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Direct cardiac reprogramming of fibroblasts into induced car-
diomyocytes (iCMs) can be achieved by ectopic expression of
cardiac transcription factors (TFs) via viral vectors. However,
risks like genomic mutations, viral toxicity, and immune
response limited its clinical application. Transactivation of
endogenous TFs emerges as an alternative approach that may
partially mitigate some of the risks. In this study, we utilized
a modified CRISPRa/dCas9 strategy to transactivate endoge-
nous reprogramming factors MEF2C, GATA4, and TBX5
(MGT) to induce iCMs from both mouse and human fibro-
blasts. We identified single-guide RNAs (sgRNAs) targeting
promoters and enhancers of the TFs capable of activating
various degrees of endogenous gene expression. CRISPRa-
mediated Gata4 activation, combined with exogenous expres-
sion of Mef2c and Tbx5, successfully converted fibroblasts
into iCMs. Despite extensive sgRNA screening, transactivation
of Mef2c and Tbx5 via CRISPRa remained less effective, poten-
tially due to de novo epigenetic barriers. While future work and
refined technologies are needed to determine whether cardiac
reprogramming could be achieved solely through CRISPRa
activation of endogenous factors, our findings provide proof
of concept that reliance on exogenous TFs for reprogramming
can be reduced through CRISPRa-mediated activation of
endogenous factors, particularly Gata4, offering a novel strat-
egy to convert scar-forming fibroblasts into iCMs for regener-
ative purposes.

INTRODUCTION

Acute myocardial infarction (AMI) and subsequent heart failure have
remained the leading cause of death worldwide for decades, placing a
substantial burden on public health." AMI can lead to the loss of
nearly 25% of cardiomyocytes within just a few hours,” which triggers
adverse cardiac fibrosis and ventricular remodeling. While effective
revascularization therapies such as percutaneous coronary interven-
tion, thrombolytic treatment, and coronary artery bypass grafting
have been developed to restore blood flow to the myocardium,’
they do not fully address the fundamental issues of cardiomyocyte
loss. Although recent studies have shown that mammalian cardio-

myocytes possess some regenerative capacity, the renewal rate is
exceedingly slow and insufficient to compensate for the significant
loss of cardiomyocytes following AML*"” Therefore, it is of great
importance to explore new strategies to achieve myocardial repair
and regeneration.

Direct reprogramming refers to the conversion of somatic cells into
another type of mature somatic cell without passing through an inter-
mediate multipotent progenitor or stem cell stage.” Since 2012,
studies have demonstrated the use of viruses to directly reprogram fi-
broblasts into induced cardiomyocyte-like cells (iCMs) that are
phenotypically and functionally similar to cardiomyocytes.” '*
Forced expression of three cardiac transcription factors (TFs),
Mef2c, Gata4, and Tbx5 (MGT), has been shown to transform fibro-
blasts into functional cardiomyocytes in vitro.” By using the same TF
cocktail in an in vivo mouse model of AMI, approximately 35% of car-
diac fibroblasts (CFs) in the border/infarcted zone were successfully
converted into iCMs, making a significant breakthrough in efforts
to develop novel therapies based on in vivo lineage reprogramming. '’
As cardiac reprogramming rapidly advances toward translational
application, there is a pressing need to develop reprogramming ap-
proaches that faithfully recapitulate cardiomyocyte phenotypes.
Therefore, investigating whether and how endogenous activation of
cardiac TFs can lead to iCMs is critical to the field.

CRISPR-Cas9 is a powerful, rapidly optimized gene-editing technology
that has been adapted for a wide range of applications. By introducing
mutations in both endonuclease domains, Cas9 can be engineered into
an endonuclease dead form (dCas9) capable of delivering functional
protein domains to genomic loci of interest.'*'* When transcriptional
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activators, such as VP64, are fused to the dCas9 protein, endogenous
expression can be efficiently activated by targeting the dCas9 activator
to the cis-acting elements of a target gene, a strategy known as CRISPR-
based gene activation (CRISPRa)."” Since CRISPRa-based strategies
activate endogenous gene expression, they may offer a safer alternative
for clinical applications than approaches relying on exogenous expres-
sion. Furthermore, the discovery of smaller Cas enzymes has simplified
delivery methods, making it possible to package single-guide RNA
(sgRNAs) and dCas9 protein into nanoparticles. This advancement
holds great potential to mitigate the safety risk associated with viral-
based delivery methods and facilitate the translation of direct cardiac
reprogramming into clinical application.

In this study, we show that CRISPRa targeting both promoter regions
close to the transcription start site (T'SS) and enhancer regions distant
from the TSS can activate endogenous expression of the cardiac reprog-
ramming factors MGT. We then evaluated the capacity of endogenous
MGT expression to reprogram mouse embryonic fibroblasts (MEFs),
mouse fresh CFs (fCFs), and human H9-derived fibroblasts (HOF).
By combining endogenous Gata4 expression through CRISPRa with
exogenous Mef2c and Thx5 expression from retroviruses, we success-
fully converted MEFs and HOF into iCMs. Additionally, we screened
124 sgRNAs for Mef2c and 18 sgRNAs for Thx5 with limited success
in transactivating these two genes, likely due to the inaccessibility na-
ture of the chromatin regions at the genomic loci. Nevertheless, the
combinatorial approach of Gata4 transactivation with exogenous over-
expression of Mef2c and Tbx5 to generate iCMs provides a proof of
principle for future refinement of this strategy.

