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Direct reprogramming of fibroblasts to cardiomyocytes represents a potential means of restoring cardiac function
following myocardial injury. AKT1 in the presence of four cardiogenic transcription factors, GATA4, HAND2,
MEF2C, and TBX5 (AGHMT), efficiently induces the cardiac gene program in mouse embryonic fibroblasts but not
adult fibroblasts. To identify additional regulators of adult cardiac reprogramming, we performed an unbiased screen
of transcription factors and cytokines for those that might enhance or suppress the cardiogenic activity of AGHMT
in adult mouse fibroblasts. Among a collection of inducers and repressors of cardiac reprogramming, we discovered
that the zinc finger transcription factor 281 (ZNF281) potently stimulates cardiac reprogramming by genome-wide
association with GATA4 on cardiac enhancers. Concomitantly, ZNF281 suppresses expression of genes associated
with inflammatory signaling, suggesting the antagonistic convergence of cardiac and inflammatory transcriptional
programs. Consistent with an inhibitory influence of inflammatory pathways on cardiac reprogramming, blockade
of these pathways with anti-inflammatory drugs or components of the nucleosome remodeling deacetylase (NuRD)
complex, which associate with ZNF281, stimulates cardiac gene expression. We conclude that ZNF281 acts at a
nexus of cardiac and inflammatory gene programs, which exert opposing influences on fibroblast to cardiac
reprogramming.
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The adult heart is among the least regenerative tissues
(Xin et al. 2013; Cahill et al. 2017). In response to myocar-
dial infarction (MI), the human heart can lose hundreds of
millions of cardiomyocytes, resulting in catastrophic loss
of cardiac contractility. Typically, the lost cardiomyo-
cytes are replaced by scar tissue due to activation of en-
dogenous fibroblasts, which account for approximately a
third of the cells of the heart (Tallquist and Molkentin
2017). Reprogramming cardiac fibroblasts (CFs) to in-
duced cardiomyocytes (iCMs) by forced expression of car-
diac transcription factors represents a potential means of

enhancing cardiac repair by reducing scar tissue while
simultaneously generating new cardiomyocytes (Ieda
et al. 2010; Qian et al. 2012; Song et al. 2012; Fu et al.
2013; Nam et al. 2013). However, low efficiency as well
as the lack of understanding of the molecular basis of
the reprogramming process represent challenges to its po-
tential clinical application (Srivastava and DeWitt 2016;
Kojima and Ieda 2017; Vaseghi et al. 2017).

The first cardiac reprogramming cocktail consisted of
three cardiac transcription factors: GATA4, MEF2C, and
TBX5 (GMT) (Ieda et al. 2010). Subsequent effort has
been directed toward optimization of cardiac reprogram-
mingbygeneratingdifferent cocktails that containvarious6Present address: Anschutz Medical Campus, University of Colorado,
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combinations of proteins, microRNAs, and small mole-
cules (Song et al. 2012; Ifkovits et al. 2014; Muraoka et
al. 2014; Wang et al. 2015; Yamakawa et al. 2015; Zhao
et al. 2015; Zhou et al. 2015, 2016; Abad et al. 2017;
Mohamed et al. 2017).Most of these studies adopted a can-
didate approach to examine the effects of supplementing
theGMT cocktail with other key cardiac factors or regula-
tors that have been shown to promote other somatic cell
reprogramming processes. For example, adding the cardiac
transcription factorHAND2,which plays an essential role
in cardiacmorphogenesis (Srivastava et al. 1997;Han et al.
2006; Firulli et al. 2017), enhanced the cardiac reprogram-
ming efficiency of GMT both in vitro and in vivo (Song
et al. 2012). Addition of a cardiac microRNA, miR-133,
was also shown to enhance cardiac reprogramming in
mouse and human fibroblasts (Nam et al. 2013; Muraoka
et al. 2014). In addition, SB431542 (a TGF-β inhibitor),
and DAPT (a Notch inhibitor), which promote the repro-
gramming of induced pluripotent stem cells (iPSCs), also
enhanced cardiac reprogramming (Ifkovits et al. 2014;
Abad et al. 2017). However, these reprogramming cock-
tails are still relatively inefficient, and themolecular basis
of the reprogramming process is poorly understood. Repro-
gramming of adult fibroblasts is also much less efficient
compared with embryonic fibroblasts, posing challenges
for potential restoration of adult cardiac function.
Previously, we screened a library of protein kinases and

discovered that AKT1 dramatically accelerates and ampli-
fies the cardiac reprogramming process (Zhou et al. 2015).
Our optimal cocktail, which contains AKT1, GATA4,
HAND2, MEF2C, and TBX5 (which we refer to as
AGHMT), converts∼50%ofmouse embryonic fibroblasts
(MEFs) to iCMs (Zhou et al. 2015). However, the efficiency
of conversion of adult fibroblasts, such as adult tail-tip fi-
broblasts (TTFs) and CFs, is still low.
Given that most known regulators of cardiac develop-

ment or iPSC reprogramming have been tested extensive-
ly in previous studies and that nonewas able to efficiently
reprogram adult fibroblasts to iCMs, we sought to identify
previously unidentified regulators of cardiac reprogram-
ming. Here we describe our findings from an unbiased
screen of 1052 ORF cDNAs encoding 786 transcription
factors, epigenetic regulators, cytokines, and nuclear re-
ceptors to augment AGHMT-dependent cardiac repro-
gramming of adult TTFs. This screen led to the
discovery of 49 activators and 129 inhibitors of cardiac re-
programming, many of which participate in various sig-
naling pathways and biological processes, including the
TGF-β and Notch signaling pathways, which have been
shown to be important for cardiac reprogramming (Ifko-
vits et al. 2014; Abad et al. 2017). Interestingly, several fac-
tors involved in the inflammatory response were
identified as inhibitors of cardiac reprogramming, indicat-
ing that the inflammatory response might act as a barrier
for adult cardiac reprogramming. The strongest activator
of cardiac reprogramming, Krüppel-type zinc finger tran-
scription factor 281 (ZNF281), does not have a character-
ized function in cardiac development and thus would
not have been anticipated to impinge on the mechanisms
of fibroblast-to-cardiomyocyte reprogramming. We show

that ZNF281 enhances cardiac reprogramming by as-
sociating with GATA4 on cardiac enhancers and inhibit-
ing inflammatory signaling, which antagonizes cardiac
reprogramming. Consistent with this notion, treatment
of adult fibroblasts with anti-inflammatory drugs dramat-
ically increased cardiac reprogramming efficiency. Our
findings identify ZNF281 as a robust and efficient activa-
tor of adult cardiac reprogramming and highlight the im-
portance of inflammatory signaling in the governance of
cardiac gene expression.

