenetic modulators either increased

or reduced iCM reprogramming efficiency, highlighting the

importance of epigenetic regulation in iCM reprogramming. Spe-

cifically, we found that Bmi1 functioned as a major epigenetic

barrier at the early stage of iCM reprogramming. Through a se-

ries of epistatic analyses, we demonstrated that the effect of

silencingBmi1 on cardiac reprogramming was unlikely mediated

by its known targets p16Ink4a, p19Arf, or p53. In an effort to

explore the underlying mechanism, we found that Bmi1 directly

bound to a set of key cardiogenic loci that are co-occupied by

other PRC components. Knockdown of Bmi1 resulted in a major

loss of H2AK119ub and an increase in H3K4me3 levels at these
roliferation

nd cTnT+ cells reprogrammed with indicated shRNAs at day 10. shTubo was

.
F on shBmi1-enhanced iCM reprogramming using genetic floxed mice, with

nT+ cells reprogrammed with indicated shRNA combinations at day 10. Values

hBmi1-mediated enhancement of iCM reprogramming, with schematic in (G),

n (white), aMHC-GFP (green), and Ki67 (magenta) in (I). DAPI (blue) indicated

eprogramming. (J) Schematic of the EdU incorporation experiment. (K and L)

) Quantification of flow analysis for the percentage of aMHC-GFP+ cells out of

indicated. GFP transduced cells with or without EdU treatment were used as

r triplicates were used for statistics. For (D) and (E), each dot represents one

*p < 0.01. See also Figure S3.
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Figure 6. Mef2c and Tbx5 Reprogrammed Bmi1-Depleted Fibroblasts into iCMs

(A) Quantification of flow analyses for aMHC-GFP+ or cTnT+ cells on shNT- or shBmi1-infected ExCFs expressing different combinations ofMef2c, Gata4, and Tbx5.

(B) Schematics of the two bicistronic vectors encoding Mef2c and Tbx5 in different splicing orders.

(C) Representative flow contour plots of aMHC-GFP+ and cTnT+ cells derived from shNT- or shBmi1-infected ExCFs expressing Mef2c and Tbx5 as indicated.

(D) Quantification of flow data in (C).

(E) Quantification of flow analyses for aMHC-GFP+ (left) and cTnT+ (right) cells on MT-transduced ExCFs co-infected with shRNA targeting Bmi1,Gata4, or non-

targeting control shNT or shTubo as indicated.

(F) Representative ICC image of iCMs labeled by aActinin reprogrammed using MT and shBmi1 at day 14. Inset is a high-magnification image of the area

highlighted by white rectangle. Left, scale bar, 100 mm; inset, scale bar, 20 mm.

(G) Representative calcium transients in iCM labeled with Rhod-3 4 weeks after MT and shBmi1 transduction on freshly isolated CFs, corresponding toMovie S4.

(H) Representative aMHC-GFP+ beating cells (highlighted bywhite arrows andwhite dash lines) derived fromMT and shBmi1 co-infected fresh CFs 4weeks after

viral transduction. The corresponding movie is shown in Movie S5. Scale bar, 100 mm.

Data in (A–E) were collected on reprogramming day 10. For each experiment, n = �3–6; averaged numbers from technical duplicates were used for statistics.

Error bars indicate mean ± SEM; *p < 0.05, **p < 0.01. n.s., not significant. See also Figure S5.
cardiac loci and de-repression of cardiogenic gene expression.

This is consistent with previously published findings that

H2AK119 monoubiquitination by PRC1 is associated with gene

repression (Cao et al., 2005; Wang et al., 2004). It is also possible
Figure 5. Bmi1 Knockdown Resulted in Acquisition of Active Chromat

(A) The density of Bmi1, H3K4me3, and H3K27me3 ChIP-seq reads at the indica

amplicons that correspond to the binding sites.

(B–E) ChIP-qPCR for Bmi1 (B), H2AK119ub (C), Ring1B (D), or Ezh2 (E) on MEFs a

the TSS of Pitx2 gene) was used as a negative control.

(F–H)ChIP-qPCRforH2AK119ub(F),H3K4me3(G),andH3K27me3(H)atcardiacgene

(I) qRT-PCR of endogenous cardiac gene expression on shNT or shBmi1-infected

day 0 was set as 1. RQ stands for relative quantification.

For each experiment, n =�3–6; averaged numbers from technical duplicates wer

not significant. See also Figure S4.
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that knockdown of Bmi1 de-compacted chromatin and

increased DNA accessibility (Abdouh et al., 2016; Eskeland

et al., 2010; Francis et al., 2004; Levine et al., 2002; Shao

et al., 1999), thereby de-repressing Gata4 and the other
in Status at the Cardiac Loci

ted gene loci. The gene name initial followed by numbers denotes a series of

t indicated cardiac gene loci. NC (unrelated genomic locus�22 kb upstream to

locionMEFs3daysafter transductionofMGTandshRNAtargetingBmi1orcontrol.

MGT-expressing MEFs at different time points. Expression at reprogramming

e used for statistics. Error bars indicate mean ± SEM; *p < 0.05, **p < 0.01. n.s.,



cardiogenic genes. Interestingly, this de-repression of endoge-

nous Gata4 by Bmi1 depletion could substitute for exogenous

Gata4 in reprogramming fibroblasts into beating iCMs, demon-

strating that removing certain epigenetic barriers could allow

efficient iCM generation with fewer transcription factors.