RESULTS

Experimental design

We utilized the second-generation CRISPRa system known as syner-
gistic activation of mediators (SAM),'® which consists of a dCas9-
VP64 fusion, a sgRNA containing two MS2 RNA aptamers, and the
MCP-p65-hsfl (MPH) activation helper protein. Using this system
to activate endogenous MGT expression, we aimed to leverage
SAM CRISPRa to induce cardiac reprogramming (Figure 1A). To
begin, we analyzed the structure of the MGT loci to locate their
TSSs (narrow range: —0.5 kb of TSS; broad range: —2 kb to +2 kb
of TSSs), their promoters, and potential upstream and downstream
enhancers. We designed MGT-targeting sgRNAs for these regions us-
ing the algorithms Chopchop, Benchling, and Sequence Scan for
CRISPR, excluding those with high off-target scores for testing
(Figure 1B).

Initial tests of VP64 and SAM activators in MEFs
We began by comparing the performance of the first-generation
dCas9-VP64 CRISPRa platform with the SAM system by evaluating

their ability to activate endogenous Gata4 in MEFs 3 days post-trans-
fection (Figure 2A). The SAM system activated Gata4 expression
approximately 150-fold, whereas dCas9-VP64 alone achieved only a
5- to 10-fold activation (Figure 2B). Based on these results, we opted
to use the SAM system for the remainder of the study.

Activation of endogenous Gata4 in MEFs and fCFs with dCas9-
SAM system

We designed an additional 15 candidate sgRNAs targeting the mouse
Gata4 gene (G-sgRNAs) between —1 kbp and +200 bp of the TSS.
MEF and fCF were infected with lentiviruses encoding the SAM
components and the sgRNAs, and Gata4 transactivation was
measured after antibiotic selection. The sequence, location, and acti-
vation efficiency of each sgRNA are detailed in Table S1. Compared to
mock and non-targeted SAM control, activation of endogenous
Gata4 by G-sgRNAs was significantly increased in MEFs, with
Gata4-sgRNAs 2, 3, 6, and 10 (G2, G3, G6, and G10) showing the
highest activation. These four G-sgRNAs were located between
—600 and 0 bp of TSS of Gata4 (Figure 2C).

We then tested whether the co-expression of G2, G3, G6, and G10 in
various combinations would further enhance Gata4 transactivation.
In MEF, G10 alone mediated the highest activation (284.69 + 18.10-
fold higher than endogenous Gata4 expression), and combining two
or three G-sgRNAs significantly boosted the expression level to a
500-fold increase (Figure 2D). In contrast, in fCFs, the activation of
endogenous Gata4 by G-sgRNAs was lower, with G10 mediating the
highest degree of activation (approximately 3-fold), and combining
multiple sgRNAs did not further enhance transactivation (Figure 2E).

To determine whether Gata4 transactivation also leads to increased
protein levels, we compared the effect of SAM CRISPRa with
G-sgRNAs and the overexpression of Gata4 using retrovirus (pMx-
Gata4) by analyzing GATA4 protein levels at different time points
post-infection. Both the pMx-Gata4 and G-sgRNA groups signifi-
cantly increased GATA4 protein levels in MEFs (Figure 2F). A time
course analysis of protein expression revealed that exogenous
GATA4 expressed by the pMx-Gata4 retroviral vector peaked at
day 3, while G-sgRNA-mediated activation of endogenous GATA4
reached a peak at day 5 (Figure 2G).

Activation of endogenous Mef2c in MEFs and fCFs with dCas9-
SAM system

A total of 124 candidate Mef2c sgRNAs (M-sgRNAs) were designed
targeting —2 to +2 kbp from the TSS and three enhancers of the
Mef2c gene (Table S2). The three enhancers convey muscle, heart
field, and endothelial cell-specific expression of Mef2c.'””"° The
results revealed that compared to the mock and non-targeted SAM

Figure 1. Graphical representation of cardiac reprogramming by CRISPR-dCas9-based transcriptional activators and sgRNAs design criteria

(A) Schematic of reprogramming mouse embryonic fibroblasts (MEFs) and fresh cardiac fibroblasts (fCFs) into induced cardiomyocytes (iICMs) via SAM system-mediated
gene activation. Activation of transcriptional factors, including Gata4, Mef2C, and Tbx5, can reprogram MEFs and fCFs toward iCMs. (B) A graphical workflow for efficient
sgRNA design. The process includes defining the TSS, retrieving the promoter sequence, designing sgRNAs, and considering distal regulatory elements for optimal sgRNA

performance.
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controls, most of the M-sgRNAs failed to effectively activate endoge-
nous Mef2c expression (Mef2c_UTR) except for designed Mef2c-
sgRNAs 25, 44, 94, 102, and 113 (M25, M44, M94, M102, and
M113). We then tested the activation efficiency of these five sgRNAs
individually and in combination. M94, M102, and M113, which are
targeted to the heart field expression of Mef2c, mediated the highest
level of transactivation in MEFs and fCFs (Figure 3A). In MEFs, a sin-
gle M-sgRNA activated Mef2c expression to 1.60 + 0.09-fold higher
than endogenous Mef2c, and the combined use of two or three
M-sgRNAs increased expression by around 6-fold (Figure 3B). In
fCFs, a single M-sgRNA activated Mef2c 2.99 + 0.06-fold. Multiple
M-sgRNAs in combination did not further enhance transactivation
(Figure 3C). Although the single M-sgRNA activated Mef2c at the
mRNA level, SAM-Mef2c failed to activate MEF2C at the protein level
in both CFs and MEFs (Figures 3D and 3E), suggesting the inefficacy
of the sgRNA. Future work should focus on improving transactiva-
tion, not only for Mef2c but also for other reprogramming factors,
by utilizing Al-based sgRNA efficiency prediction and leveraging
new knowledge about novel enhancer and promoter regions.