Results

Identification of regulators of cardiac reprogramming in
adult fibroblasts

Ourpreviouslyoptimizedcardiac reprogrammingprotocol
with five factors (AGHMT,alsocalled5F)wasable to repro-
gram∼3%ofadultTTFsto iCMsasmeasuredbyactivation
of a cardiac-specific αMHC-GFP transgene and cardiac tro-
ponin T (cTnT) immunostaining (Zhou et al. 2015). To
identify additional regulators of cardiac reprogramming,
we created a retroviral expression library consisting of
1052 ORF cDNAs encoding 786 human transcription fac-
tors, cytokines, epigenetic regulators, and nuclear recep-
tors (Supplemental Table S1). We initially screened this
expression library for activators and inhibitors of cardiac
reprogramming by expressing individual cDNAs together
with 5F in isolated TTFs from αMHC-GFP mice, as sche-
matized in Figure 1A. After 9 d, a high-throughput cell an-
alyzer system was used to image and quantify cardiac
reprogramming based on αMHC-GFP and cTnT expres-
sion. Activators were defined as genes that increased
αMHC-GFPorcTnTexpressionwithaZ-score≥2,whereas
genes with Z-scores −2 or lower for these cardiac markers
were defined as inhibitors. This screen revealed 49 poten-
tial activators and129potential inhibitors of cardiac repro-
gramming (Fig. 1B,C; Supplemental Table S2).
Among the 49 activators, 25 enhanced αMHC-GFP ex-

pression, 35 enhanced cTnT expression, and 11 enhanced
expression of both cardiac markers (Fig. 1B). The two
strongest activators were PHD finger protein 7 (PHF7), a
histone H3-binding protein expressed only in the male
germline (Yang et al. 2012), and the ZNF281 protein,
about which little is known (Fig. 1D; Supplemental Table
S2). Among the 129 inhibitors, 121 inhibited αMHC-GFP
expression, 41 inhibited cTnT expression, and 33 inhibit-
ed both cardiac markers (Fig. 1C). Some of the repressors,
such as forkhead box protein A3 (FOXA3), nearly abol-
ished 5F-mediated cardiac reprogramming (Fig. 1D; Sup-
plemental Table S2). Cell numbers were unaffected by
the inhibitors, suggesting that they acted directly on the
reprogramming process rather than through indirect
mechanisms, such as causing cell death.

Pathway analysis of regulators of cardiac reprogramming

To identify key pathways that regulate cardiac reprogram-
ming, we performed pathway enrichment analysis for ac-
tivator and inhibitor genes. Given that this was a genome-
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wide screen, we expected that this analysis would identify
pathways known to regulate cardiac reprogramming. In-
deed, the PI3K–AKT signaling pathway, which has been
shown to enhance cardiac reprogramming (Zhou et al.
2015), was among the most enriched pathways associated
with the activators. Other enriched pathways associated
with the activators were the anti-inflammatory pathway,
the cGMP–PKG signaling pathway, the cell cycle path-
way, and theMAPK signaling pathway (Fig. 1E). It is note-
worthy that the TGF-β and Notch signaling pathways,
which negatively regulate cardiac reprogramming (Ifko-
vits et al. 2014; Abad et al. 2017), were associated with
the inhibitors. Other pathways associated with the inhib-
itors were the proinflammatory pathway and signaling

pathways regulating pluripotency of stem cells, osteoclast
differentiation, and transcriptional misregulation in can-
cer (Fig. 1E).

Because inflammatory signaling pathways were associ-
ated with both activators and inhibitors, we examined the
functions of each individual gene within these pathways.
Interestingly, we found that most of the identified activa-
tors possessed anti-inflammatory functions, including
several anti-inflammatory cytokines, such as IFNA2,
IFNA16, and IL10. Consistent with these findings, most
identified inhibitors were proinflammatory, including
several proinflammatory cytokines, such as IL1A, IL2,
and IL26, and the inflammatory response transcription
factor CEBPβ (Fig. 1E).

Figure 1. Identification of activators and inhibitors
of 5F-mediated cardiac reprogramming from a human
ORF cDNA screen. (A) Schematic diagram of the hu-
manORF cDNA library screen strategy for cardiac re-
programming in adult TTFs. (B) Venn diagram
showing the number of activators identified from
the screen. Genes with Z-scores of αMHC-GFP or
cTnTexpression≥2were defined as activators. Twen-
ty-five genes induced αMHC-GFP expression only, 35
genes induced cTnT expression only, and 11 genes in-
duced expression of both markers. (C ) Venn diagram
showing the number of inhibitors identified from
the screen. Genes with Z-scores of αMHC-GFP or
cTnT expression −2 or lower were defined as inhibi-
tors. One-hundred-twenty-one genes repressed
αMHC expression only, 41 genes repressed cTnT
expression only, and 33 genes repressed both
αMHC-GFP and cTnT expression. (D) Representative
immunocytochemistry images of TTFs from adult
αMHC-GFP transgenic mice treated with 5F and ei-
ther empty virus or viruses encoding activators
(ZNF281 or PHF7) and inhibitors (FOXA3 or SOX9).
Cells were fixed and stained for αMHC-GFP (green),
cTnT (red), and Hoechst (blue) 9 d after infection.
Bars, 2 mm. (E) Pathways enriched in activators (n =
49) and inhibitors (n = 129), respectively, by DAVID
pathway analysis.
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ZNF281 enhances cardiac reprogramming of adult
fibroblasts