To the best of our knowledge, the screen we performed in this

study represents the first loss-of-function screen to study the

role of chromatin-associated proteins in iCM reprogramming.

Although our shRNA-based screen was not genome-wide, and

nor does it cover all epigenetic factors, this study provides

proof-of-concept evidence demonstrating the feasibility of an

RNAi-mediated functional screen to identify key epigenetic bar-

riers to iCM reprogramming. Given the functional conservation of

many epigenetic regulators, especially Bmi1 (98% identity at

protein level), between mouse and human, it is likely that

removing similar epigenetic barriers in human fibroblasts will

lead to improved generation of human iCMs for clinical studies.

Furthermore, the platform and conditions described in this study

could be leveraged to develop high-throughput large-scale loss-

of-function screens. In combination with other approaches

such as single-cell omics, it will be possible in the near future

to identify each barrier during iCM reprogramming and to

leverage this knowledge to alleviate the roadblocks to enhance

and accelerate iCM reprogramming.

In addition to Bmi1, we identified a set of epigenetic factors

that function as facilitators of or barriers to cardiac reprogram-

ming. These results will stimulate follow-up studies to further

interrogate the role of epigenetic factors in iCM reprogramming.

Of particular note is the finding that knocking down three MYST

histone acetyltransferase family members moderately promoted

iCM reprogramming (Figure 1C and Table S1), highlighting the

importance of histone acetylation in iCM reprogramming. This

finding also suggests possible functional redundancy and

compensation among members of epigenetic regulators that

belong to the same family. While knocking down Plu1 enhanced

iPSC reprogramming (Kidder et al., 2013), silencing Plu1

remarkably reduced iCM reprogramming efficiency (Figures

1B, Table S1). Likewise, we observed an opposite effect of

Bmi1 knockdown on iCM versus iPSC reprogramming efficiency

and transdifferentiation of neural stem cells (Moon et al., 2011;

Onder et al., 2012). Meanwhile, silencing the Ink4a/Arf locus,

the well-known downstream target repressed by Bmi1 that func-

tions as a barrier to iPSC and neuronal reprogramming (Li et al.,

2009; Price et al., 2014), did not exhibit any noticeable effect on

cardiac reprogramming. Our work thus suggests that direct line-

age reprogramming, or at least iCM reprogramming, might

employ distinct epigenetic regulatory mechanisms from iPSC

reprogramming to directly convert one somatic cell type to

another.
EXPERIMENTAL PROCEDURES

Primary Cell Cultures

Hearts and tail-tips from neonatal pups (day 1.5) or adult mice (4 weeks) were

isolated for explant culture. After 7 days, explant cells were separated bymag-

netic cell sorting (MACS) sowe could obtain Thy1.2+ neonatal or adult CFs and

TTFs. CD31+ endothelial cells were derived from explant culture of neonatal

hearts by MACS. Fresh CFs were derived from neonatal hearts and underwent

MACS via anti-Thy1.2 antibody (Miltenyi Biotec) as described previously

(Wang et al., 2015a, 2015b). MEFs were prepared as previously described
C

(Jozefczuk et al., 2012). Detailed descriptions of the isolation of each cell

type are available in the Supplemental Information.

Viral Packaging and Direct Reprogramming

The protocol of viral packaging is as described in the Supplemental Informa-

tion. To generate iCMs, fibroblasts or CD31+ endothelial cells were trans-

duced with MGT retroviruses and lentiviruses expressing shRNAs in iCM

media (10% FBS of DMEM/M199 [4:1]). At the indicated time points, reprog-

ramming cells were harvested for analyses. For the beating assay, freshly

isolated CFs were used. After viral infection and 10 days of culture in iCM

media, cells were changed into StemPro-34 SF medium (SPF34, GIBCO) sup-

plemented with GlutaMAX (GIBCO), Ascorbic acid (Sigma), VEGF, bFGF,

and FGF10 (all from R & D Systems). Four to six weeks after viral infection,

the number of spontaneously beating cells was counted under an EVOSmicro-

scope (403). Detailed protocols of iCM and iN generation are available in the

Supplemental Information.

Flow Cytometry and ICC

Flow cytometry analysis and ICC were performed as previously described

(Wang et al., 2015a, 2015b). The experimental procedure and antibody infor-

mation are available in the Supplemental Information.

qPCR, ChIP, and Western Blot

Total RNA was isolated with TRIzol (Invitrogen) and reverse-transcribed into

cDNA using SuperScript III Reverse Transcriptase (Invitrogen). qRT-PCR

was performed using the ABI ViiA 7 Real-Time PCR system (Applied Bio-

systems) and the Power SYBR Green PCR Master Mix (Applied Biosystems)

or Taqman Gene Expression Master Mix (Taqman, ABI) according to the man-

ufacturer’s instructions. The primer sequences and Taqman probes used for

qRT-PCR are provided in Table S2. ChIP was performed on MEFs according

to a previously described protocol (Cai et al., 2013) with minor modification as

described in the Supplemental Information. Western blots were performed as

described previously (Wang et al., 2015a). Antibody information is available in

the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information for this article includes five figures, two tables, five

movies, and Supplemental Experimental Procedures and can be found with

this article online at http://dx.doi.org/10.1016/j.stem.2016.02.003.
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