Activation of endogenous Tbx5 in MEFs and fCFs with dCas9-
SAM system

We designed 18 candidate Tbx5 sgRNAs (T-sgRNAs) targeting
regions spanning —2 to +2 kbp from the TSS (Table S3). Most
T-sgRNAs did not effectively activate endogenous Tbx5 expression
compared to the mock and non-targeted SAM controls. However,
Tbx5-sgRNAs 5, 12, and 16 (T5, T12, and T16), located within the
—600- to 0-kbp region of the Tbx5 TSS, showed significant activation
(Figure 4A). In MEFs, T16 alone activated Tbx5 expression
(Tbx5_UTR) approximately 34.74 + 4.50-fold. Interestingly, unlike
Gata4 and Mef2c CRISPRa, combining multiple T-sgRNAs unexpect-
edly reduced transactivation compared to T16 alone (Figure 4B). In
fCF, T16 and T5 each activated Tbx5 by about 7-fold. No further in-
crease in transactivation was observed with T-sgRNA combinations
(Figure 4C). To determine whether Tbx5 transactivation also led to
increased protein levels, we compared the effect of SAM CRISPRa
with T-sgRNAs to Tbx5 overexpression using the pMx-Tbx5 retro-
virus at different time points post-infection. Compared with the
mock and non-targeted SAM controls, pMx-Tbx5 significantly
increased the expression of TBX5 protein level in MEFs. At the
same time, the T-sgRNA group only showed a modest increase in
TBX5 protein expression, which did not reach statistical significance
(Figures 4D and 4E).

OCT1 does not boost sgRNA expression

OCT1 is a widely expressed protein in mammalian cells that recog-
nizes a conserved octamer sequence.”’ Previous studies have reported
that Octl overexpression enhances sgRNA expression by increasing

U6 promoter activity.”' To test whether Oct can augment the expres-
sion of MGT sgRNAs, we used a lentiviral-based system to overex-
press Octl. Although successful overexpression of Octl was
confirmed (Figure SIA), no enhancement of CRISPRa activity for
MGT sgRNAs was observed (Figures SIB-S1G). Thus, OctI overex-
pression was not used in subsequent experiments.

CRISPRa-mediated activation of Gata4 in combination with
ectopic retroviral Mef2c and Tbx5 expression induces cardiac
reprogramming in MEF

Since the G-sgRNAs demonstrated the highest efficiency in activating
their target genes, we evaluated whether CRISPRa-mediated Gata4
expression, in combination with ectopic retroviral expression of
Mef2c and Tbx5, could improve reprogramming efficiency compared
to pMx-MT or pMx-MGT (Figure 5A). Flow cytometry analysis re-
vealed significant induction of a-major histocompatibility complex
(aMHC)-GFP and cardiac troponin T (cTnT) by pMx-MT+SAM,
pMx-MT+SAM-Gata4, and pMx-MGT, with the highest efficiency
observed in the pMx-MT+SAM-Gata4 group (12.77% «MHC-GFP*
and 3.03% cTnT"; Figures 5B and 5C). Additionally, quantitative
real-time PCR (real-time qPCR) was used to measure endogenous
and total reprogramming factor expression levels, as well as cardiomyo-
cyte and fibroblast markers, on 8 days post-infection (Figure 5D).
Endogenous Gata4 expression was effectively activated by SAM-Gata4,
while total Gata4 expression (Gata4_Exo05/6) was the highest in the
PMGT group, indicating specific activation of Gata4 by CRISPRa,
albeit to a lesser extent than ectopic retroviral Gata4 expression.
The expression of sarcomere components and myosin-related genes
(Actcl, Tnnt2, Myh6, Myl4, Myl7) was increased in both the
pMx-MT+SAM-Gata4 and pMx-MGT groups compared to
pMx-MT+SAM. Similarly, the expression of Pln and Slc8al, which
encode key regulators of calcium handling in cardiomyocytes, was
highest in the pMx-MT+SAM-Gata4 and pMx-MGT groups. In
contrast, fibroblast gene expression (Postn, Collal, Colla2, Tcf21)
significantly decreased in all three reprogrammed groups compared
to the mock group. Immunofluorescence staining for aMHC-GFP
and c¢TnT confirmed successful cardiac reprogramming in the
pMT+SAM-Gata4 and pMx-MGT groups (Figures 4E and 4F). In
conclusion, the dCas9-G-sgRNA-mediated activation of endogenous
Gata4, when combined with ectopic pMx-MT, can substitute for
retroviral Gata4 overexpression to improve the direct cardiac reprog-
ramming of MEFs.