PHF7 and ZNF281were the two strongest activators iden-
tified from our retroviral cDNA expression screen with 5F
(Fig. 1D; SupplementalTableS2).We focusedour initial at-
tention on ZNF281, which has a broad expression pattern
with enriched expression in the heart (Supplemental Fig.
S1), and explored the mechanistic basis of its cardiac-in-
ducing activity. Previous reports described the influence
of ZNF281 on pluripotency, stemness, and epithelial–
mesenchymal transition (EMT) (Hahn and Hermeking
2014). However, the potential involvement of ZNF281 in
cardiac development has not been explored previously.
We refer to our reprogramming mix of 5F plus ZNF281

as 6F. We validated the results of our screen by assessing
GFP and cTnT expression in αMHC-GFP TTFs following
5F and 6F reprogramming after 7 d (Fig. 2A). Flow cytom-
etry showed that addition of ZNF281 to 5F generated
∼33% αMHC-GFP+, ∼45% cTnT+, and ∼28% αMHC-
GFP+/cTnT+ TTFs after 7 d of reprogramming (Fig. 2B,
C). This TTF reprogramming efficiency using 6F is note-
worthy when considering the relatively low statistical
likelihood of each fibroblast taking up all five or six sepa-
rate retroviruses encoding the reprogramming factors. We
also examined the expression of cardiac and fibroblast
transcripts by quantitative PCR (qPCR). Addition of
ZNF281 to 5F increased the expression of cardiac marker
genesMyh6 and Actc1 by ∼120-fold and ∼20-fold, respec-
tively, and decreased expression of fibroblast marker
genes Col1a2 and Sox9 by ∼30% and ∼60%, respectively
(Fig. 2D). We also validated some of these results using
αMHC-GFP CFs. The addition of ZNF281 to 5F increased
the expression of GFP and cTnT in αMHC-GFP CFs eval-
uated by immunocytochemistry after 7 d of reprogram-
ming (Supplemental Fig. S2A). These data were also
corroborated by FACS analysis. The addition of ZNF281
to 5F generated ∼25% αMHC-GFP+, ∼45% cTnT+, and
∼21% αMHC-GFP+/cTnT+ iCMs (Supplemental Fig.
S2B,C). Interestingly, ZNF281 in the presence of 5F also
induced a twofold increase in the number of beating cells
after 4 wk of reprogramming (Supplemental Fig. S2D).

Global reprogramming of the cardiac transcriptome
by ZNF281

To further define the influence of ZNF281 on the repro-
gramming process, we performed RNA sequencing
(RNA-seq) using adult TTFs reprogrammed for 7 d with
5F or 6F. Using a twofold cutoff and false discovery rate
(FDR) <0.01 threshold for inclusion, we identified ∼1000
up-regulated genes and ∼500 down-regulated genes in
6F-treated compared with 5F-treated TTFs (Fig. 3A–C).
Gene ontology (GO) enrichment analysis revealed that
ZNF281 selectively up-regulated genes associated with
muscle contractility (Fig. 3B,D), suggesting that ZNF281
globally enhanced cardiac reprogramming. Interestingly,
the top GO terms enriched in the genes that were down-
regulated by ZNF281were all related to the inflammatory
response (Fig. 3C,E). The gene set enrichment analysis

(GSEA) also revealed that ZNF281 significantly up-regu-
lated gene sets related to cardiac cells, such as myogene-
sis, muscle contraction, and heart processes (Fig. 3F–H).
Among the most up-regulated genes in these three gene
sets, we found structural genes such as troponin T and tro-
ponin I isoforms (Tnnt1 and Tnnt3 Tnni3), the major car-
diac muscle isoform of myosin heavy and light chain

Figure 2. ZNF281 enhances cardiac reprogramming of adult fi-
broblasts. (A) Immunocytochemistry images of adult αMHC-
GFP transgenic TTFs 7 d after infection with empty, ZNF281,
5F, or 6F retroviruses show that ZNF281 enhances expression
of cardiac markers with 5F. (Green) αMHC-GFP; (red) cTnT;
(blue) Hoechst. Bars, 500 µm. (B,C ) Representative flow cytome-
try plot (B) and analyses (C ) of αMHC-GFP+ and cTnT+ TTFs 7 d
after infection with empty, 5F, or 6F. (D) TTFs were infected with
empty, 5F plus empty, and ZNF281 for 7 d. Transcript levels of
cardiac marker genes (Myh6 and Actc1) and fibroblast marker
genes (Col1a2 and Sox9) were determined by qPCR. (∗) P < 0.05.
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(Myh6,Myh7,Myl4, andMyl2), specific muscle and cardi-
ac actinin (Actc1 and Actn2), and the cardiac calcium
channels (Ryr2), among other genes (Supplemental Fig.
S3A–C). Similar to the GO analysis, ZNF281 in the pres-
ence of 5F significantly down-regulated gene sets involved

in the inflammatory response and TNF-α signaling via
NF-κB. (Fig. 3I,J) Themajority of the down-regulated genes
by ZNF281 in all of these three gene sets encoded cyto-
kines and cytokine receptors involved in the immune re-
sponse (e.g., IL6, Marco, TNF-α, and IL7r) (Supplemental

Figure 3. RNA-seq analysis shows that ZNF281 enhances cardiac genes and represses inflammatory genes. (A) Heat map of 1500 differ-
entially expressed genes in 5F-treated versus 6F-treated TTFs identified by RNA-seq. (Red) Up-regulation; (blue) down-regulation. RNA-
seq samples were prepared from adult TTFs reprogrammed for 7 d. (B,C ) GO analysis showing biological processes associated with genes
up-regulated (B) and down-regulated (C ) by ZNF281. (D,E) Gene expression changes between 6F and 5F for selected cardiac markers (D) or
inflammatorymarkers (E) as determined byRNA-seq. (F–H) Enrichment plots of the indicated gene sets and their nominalP-value of genes
up-regulated by ZNF281. (I,J) Enrichment plots of the indicated gene sets and their nominal P-value of genes down-regulated by ZNF281.
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Fig. S3D,E). These results suggest a dual role for ZNF281
in the activation of cardiac and the suppression of inflam-
matory gene programs.