CRISPRa-mediated activation of endogenous MGT promotes
certain cardiac gene expression and suppresses the fibroblast
gene program in MEFs and fCFs

After successfully replacing ectopic Gata4 expression with
SAM-Gata4 in MEF reprogramming, we investigated whether

Figure 2. Evaluation of VP64 and SAM systems for Gata4 activation in MEFs in MEFs and fCFs

(A) Schematic of the different systems tested. (B) Comparative analysis of the VP64 and SAM system for Gata4 activation in MEFs. (C) Schematic showing the location of the
efficient sgRNA-targeted sites for Gata4 with all four efficient Gata4-sgRNAs (G-sgRNAs) located in —600 to 0 kb of the TSS for the Gata4 gene. (D and E) Transcriptional
activation of endogenous Gata4 (Gata4_UTR) in MEFs (D) and fCFs (E) using the SAM system. (F and G) Western blotting analysis of GATA4 protein levels in MEFs with
targeted activation (SAM-Gata4) or ectopic overexpression (pMx-Gata4) of Gata4 at various time points post-infection. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.
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activating all three reprogramming factors using CRISPRa
could induce cardiac reprogramming. Using the best-performing
M-sgRNA, G-sgRNA, and T-sgRNA from our screening in MEF,
we tested whether SAM-mediated activation of Mef2c, Gata4, and
Tbx5 (SAM-MGT) could reprogram both MEFs and fCFs. In
MEFs, the proportion of «MHC-GFP™ cells in the SAM-MGT group
was significantly higher than that in the mock group (1.86 + 0.58% vs.
0.31 + 0.03%, p = 0.02) and the non-targeted SAM group (1.86 +
0.58% vs. 0.55 = 0.19%, p = 0.04). However, the proportion of
cTnT" cells did not increase compared to the non-targeted SAM
group (Figures S2A and S2B). While SAM-MGT increased both
endogenous and total expression of Gata4 and Tbx5, it did not induce
Mef2c expression. SAM-MGT also upregulated the expression of
some cardiac genes, like Actcl, Tnnt2, and Slc8al, while downregulat-
ing fibroblast markers (Figure S2C). Moreover, immunofluorescence
staining showed that a small number of GFP*/cTnT" cells could be
found (Figure S2D). These results demonstrate that CRISPRa-medi-
ated activation of endogenous Gata4 and Tbx5 without activation of
Mef2c enhances certain cardiac gene expression and suppresses fibro-
blast gene program in MEFs, although this effect appears to yield
minimal or negligible cardiac reprogramming.

For fCF reprogramming, flow cytometry analysis showed a margin-
ally higher ratio of GFP* and ¢TnT" cells than the mock group. How-
ever, this increase was not statistically significant compared to the
non-targeted SAM group (Figures S2E and S2F). In contrast to the re-
sults observed in MEFs, fCF reprogramming resulted in a substantial
increase in the expression of cardiomyocyte structural and ion chan-
nel markers in the SAM-MGT group relative to the mock group (Fig-
ure S2G). Nevertheless, the overall proportion of GFP™ and ¢TnT"
cell ratio remained low, as indicated by immunofluorescence staining
(Figure S2H). The data suggest that inherent differences in the start-
ing fibroblast populations may result in significantly different reprog-
ramming outcomes independent of the reprogramming approaches
employed.

Human cardiac reprogramming using CRISPRa

Next, we initiated the reprogramming of human fibroblasts into iCMs
by designing and testing sgRNAs, focusing primarily on potential
target sites near the TSS, as proximity to the TSS is strongly associated
with sgRNA-mediated gene activation.”> For this purpose, we tar-
geted the TSS of NCBI RefSeq transcripts for each reprogramming
factor, as well as those from transcripts with high expression in hu-
man ventricular tissue, according to data from the GTEx database.”
In addition to the TSS regions, we sought to identify potential sgRNA
target sites with the cardiac-specific enhancers of the reprogramming
factors, as cataloged in the VISTA database, which are known to be
active during embryogenesis.”* Finally, H3K27Ac enrichments at
the MGT loci, as identified in the human cell lines from the

ENCODE project, were considered to further optimize our selection
of sgRNA target sites.”

We carried out multiple rounds of human sgRNA design, cloning into
lentiSAMv2, and testing (Table 1). In each experiment, H9Fs were co-
infected with the lentiSAMv2 clone and lentiMPHv2 followed by
antibiotic selection and qPCR analysis. We found that the extent of
CRISPRa-mediated gene activation varied significantly across
sgRNAs and did not consistently correlate with their proximity to
the TSS (Figures 6A-6C). Furthermore, siRNAs targeting the same
genomic region exhibited considerable variability in gene activation,
likely due to the intrinsic biochemical properties of the sgRNAs
themselves rather than the targeted genomic regions.*® Through these
efforts, we identified two sgRNAs that resulted in a 50- to 70-fold acti-
vation of MEF2C compared to the non-targeted control (Figure 6A),
while three sgRNAs achieved a 200- to 300-fold activation of GATA4
(Figure 6B). Additionally, 11 sgRNAs were found to induce a 100- to
10,000-fold activation of TBX5 (Figure 6C). These screening results
indicate that CRISPRa-mediated activation of human MGT is achiev-
able and represents a promising approach for inducing cardiac
reprogramming.