ZNF281 broadly co-occupies cardiac enhancers with
GATA4

To begin to define the molecular mechanism by which
ZNF281 enhances the cardiac reprogramming activity of
the 5F cocktail, we performed coimmunoprecipitation as-
says with ZNF281 and each reprogramming transcription
factor in transfected HEK293 cells. We found that Flag-
tagged ZNF281 interacted with Myc-tagged GATA4 but
not with HAND2, MEF2C, or TBX5 (Fig. 4A). To deter-
mine whether ZNF281 could directly activate cardiac
genes, we examined the ability of ZNF281 to activate a lu-
ciferase reporter controlled by the αMHC promoter
(αMHC-Luciferase). Indeed, ZNF281 activated the
αMHC-Luciferase reporter approximately sevenfold, and
when ZNF281 was coexpressed with GATA4, αMHC-Lu-
ciferase was activated ∼15-fold (Supplemental Fig. S4),

suggesting that ZNF281 andGATA4 cooperate to activate
the αMHC promoter.
To further understand the molecular relationship be-

tween ZNF281 and GATA4 in the cardiac reprogramming
process, we examined the genomic locations of ZNF281
and GATA4 at an early stage of the reprogramming pro-
cess (2 d after infection with 6F) by chromatin immuno-
precipitation (ChIP) with antibodies to endogenous
proteins followed by high-throughput sequencing (ChIP-
seq) (Fig. 4B–E). De novo motif discovery on the binding
peaks for ZNF281 and GATA4 revealed that the most sig-
nificantly enriched motif associated with ZNF281 bind-
ing was GGGGTGGGG (Fig. 4C). For GATA4, the most
enriched motif was GATAAG, which matches the con-
sensus sequence for DNA binding of this transcription
factor (Fig. 4D). ChIP-seq identified 14,623 peaks for
ZNF281 and 30,664 peaks for GATA4 (Fig. 4E,F).
Based on the interaction of ZNF281 with GATA4, we

predicted that ZNF281 co-occupies genomic sites with
GATA4 on cardiac enhancers. Indeed, we found a high de-
gree of overlap of ZNF281 and GATA4 genomic binding
sites. Among the 14,623 peaks of ZNF281, we found

Figure 4. ZNF281 interacts with GATA4 to synerg-
istically activate cardiac genes. (A) Coimmunopreci-
pitation assays were performed using HEK293 cells
transfected with equal amounts of plasmid DNA en-
coding Myc-tagged GATA4, HAND2, MEF2C, or
TBX5 and/or Flag-tagged ZNF281. (IP) Immunopre-
cipitation; (IB) immunoblot. (B) Heat maps showing
ChIP-seq (chromatin immunoprecipitation [ChIP] fol-
lowed by high-throughput sequencing) data for
H3K27ac in adult mouse hearts and ZNF281 and
GATA4 binding in reprogrammed TTFs at ±5 kb
around the peak center. ChIP-seq experiments were
performed using TTFs infected with 6F for 2 d. (C )
ZNF281-binding motif enriched within ZNF281-
binding peaks. (D) GATA4-binding motif enriched
within GATA4-binding peaks. (E) Venn diagram
showing the number of overlapping peaks between
heart H3K27ac, ZNF281, and GATA4. (F) Total num-
ber of peaks identified by ChIP-seq.
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that 91.6% (13,392 of 14,623) overlapped with peaks of
GATA4 binding, and only 8.4% of ZNF281 peaks did
not overlap with GATA4, indicating the co-occupancy
of ZNF281 and GATA4 on endogenous genomic sites at
an early stage of the cardiac reprogramming process (Fig.
4E). In contrast, the overlapping peaks of ZNF281 and
GATA4 accounted for only 43.7% of the total GATA4
peaks (13,392 of 30,664) (Fig. 4E), suggesting that
GATA4 likely co-occupies additional sites with other re-
programming factors besides ZNF281.

To assess genome-wide localization of ZNF281 on car-
diac enhancers, we established a chromatin landscape
for heart tissue usingH3K27acChIP data fromTheMouse
ENCODE Consortium (Mouse ENCODE Consortium
et al. 2012) to reveal cardiac enhancers. Rank ordering of
all cardiac enhancers based on H3K27ac enrichment re-
vealed that GATA4 bound to the majority (57.1%;
12,414 of 21,744) of active cardiac enhancers, consistent
with the established role of GATA4 in heart development.
ZNF281 bound to 33.9% (7375 of 21,744) of active cardiac
enhancers, while ZNF281 andGATA4 co-occupied 32.2%
(7003 of 21,744) of cardiac enhancers (Fig. 4B,E). Genome-
wide binding data for ZNF281 and GATA4 suggested that
ZNF281 is most commonly associated with GATA4 on
cardiac enhancers, defined by the presence of H3K27ac
(Fig. 4B,E).

GATA4 recruits ZNF281 to cardiac enhancers

We compared the occupancy patterns of ZNF281 in the
presence (referred to as “6F”) or absence of GATA4 (re-
ferred to as “6F−G”) (Fig. 5A). Additionally, we examined
the genomic occupancy pattern of GATA4 in the absence
of ZNF281 (referred to as “6F−Z”) following reprogram-
ming (Fig. 5B). We found that the occupancy pattern of
GATA4 throughout the genome was not dramatically af-
fected by the presence or absence of ZNF281 (Fig. 5B).
However, the presence of GATA4 strongly impacted the
genomic occupancy pattern of ZNF281 (Fig. 5A). We as-
signed 33,934 ZNF281-binding peaks into three clusters
based on how GATA4 influenced ZNF281 occupancy: a
GATA4-dependent cluster (cluster 1, 8882 of 33,934
peaks), a GATA4-independent cluster (cluster 2, 7003 of
33,934 peaks), and a GATA4-inhibited cluster (cluster 3,
18,049 of 33,934 peaks) (Fig. 5A,B). Interestingly, cluster
3, in which the occupancy of ZNF281 was inhibited by
the presence of GATA4, also correlated with lower bind-
ing affinity of GATA4 compared with clusters 1 and 2
(Fig. 5A,B). It seems that the higher-affinity GATA4-bind-
ing sites in cluster 1 competed ZNF281 away from
the lower-affinity GATA4-binding sites in cluster 3. For
example, a region that is located at chromosome 1
(137,694,960–137,749,970; mm9) shows binding peaks
that belong to three different clusters (Fig. 5C). Binding
peaks that associated with the sarcomere genes Tnni1
and Tnnt2, which encode subunits of the troponin com-
plex involved in regulating muscle contraction, were as-
signed to cluster 1 and cluster 2, respectively. Binding
peaks that associated with a nonmuscle gene, ladinin-1

(Lad1), which encodes a basement membrane protein,
were assigned to cluster 3.