Utilizing the most efficient sgRNA for each gene, we next sought to
reprogram fibroblasts into human iCMs with the CRISPRa system.
HO9Fs were induced to overexpress GATA4 with the CRISPRa system,
while MEF2C and TBX5 were overexpressed through retroviral deliv-
ery of their respective coding sequences (cDNAs), and miR-133a2 was
delivered as a precursor miRNA. The inclusion of miR-133a2 with
MGT was based on previous reports indicating that miR133a2 en-
hances the efficiency of human fibroblast conversion to iCMs.”” To
control for the potential effects that miR-133-a2 would have on
MGT expression, miR-133a2 was included in all human reprogram-
ming conditions in this study.

We first assessed the expression of MGT following CRISPRa-mediated
activation of GATA4. No significant differences in MEF2C or TBX5
expression were observed between non-targeting control (pMT-
133+SAM), CRISPRa-mediated GATA4 (pMT-133+SAM-GATA4),
and retroviral GATA4 (pMGT-133) groups, suggesting that
CRISPRa-mediated activation of GATA4 does not induce the
expression of MEF2C or TBX5. However, CRISPRa-mediated GATA4
expression was approximately 80-fold higher than in the non-targeting
control, although still significantly lower than that achieved with retro-
viral GATA4 expression (Figure 6D).

Ten days after initiating reprogramming, the samples with GATA4
CRISPRa exhibited a 14-fold change increase in MYH6 expression
compared to both the negative control and retroviral-mediated reprog-
ramming (Figure 6E). Although TNNT2 expression was increased, the

Figure 3. Transcriptional activation of Mef2c in MEFs and fCFs using the SAM system

(A) Schematic of the sgRNA-targeted site for Mef2c, with all three efficient Mef2c-sgRNAs (M-sgRNAs) located within the anterior heart field enhancer of Mef2c gene. (B and
C) Transcriptional activation of endogenous Mef2c (Mef2c_UTR) in MEFs (B) and fCFs (C) using the SAM activators. (D and E) Western blotting analysis of MEF2C protein
levels in CFs (D) and MEFs (E) with targeted activation (SAM-Mef2c) or ectopic overexpression (pMx-Mef2c). *p < 0.01; ***p < 0.0001.
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Figure 4. Transcriptional activation of Tbx5 in MEFs and fCFs using the SAM system

(A) Schematic of sgRNA-targeted sites for Thx5 with all three efficient Tbx5-sgRNAs (T-sgRNAs) located in —600 to O kb of the TSS for the Tbx5 gene. (B and C) Tran-
scriptional activation of endogenous Thx5 (Tbx5_UTR) in MEFs (B) and fCFs (C) using the SAM system. (D and E) Western blotting analysis of TBX5 protein expression in
MEFs following targeted activation (SAM-Tbx5) or ectopic overexpression (pMx-Tbx5) at various time points post-infection. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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increase was not statistically significant compared to the control, and
ACTN2 expression levels were similar across samples. By day 14, human
iCMs were observed in the sample with GATA4 CRISPRa, as deter-
mined by immunofluorescence for cTnT, while no iCMs were detected
in the negative control (Figure 6F). Together, these results suggest that
CRISPRa-mediated activation of GATA4 substantially contributes to
human cardiac reprogramming.

We next attempted to reprogram human fibroblasts into iCMs by
CRISPRa-mediated activation of all three MGT factors. H9Fs were in-
fected with separate virus vectors, each encoding a sgRNA targeting
MEF2C, GATA4, or TBX5 in the human SAM-MGT system. By
day 14, CRISPRa-induced activation reached approximately 70-fold
for MEF2C, 1,000-fold for TBX5, and 4,000-fold for GATA4. When
compared to retroviral MGT overexpression, CRISPRa-mediated
activation of TBX5 and GATA4 was significantly lower, whereas no
significant difference was observed for MEF2C expression
(Figure 6G). Cardiomyocyte markers TNNT2, NPPB, and SCN5A
were significantly upregulated in the CRISPRa-treated samples
compared to the negative control (p133+SAM) (Figure 6G). Immu-
nofluorescence staining for ¢InT and o-actinin identified a limited
number of human iCMs in the CRISPRa samples, although at a low
frequency (Figure 6H). Notably, the ¢TnT signal in the CRISPRa-
treated samples was qualitatively weaker, and the morphology of
the human iCMs in these samples differed from those produced
through retroviral MGT reprogramming. Taken together, these
data indicate that a cardiac program in human fibroblasts can be
activated by CRISPRa of MGT.

DISCUSSION

In this study, we reprogrammed fibroblasts to iCMs through targeted
activation of endogenous reprogramming factors. We utilized the
second-generation SAM CRISPRa system as a programmable and
transcriptional regulator to activate the expression level of Mef2c,
Gata4, and Tbx5 in both mouse and human fibroblasts. Our findings
demonstrate that endogenous activation of Gata4 via CRISPRa could
effectively substitute for ectopic retroviral Gata4 expression in the
reprogramming process.

A comparative study of second-generation CRISPRa platforms,
including VPR, SAM, and SunTag, identified SAM as the most effec-
tive system.15 In our study, we corroborated this finding, demon-
strating that SAM was more effective than the first-generation
CRISPRa platform dCAS9-VP64. Notably, sgRNAs targeting Gata4
achieved potent activation in MEFs, and the use of multiplex sgRNAs
further enhanced activation. This result aligns with the study of Cha-
vez et al., which showed that the combined use of multiple sgRNAs

Molecular Therapy: Nucleic Acids

can synergistically promote target gene expression.'>** However, in
MEFs, combining multiple T-sgRNAs produced a significant antago-
nistic effect on the transcriptional output compared to singlet
T-sgRNAs (Figure 4B). This suggests that while the use of multiple
sgRNA may theoretically enhance gene activation, empirical valida-
tion is necessary in each specific context. Additionally, we observed
that the degree of gene activation varied between cell types, even
when using the same sgRNA or sgRNA combination. In MEFs, for
instance, several G-sgRNAs activated Gata4 hundreds of times above
the endogenous level, whereas in fCFs, the activation was less than
10-fold (Figures 2D and 2E). One potential explanation for this differ-
ence is the higher basal Gata4 expression in fCFs compared to MEFs
(Figure S3), indicating that CRISPRa-mediated gene activation may
be inversely correlated with the basal expression level of the targeted
gene, as previously described.””

Various strategies have been proposed for cardiac regeneration and
repair, including cytokine administration, skeletal muscle myoblast
transplantation, stem cell therapies, and engineered myocardial tissue
patches.”® While these approaches have shown promise in animal
models, their clinical translation has yielded unsatisfactory out-
comes.’' A primary reason for these failures is likely the inability to
fully address the permanent loss of cardiomyocytes and reverse the
progressive decline in cardiac function. Direct cardiac reprogram-
ming represents a promising alternative for repairing injured
hearts.” " However, traditional reprogramming methods, which
rely on retroviral infection, pose significant challenges for clinical
translation in myocardial regeneration.”

Several alternative approaches have been developed to replace retro-
viruses-based direct cardiac reprogramming. Mathison et al. con-
structed a proliferation-deficient-adenoviral GMT expression vector
(Ad-GMT) and successfully achieved cardiac reprogramming both
in vitro and in vivo.” Jayawardena et al. identified microRNA
(miRNA) combinations, including miRNA-1, -133, -208, and -499,
capable of inducing fibroblasts into iCMs.>*>° Inspired by the use
of small molecules for the generation of induced pluripotent stem
cells, Fu et al. developed a small-molecule cocktail CREVPTZ (C,
CHIR99021; R, RepSox; F, Forskolin; V, VPA; P, Parnate; and T,
TTNPB) that efficiently reprogrammed MEFs to iCMs.”” These novel
strategies represent significant progress toward the clinical translation
of direct cardiac reprogramming. Our study provides evidence that
cardiac reprogramming could be achieved with CRISPRa, presenting
a theoretical opportunity to formulate nanoparticles loaded with
SAM-MGT ribonucleoproteins for direct delivery to the border
zone of an AMI, thereby circumventing the risks associated
with using mutagenic retroviral vectors. The development of

Figure 5. Reprogramming MEFs into iCMs via SAM-mediated endogenous Gata4 activation and pMx-MT-mediated Mef2c and Tbx5 ectopic overexpression
(A) Schematic of reprogramming MEFs into iCMs using SAM-Gata4 activation and pMx-MT overexpression. D, day; FACS, fluorescence-activated cell sorter; ICC,
immunofluorescence staining. (B and C) Flow cytometry analysis of GFP™ and cTnT* cells (B), with the corresponding statistical graphs (C) showing the percentage of GFP* or
cTnT" cells in (B). (D) Heatmap displaying the expression levels of transcription factors and cardiac and fibroblast-related marker genes assessed by real-time gPCR on
10 days post-infection in the pMx-MT, pMx-MT+SAM-Gata4, pMx-MGT, and mock groups. (E and F) Immunofluorescence staining of GFP and cTnT on day 14 of re-
programming (E), with the corresponding statistical graph of the percentage of GFP* or cTnT" cells (F). Scale bar in (E), 100 um. *p < 0.05; **p < 0.01; ***p < 0.0001.
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Table 1. Results of human sgRNA testing
Experiment  Experiment  Experiment Experiment Experiment Experiment Experiment 4- Experiment Experiment Average vs.

Gene sgRNA ID  Target sequence I-replicate 1 2-replicate 1 ~2-replicate 2 3-replicate 1 3-replicate 2 4-replicate 1 replicate 2 5-replicate 1 5-replicate 2 GAPDH SEM
GATA4 sgGvl-A ?g?gégggGAGG 261.083 69.807 43.950 - - 234.804 111.798 701.449 544.367 281.037 94.880
GATA4 sgGvl-B I??g?gggGGGc 21.432 - - - - - - - - 21.432 NA
GATA4 sgGvl-C iggﬁzﬁiiAGTc 5.110 - - - - - - - - 5.110 NA
GATA4 sgGv3-1 ?SES:SS?TTSEA - - - - - - - 314.788 174.231 244.510 70.279
GATA4 sgGv3-2 égi?}i%i(i}(fé\s - - - - - - - 10.909 12.211 11.560 0.651
GATA4 sgGv3-4 giggg%igg - - - - - - - 21.198 16.129 18.664 2.534
GATA4 sgGv3-5 ’éig%[éigé%g[z? - - - - - - - 24.016 107.836 65.926 41.910
GATA4 sgGv3-6 iggéigggé‘ég(} - - - - - - - 173.596 202.758 188.177 14.581
GATA4 sgGv4-1 I;géggégigggr - - - - - - - 34.227 23.207 28.717 5.510
GATA4 sgGv4-2 giﬁigggggg& - - - - - - - 1.433 0.778 1.105 0.328
GATA4 sgGv4-3 gigz?gg;iég(; - - - - - - - 0.484 0.527 0.505 0.021
GATA4 sgGv4-4 é?ﬁgjgfg:ggT - - - - - - - 0.747 0.930 0.839 0.092
GATA4 sgGv4-5 izééj;i(ég?ggA - - - - - - - 0.664 0.522 0.593 0.071
GATA4 sgGv4-6 :Iggii%%?éﬂc - - - - - - - 0.793 0.757 0.775 0.018
GATA4 sgGv4-7 iéggiéiggS;CAG - - - - - - - 0.581 0.836 0.708 0.128
GATA4 sgGv4-8 ”?’}I?S}ij(\;géTGT - - - - - - - 0.495 0.562 0.528 0.034
GATA4 sgGv4-9 ?igié:ézéCGIATC - - - - - - - 0.612 0.495 0.553 0.058
GATA4 sgGv4-10 Zgi%%gggggcc - - - - - - 0.758 0.911 0.835 0.077
MEF2C sgMv1-A zﬁi%;ﬁ?iAAAT 1.133 - - - - - - - - 1.133 NA
MEF2C sgMv1-B ”?EQEQZS;ETATA 0.873 - - - - - - - - 0.873 NA