To investigate the functional significance of the
GATA4- and ZNF281-binding peaks in the three clusters,
we performedGO and pathway enrichment analysis using
the Genomic Regions Enrichment of Annotations Tool
(GREAT) (McLean et al. 2010). For GO enrichment analy-
sis, we found that most of the GO terms enriched in clus-
ters 1 and 2 were heart- or muscle-related (Fig. 5D),
whereas most of the GO terms enriched in cluster 3
were related to stress and inflammatory responses. For
pathway enrichment analysis, several pathways, such as
the TGF-β and Wnt signaling pathways, which are impor-
tant for cardiogenesis, heart repair, and cardiac reprogram-
ming (Ifkovits et al. 2014), were enriched in clusters 1 and
2, whereas inflammatory response pathways were en-
riched in cluster 3 (Fig. 5E). We conclude that GATA4
directly recruits ZNF281 to cardiac enhancers to activate
cardiac gene expression.

In contrast to the effect on cardiac enhancers, GATA4
did not attenuate ZNF281 binding to inflammatory en-
hancers (Fig. 5A,D,E). Additionally, ZNF281 served as a
repressor instead of an activator of inflammatory genes,
suggesting that ZNF281 acts through distinct mecha-
nisms to regulate expression of cardiac and inflammatory
genes.

Corepression of inflammatory genes by ZNF281 and
nucleosome remodeling deacetylase (NuRD) complex
components

Previously, it was reported that ZNF281 associates with
the NuRD complex to repress transcription (Fidalgo
et al. 2012, 2016). The NuRD complex is an ATP-depen-
dent chromatin remodeling complex that contains multi-
ple subunits. Notably, we identified the NuRD complex
component MTA1 as an activator of cardiac repro-
gramming in our screen (Supplemental Table S2). Because
theNuRDcomplex has also been shown to repress inflam-
matory signaling (Ramirez-Carrozzi et al. 2006), we tested
other NuRD complex subunits, including MTA2, MTA3,
MBD3, GATAD2A, GATAD2B, RBBP4, HDAC1, and
HDAC2, in the reprogramming assay with 5F in adult
TTFs. Indeed, addition of four of the NuRD complex sub-
units (MTA1, MTA2, MTA3, and MBD3) to 5F substan-
tially decreased expression of the inflammatory markers
(IL6 andCcl2) and increased expression of cardiacmarkers
(Myh6 and Actc1) (Fig. 6A). Addition of NuRD complex
subunits also promoted cardiac reprogramming, as mea-
sured by flow cytometry using the cardiac markers
αMHC-GFP and cTnT (Fig. 6B; Supplemental Fig. S5A,B).

Because the NuRD complex is composed of several reg-
ulatory subunits, including HDAC1 andHDAC2, we test-
ed an inhibitor of these enzymes (FK228) for its potential
impact on reprogramming. Consistentwith ourmodel, we
observed that inhibition of HDAC1/2 activity by FK228
decreased cardiac gene expression in the presence of 5F
to a level similar to control cells without 5F (Supplemen-
tal Fig. S5C,D).
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Anti-inflammatory drugs promote cardiac
reprogramming

Given the influence of ZNF281 on inflammatory gene ex-
pression and the finding that numerous activators and in-
hibitors identified in our screen were also implicated in
inflammatory pathways, we postulated that inhibition of

the inflammatory response by anti-inflammatory drugs
would also enhance reprogramming. To test this hypoth-
esis, we evaluated the effects of two anti-inflammatory
drugs—dexamethasone (Dex), a steroidal anti-inflamma-
tory drug, and the cyclooxygenase enzyme inhibitor nabu-
metone (Nab), a nonsteroidal anti-inflammatory drug—on
the reprogramming process. Anti-inflammatory drugs

Figure 5. GATA4 recruits ZNF281 to cardiac enhancers. (A,B) Heat map for ZNF281 or GATA4 genomic binding at ±2 kb around the
peak center in each cluster. ChIP-seq experiments were performed using adult TTFs reprogrammed for 2 d with 6F, 6F−G, or 6F−Z.
(C ) Integrative Genomics Viewer (IGV) browser tracks at chromosome 1 (137,694,960–137,749,970; mm9) show an example of peaks
that belong to each indicated cluster. (D,E) GOs (D) and pathways (E) enriched in genes that associatewith each indicated cluster identified
by GO enrichment analysis and pathway analysis.
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were added to 5F reprogrammedTTFs after viral infection.
After 7 d of drug treatment, the transcript levels of inflam-
matory (IL6, Ccl2, and Ptgs1) and cardiac (Myh6, Actc1,
and Nppa) markers were examined by qPCR. Addition of
anti-inflammatory drugs to 5F reprogrammed TTFs de-
creased expression of inflammatory markers, as expected,
but increased the expression of cardiac markers from two-
fold to 10-fold, indicating enhanced reprogramming effi-
ciency (Fig. 7A). Anti-inflammatory drugs also enhanced
the reprogramming process as assayed by immunocyto-
chemistry (Fig. 7B) and flow cytometry (Fig. 7C,D) for
the cardiac markers αMHC-GFP and cTnT, respectively.
Thus, we conclude that inflammatory signaling imposes
an inhibitory influence on the cardiac reprogramming
process.