(Continued on next page)
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Table 1. Continued
Experiment ~ Experiment  Experiment  Experiment Experiment Experiment Experiment 4- Experiment Experiment Average vs.

Gene sgRNA ID  Target sequence 1-replicate 1 2-replicate 1 ~2-replicate 2 3-replicate 1 3-replicate 2 4-replicate 1 replicate 2 5-replicate 1 5-replicate 2 GAPDH SEM
MEF2C sgMv1-R1A zi‘:igg‘:iGTAC 0.872 - - - - - - - - 0.872 NA
MEF2C  sgMv1-R3A iizggéﬁéGAAA 1.592 - - - - - - - - 1.592 NA
MEF2C  sgMv1-R2A i(/-:\i:ll:g((:}iAGAGGA 0.912 - - - - - - - - 0.912 NA
MEF2C sgMv1-R2B éé?gzéﬁgGTGG 0.694 - - - - - - - - 0.694 NA
MEF2C  sgMv2-9 gggggi(G:CTCCTC - - - 11.601 16.600 - - - - 14.101 2.500
MEF2C  sgMv2-10 g(éiigi(é(éGCTc - - - 57.353 62.174 96.684 98.050 44.579 53.283 68.687 9.373
MEF2C  sgMv2-15 ggii?rgggCGCG - - 0.734 0.959 - - - - 0.847 0.112
MEF2C  sgMv2-17 g(cjg(égg‘é;r}TCGC - - 0.672 0.708 - - - - 0.690 0.018
MEF2C  sgMv3-1 é?ggigiiééGTG - - - - - 43.275 64.776 - - 54.026 10.750
MEF2C  sgMv3-3 :giéfci%TGATATC - - - - - 2.427 2.701 - - 2.564 0.137
MEF2C  sgMv3-4 g:ﬁ:ggiigggATG - - - - - 2.849 2.696 - - 2.772 0.077
MEF2C  sgMv3-6 gg{}gfgﬁﬁggg}\ - - - - 1.633 1.735 - - 1.684 0.051
MEF2C  sgMv3-8 gi?ziggiglgg - - - = - 1.155 1.421 - - 1.288 0.133
MEF2C  sgMv3-9 iiiﬁiﬁg&@g%c - - - - - 1.862 2.055 - - 1.958 0.097
MEF2C  sgMv3-10 ggi?};iccgilgg - - - - - 1.735 2.119 - - 1.927 0.192
MEF2C  sgMv3-11 ?g?g?f?g?ggA - - - - - 2.609 3.066 - - 2.837 0.229
MEF2C  sgMv3-12 iéil}f(é?’(l;?gé(éc - - - - - 2.058 2.641 - - 2.350 0.291
MEF2C  sgMv3-13 ?E?ggg?éfggc - - - - - 4.082 3.801 - - 3.941 0.140
MEF2C  sgMv3-14 géﬁ:g?AATAéé(c‘ng . = = - 1.167 1.719 - - 1.443 0.276
MEF2C  sgMv4-1 gzg?ggggigéT - - - - - - - 0.859 0.786 0.823 0.037

(Continued on next page)
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Table 1. Continued
Experiment ~ Experiment  Experiment  Experiment Experiment Experiment Experiment 4- Experiment Experiment Average vs.