Discussion

Here we performed an unbiased screen for regulators of
adult cardiac reprogramming and identified 178 new acti-
vators and inhibitors that belong to various biological
pathways. These different regulators revealed that anti-
inflammatory and proinflammatory factors evoke oppos-
ing effects on cardiac reprogramming. We found that
proinflammatory molecules prevented reprogramming,
whereas anti-inflammatory drugs enhanced cardiac repro-
gramming. Among the identified activators, ZNF281
showed the most potent stimulatory activity. The effect
of ZNF281 on cardiac reprogramming appears to be medi-
ated by associationwithGATA4 on cardiac enhancers and

by inhibition of inflammatory signaling, which antagoniz-
es cardiac reprogramming (Fig. 7E). We conclude that
ZNF281 acts at the nexus of the opposing transcriptional
programs for cardiac and inflammatory gene expression.

Stimulation of cardiac reprogramming by ZNF281

The potential involvement of ZNF281 in cardiac gene reg-
ulation has not been recognized previously. Our results
indicate that ZNF281 functions as a positive regulator of
cardiogenesis by associating with GATA4 on cardiac en-
hancers, resulting in synergistic activation of a broad col-
lection of cardiac genes, including those encoding cardiac
transcription factors, calcium-handling proteins, cardiac
metabolic enzymes, and components of the sarcomere.
ZNF281 is expressed in a variety of tissues during various
developmental stages, and its absence in mice results in
embryonic lethality between embryonic days 7.5 and
8.5, prior to the formation of primitive ventricles and atria
(Fidalgo et al. 2011; Xin et al. 2013). We speculate that
ZNF281 may also have important functions in the early
stage of cardiac development.

It has been suggested that reprogramming requires
pioneer factors to first engage and open target sites in chro-
matin and confer competency for other factors to bind
(Soufi et al. 2015). Previously, GATA4 was shown to
serve as a pioneer factor for the albumin gene enhancer
in liver precursor cells by initiating chromatin opening
(Cirillo et al. 2002). Cardiac gene expression during heart
development requires regulated interactions among the

Figure 6. ZNF281 represses the inflam-
matory response through the NuRD com-
plex. (A) TTFs were infected with empty,
5F plus empty, ZNF281, or each individual
NuRD complex subunit retrovirus for 7
d. Transcript levels of inflammatory (IL6
and Ccl2) and cardiac (Myh6 and Actc1)
marker genes were determined by qPCR.
(B) Representative flow cytometry plot of
αMHC-GFP+ and cTnT+ TTFs 7 d after in-
fection with empty, 5F plus empty,
ZNF281, or each individual NuRD com-
plex subunit retroviruses. The dashed line
indicates control. (∗) P < 0.05.
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transcription factors GATA4, TBX5, and NKX2-5. The
combined cooperativity of these factors is critical for the
expansion of cardiac progenitors and the regulation of
the cardiac differentiation program (Luna-Zurita et al.
2016). Moreover, it has been shown in human cardiomyo-
cytes that GATA4 broadly co-occupies cardiac enhancers
with TBX5 (Ang et al. 2016). This association is physiolog-
ically relevant because a humanmutation in GATA4 that
disrupts its association with TBX5 leads to aberrant chro-
matin states and impaired contractility, calciumhandling,
and metabolic activity (Ang et al. 2016).

We show that ZNF281 does not bind to cardiac
enhancers in fibroblasts without the presence of
GATA4, indicating that ZNF281 is unlikely to be a pi-
oneer factor that opens chromatin. However, we show
that ZNF281 requires the presence of the pioneer factor
GATA4 to bind cardiac enhancers. Understanding the
mechanism by which pioneer factors and other tran-
scription factors interact and induce conformational
changes in chromatin structure will be necessary to
decipher the molecular mechanism involved in cardiac
reprogramming.

Figure 7. Anti-inflammatory drugs promote cardiac reprogramming. (A) 5F reprogrammed TTFs treated with either DMSO or the indi-
cated anti-inflammatory drugs for 7 d after infection. Expression of inflammatory genes (IL6, Ccl2, and Ptgs1), and cardiac genes (Myh6,
Actc1, and Nppa) was determined by qPCR. (Dex) 10 µM Dex; (Nab) 10 µMNab. (B) Immunocytochemistry images of 5F reprogrammed
adult αMHC-GFP transgenic TTFs treated with DMSO or the indicated anti-inflammatory drugs for 7 d. (Green) αMHC-GFP; (red) cTnT;
(blue) Hoechst. Bars, 500 µm. (C,D) Representative flow cytometry plot (C ) and analyses (D) of αMHC-GFP+ and cTnT+ cells in 5F repro-
grammed adult αMHC-GFP transgenic TTFs treated with DMSO or the indicated anti-inflammatory drugs for 7 d. (∗) P < 0.05. (E) Model
showing themechanism of action of ZNF281 on 5F-mediated direct cardiac reprogramming. ZNF281 is a cardiac transcription coactivator
recruited by GATA4 to cardiac enhancers to activate cardiac gene expression. ZNF281 also represses the inflammatory response, which
acts as a barrier pathway to cardiac reprogramming.
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The influence of inflammation and the NuRD complex
on cardiac reprogramming

Following injury, inflammatory infiltration is among the
earliest responses, which is necessary to clear cellular
debris and promote scar formation (Aurora and Olson
2014). Recent studies revealed both positive and negative
roles for the inflammatory response in cardiac repair and
regeneration. Inhibition of C/EBP signaling in the adult
epicardium reduces injury-induced neutrophil influx,
leading to a reduction of fibrosis and maintenance of car-
diac function (Huang et al. 2012). In contrast, the injury-
inducedmacrophage response is necessary for heart regen-
eration in neonatal mice and zebrafish (Aurora et al. 2014;
Lai et al. 2017). Our results show that the inflammatory
response acts as a barrier for cardiac reprogramming, and
ZNF281 appears to impose an anti-inflammatory influ-
ence on cardiac reprogramming.

The NuRD chromatin remodeling complex has been
shown to repress proinflammatory gene expression in
macrophages (Ramirez-Carrozzi et al. 2006). We show
that in addition to direct cardiac gene activation,
ZNF281 and some components of the NuRD complex
also repress inflammatory signaling and activate cardiac
reprogramming. Unlike cardiac reprogramming, ZNF281
has been shown to repress iPSC reprogramming through
theNuRD complex (Fidalgo et al. 2011). Given that the in-
flammatory response is critical for iPSC formation (Lee
et al. 2012), we surmise that in addition to repression of
embryonic stem cell-specific genes, the anti-inflammato-
ry effect of the ZNF281/NuRD complex also contributes
to the repression of iPSC reprogramming. We cannot ex-
clude the possibility that the NuRD complex has a more
direct role in the activation of the cardiac gene program.
In this regard, preservation of the identity of heart or skel-
etal muscle cell types has also been shown to depend on
NuRD-mediated epigenetic repression of alternate line-
age gene expression. Loss of the NuRD subunit Chd4 in
the heart triggers aberrant expression of skeletal muscle
gene expression and leads to hybrid striated muscle tissue
(Gomez-Del Arco et al. 2016).

The opposing effects of inflammation on cardiac versus
iPSC reprogramming suggest that these two types of re-
programming use distinct regulatory mechanisms. Given
that embryonic stem cells are pluripotent and able to
generate different cell types, whereas cardiomyocytes
are terminally differentiated cells, it is possible that in-
flammation promotes epigenetic remodeling that is favor-
able for iPSC but not cardiac reprogramming.

Clinical implications

Direct reprogramming of adult fibroblasts to cardiomyo-
cytes represents a potential approach for repair of the
heart following injury. As an activator of cardiac repro-
gramming, ZNF281 offers new insights into the molecu-
lar basis of this process. Additionally, our finding that
ZNF281 represses the inflammatory response reveals a
role for anti-inflammatory signaling in cardiac reprogram-
ming and highlights the potential clinical application

of commonly used anti-inflammatory drugs in cardiac
repair.

Materials and methods

Isolation of adult mouse fibroblasts

For isolation of adult mouse TTFs, tails were cut from 8- to 12-
wk-old adult wild-type or αMHC-GFP mice and minced into 1-
cm pieces with razor blades after peeling off the superficial der-
mis. The minced tails were placed in fibroblast growth medium
(DMEM supplemented with 10% FBS and 1% [v/v] penicillin/
streptomycin). TTFs migrated out from the explants within 1
wk and were passaged once before use. For the adult mouse CF
isolation, hearts from 8- to 12-wk-old adult wild-type or αMHC-
GFP mice were chopped with razor blades into small pieces.
The chopped hearts were digested for 1 h at 37°C in a digestion
medium containing Liberase TH and Liberase TM (Roche),
DNase I (New England Biolabs), and polaxomer (Sigma). After
digestion, cell suspensions were filtered through a 70-µm strainer
and placed in fibroblast growth medium (DMEM supplemented
with 10% FBS and 1% [v/v] penicillin/streptomycin). All animal
experiments described in this studywere approved and conducted
under the oversight of the University of Texas Southwestern In-
stitutional Animal Care and Use Committee.

Construction of the human retroviral ORF cDNA library

Gateway-compatible humanORF pEntry vectors were purchased
from Thermo Fisher Scientific. Gateway-compatible retroviral
destination vector pMXs-gw was a gift from Shinya Yamanaka
(Addgene, plasmid no. 18656) (Takahashi and Yamanaka 2006).
We transferred each ORF individually into pMXs-gw by perform-
ing site-specific LR recombination using Gateway LR Clonase II
enzyme mix kit (Thermo Fisher Scientific).

Retrovirus production, cellular reprogramming, and treatment

For retroviruses production, Platinum E cells were seeded into
culture dishes (1 × 105 cells per square centimeter) 1 d before
transfection in DMEM supplemented with 10% FBS and 1% pen-
icillin/streptomycin. Cells reached ∼80% confluency on the day
of transfection. DNA plasmids were transfected into Platinum E
cells using FuGENE 6 transfection reagent. Twenty-four hours af-
ter transfection, wild-type or αMHC-GFP TTFs were seeded into
culture dishes or plates that were precoated with SureCoat (Cel-
lutron) for 1 h at a density of 6 × 103 per square centimeter. For-
ty-eight hours after transfection, polybrene was added to viral
medium that was filtered through a 0.45-µm filter at a concentra-
tion of 8 µg/mL. Themixture replaced the growthmedium in the
cell culture plate with TTFs. The viral infection was serially re-
peated twice. Twenty-four hours after the second infection, the
viral medium was replaced with induction medium, composed
of DMEM/199 (4:1), 10% FBS, 5% horse serum, 1% penicillin/
streptomycin, 1% nonessential amino acids, 1% essential amino
acids, 1% B-27, 1% insulin–selenium–transferrin, 1% vitamin
mixture, and 1% sodium pyruvate (Invitrogen). Beating cell anal-
ysis was performed as described by Zhou et al. (2015). Small mol-
ecule treatments throughout the reprogramming process used 10
µM Dex, 10 µM Nab (Sigma), and 10 nM FK228 (Selleckchem).

Luciferase assay

Expression constructs (pBx-GATA4 and pMXs-ZNF281) and a re-
porter construct (p-αMHC-Luciferase) were transfected into
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HEK293T cells using Fugene HD (Promega) according to manu-
facturer’s instructions. The total amount of DNA per well was
kept constant by adding the corresponding amount of expression
vector without a cDNA insert. Twenty hours after transfection,
cell extracts were assayed for luciferase expression using the lu-
ciferase assay kit (Promega). Relative promoter activities were ex-
pressed as fluorescence relative units normalized to pBX-GFP
expression in the cell.

Flow cytometry

For flow cytometry, cells were trypsinized and fixed with fixation
buffer (BD Bioscience) for 15 min on ice. Fixed cells were washed
three timeswith Perm/Wash buffer (BDBioscience).Washed cells
were incubated with mouse monoclonal anti-cTnT antibody
(Thermo Scientific, MA5-12960) at 1:200 dilution and rabbit
anti-GFP antibody (Thermo Scientific, A-11122) at 1:200 dilution
in Perm/Wash buffer for 1 h on ice. Cells then were washed three
times with Perm/Wash buffer followed by incubation with don-
key anti-mouse Alexa fluor 647 (Invitrogen, A-31571) at 1:200
and goat anti-rabbit Alexa fluor 488 (Invitrogen, A-11008) at
1:200. Cells were washed with Perm/Wash buffer and then ana-
lyzed using FACS Caliber (BD Sciences) and FlowJo software.

Immunocytochemistry

For immunocytochemistry, cells were fixed in 4% paraformalde-
hyde for 15 min and permeabilized with 0.1% Triton X-100 at
room temperature. Cells were washed three times with PBS fol-
lowed by blocking with 10% goat serum for 1 h. Cells then were
incubated with mouse monoclonal anti-cTnT antibody (Thermo
Scientific, MA5-12960) at 1:500 dilutions and rabbit anti-GFP an-
tibody (Thermo Scientific, A-11122) at 1:500 dilutions in 5% goat
serum for 1 h. After three washes with PBS, cells then were incu-
bated with donkey anti-mouse Alexa fluor 647 (Invitrogen,
A31571) at 1:500 and goat anti-rabbit Alexa fluor 488 (Invitrogen,
A-11008) at 1:500. Image acquisition was done on an INCell Ana-
lyzer 6000 (GE, Inc.) using aNikon4× objective. Sampleswere im-
aged using 488 and 561 laser lines for αMHC-GFP and cTnT,
respectively. Four fields were used to capture the entire well. Im-
age processing was performed in GE Developer Toolbox (version
1.9.3). The acquired images were segmented on the αMHC-GFP
and cTnT channels separately. We then calculated the total area
(square micrometers) and total signal intensity (arbitrary units)
of eachprobewithin their respectivemasks.Results forbothchan-
nels were imported into the GeneData Analyzer module (version
13, GeneData, Inc.) and normalized against the robust median of
the test population. From the normalized data, Z-scores were cal-
culated as described previously (Wu et al. 2008).

Quantitative mRNA measurement

Total RNA was extracted using TRIzol (Invitrogen) according to
the vender’s protocol. RNAs were retrotranscribed to cDNA us-
ing iScript Supermix (Bio-Rad). qPCR was performed using
KAPA SYBR Fast (Kapa Biosystems). mRNA levels were normal-
ized by comparison with Gapdh mRNA. Primer sequences are
listed in Supplemental Table S3.

Immunoprecipitation and Western blot analysis

Flag-epitope tag ZNF281 fusion proteins were coexpressed with
myc-epitope tag fusion GATA4, HAND2, MEF2C, or TBX5 in
HEK293 cells for 48 h. Cell lysates were incubated overnight
with 1 µg of mouse monoclonal anti-Flag antibody (Sigma,

F3165). The cell lysates were pulled downusingmagnetic Protein
G Dynabeads (Invitrogen), and then the Flag-ZNF281 was eluted
using 0.5 mg/mL free Flag peptide (Sigma). The final elution and
the input obtained before the immunoprecipitation were ana-
lyzed by SDS-PAGE Western blot using a mouse monoclonal
anti-Myc antibody (Novex, R950-25) or mouse monoclonal
anti-Flag antibody (Sigma, F3165).

RNA-seq and GO analysis

For RNA-seq, total RNA was extracted from TTFs transduced
with the indicated retroviruses using TRIzol (Invitrogen) accord-
ing to the vender’s protocol. Illumina RNA-seq was performed
by the University of Texas Southwestern Microarray Core Facili-
ty. RNA-seq and transcriptome analysis were performed as de-
scribed in Abad et al. (2017). Briefly, quality assessment of the
RNA-seq data was done using NGS-QC-Toolkit. Reads with
>30% nucleotides with Phred quality scores <20 were removed
from further analysis. Quality-filtered reads were then aligned to
the mouse reference genome GRCm38 (mm10) using the Hisat
(version 2.0.0) aligner using default settings. Aligned reads were
counted using featureCounts (version 1.4.6) per gene ID.Differen-
tial gene expression analysis was done using the R package edgeR
(version 3.8.6). For each comparison, genes were required to have
10 cpm (counts permillion) in at least three samples to be consid-
ered as expressed. They were used for normalization factor calcu-
lation. Gene differential expression analysis was done using the
GLM approach following edgeR official documentation. Cutoff
values of fold change >2 and FDR <0.01 were then used to select
for differentially expressed genes between sample group compari-
sons. The DAVID gene functional annotation and classification
toolwas used to annotate the list of differentially expressed genes.
GO enrichment analysis was performed to determine molecular
and biological functional categories. The enrichment plots were
performed using GSEA software. All RNA-seq data have been
deposited in the Sequence Read Archive (SRA) with the accession
numbers listed in Supplemental Table S4.

ChIP-seq, GO, and pathway analysis

For ChIP-seq, TTFs were transduced with the indicated retrovi-
ruses. Two days after retroviral transduction, TTFs were cross-
linked with 1% formaldehyde in PBS for 30 min and neutralized
by the addition of glycine to a final concentration of 0.125M for 5
min. TTFs were harvested and washed with cold PBS, and then
ChIPwas performed using anti-GATA4 antibody (SantaCruz Bio-
technology, sc-1237), anti-ZNF281 antibody (Abcam, ab101218),
and ChIP-IT Express ChIP kits (Active Motif) according to the
vender’s protocol. Subsequent library construction and massive
parallel sequencing were performed at the University of Texas
Southwestern Genomics and Microarray Core Facility. For
ChIP-seq analysis, raw reads were mapped to GRCm38 (mm10)
using Bowtie2 (version 2.2.8). An average of ∼50million uniquely
mapped (single end) reads was obtained per sample. Peak calling
was performed using MACS2 (version 2.1.0). Resulting peak files
were processed using bedTools (version 2.26) and deepTools
(Ramirez et al. 2016) to generate coverage heat maps and obtain
overlapping regions. The GREAT kits (McLean et al. 2010) were
used for GO and pathway analysis. All ChIP-seq data have been
deposited in the SRA with the accession numbers listed in Sup-
plemental Table S4.

Quantification and statistical analysis

All data are presented asmeanwith SEM and have n = 3 per group
(except Supplemental Fig. S4, with n = 6 per group). P-values were
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calculated with either unpaired/two-way t-test or one-way
ANOVA.Statistical analyseswererunusing theGraphPadPrism7
software package. P < 0.05 was considered significant in all cases
after corrections were made for multiple pairwise comparisons.
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