Gene sgRNA ID  Target sequence 1-replicate 1 2-replicate 1 ~2-replicate 2 3-replicate 1 3-replicate 2 4-replicate 1 replicate 2 5-replicate 1 5-replicate 2 GAPDH SEM
MEF2C  sgMv4-2 igf;?égzé;ggA - - - - - - 1.075 0.841 0.958 0.117
MEF2C  sgMv4-3 g?gzzé};;%éGTA - - - - - - - 1.424 1.281 1.353 0.071
MEF2C  sgMv4-4 igz;z{?z;g(éTAA - - - - - - - 1.155 1.144 1.150 0.005
MEF2C  sgMv4-5 ?gézgé%l:rggCA - - - - - - - 0.904 0.852 0.878 0.026
MEF2C  sgMv4-6 gi?;:g:g:?gg;‘CCA - - - - - - 1.116 1.354 1.235 0.119
MEF2C  sgMv4-7 gg??ﬁfﬁgﬁggT - - - - - - - 1.067 1.229 1.148 0.081
MEF2C  sgMv4-8 éigg$$§8$ (';TST - - - - - - - 0.940 0.962 0.951 0.011
MEF2C  sgMv4-9 ;:(T;gg(c:iAAAAggT - - - - - - - 1.140 1.408 1.274 0.134
MEF2C  sgMv4-10 g?fﬁ??g (?AC([;\(PEA - - - - - - - 1.041 1.036 1.038 0.003
TBX5  sgIvl-A iﬁéé—égg};rTCA 13.794 - - - - - - - - 13.794 NA
TBX5 sgTvl-B ggiggg%{}c TGA 20.402 - - - - - - - - 20.402 NA
TBX5  sgTvl-C éiﬁiigingG 10.990 - - - - - - - - 10.990 NA
TBX5 sgTv2-12 géggggﬁigAG - . - 0.122 0.086 - - - - 0.104 0.018
TBX5  sgTv2-15 ?ggggg;ggCG - 0.511 2218 0.309 0.485 - - - - 0.881 0.448
TBX5  sgTv2-34 gg;}fggig?cc - - - 0.141 0.113 - - - - 0.127 0.014
TBX5 sgTv2-35 éééggggégAG - = - 0.751 0.594 - - - - 0.673 0.079
TBX5 sgTv3-1 iéggﬁgiggi%(; - - - - - 6,851.464 4,704.819 - - 5,778.141 1,073.323
TBX5  sgTv3-2 i?é??gggégé G - - - - - 10,238.454  9,834.440 - - 10,036.447  202.007
TBX5 sgTv3-4 iizg?géggég(; - . - . = 13,035.915 12,940.372 16.275 15.789 6,502.088 3,744.777
TBX5 sgTv3-5 zig;izc(};;%%‘zc - - - - 1,843.998 1,637.516 - - 1,740.757 103.241

(Continued on next page)
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Table 1. Continued

Experiment Experiment  Experiment  Experiment Experiment Experiment 4- Experiment Experiment Average vs.
Gene sgRNA ID  Target sequence 1-replicate 1 2-replicate 2 3-replicate 1 3-replicate 2 4-replicate 1 replicate 2 5-replicate 1 5-replicate 2 GAPDH SEM
TBX5 sgTv3-8 giéiég’z’TGCGTc‘;AGT - - - - 30,360.732 512.313 - - 15,436.522  14,924.209
TBX5  sgTv3-9 é(c}:{g???é}é}AGGGA - - - - 381.584 418.221 - - 399.903 18318
TBX5  sgTv3-10 iigﬁggzg%CTGGA - - - - 6.473 22.619 - - 14.546 8.073
TBX5 sgTv3-11 ig‘égg};iCG%TTCCC - - - - 3,237.790 2,387.540 - - 2,812.665 425.125
TBX5  sgTv3-12 Zﬁ?gé?fgggAAT - - - - 98.805 80.128 - - 89.467 9.338
TBX5  sgTv3-13 ?22?:2?:82TAA - - - - 11.146 14.097 - - 12.622 1.475
TBX5  sgTv3-14 égggigi};%AGGAc - - - - 49.323 50.656 - - 49.990 0.666
TBX5  sgTv3-16 ?égégigég‘é(;cc - - - - 6,474.837 6,722.309 - - 6,598.573 123.736
TBX5  sgTv3-17 E?ggégigé((};AGc - - - - 1,998.376 2,470.274 - - 2,234.325  235.949
TBX5 sgTv3-18 EE?‘E%%%?\%%GAG - - - - 651.057 946.434 - - 798.745 147.688
TBX5  sgTv3-19 g?%ffgfé\gsTTG - - - - 2,752.702 3,050.598 - - 2,901.650  148.948
TBX5  sgTv3-20 i??f (;F:gggéCAA - - - - 121.863 170.663 - - 146.263 24.400
TBX5 sgTv3-21 :i??’]?(—}[‘:gégACA - - = - 1.558 3.550 - - 2.554 0.996
TBX5  sgTv3-26 QE(T;TGTGGT?QZGCC - - - - 691.631 780.797 - - 736.214 44.583
TBX5  sgTv3-28 igéggﬁ%ﬁ%ﬁ%‘g - - - - 14.393 13.128 - - 13.761 0.633
TBX5 sgTv3-29 igéiéiziggTAA - - . = 4.952 3.883 - - 4.417 0.535
TBX5 sgTv3-30 ?g??é?g:échc - - - - 44.358 56.180 - - 50.269 5911
TBX5  sglv4-1 gﬁfggg%?m - - - - - - 0.448 0.465 0.456 0.009
TBX5 sgTv4-2 égggﬁggéégAGc = = - - - 0.253 0.628 0.441 0.188
TBX5 sgTv4-3 g?éggéiiggrcrr - - - - - - 1.031 0.776 0.903 0.127

(Continued on next page)
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Table 1. Continued

Experiment  Experiment  Experiment  Experiment Experiment Experiment 4- Experiment Experiment  Average vs.
replicate 2

Experiment

SEM

5-replicate 2 GAPDH

5-replicate 1

3-replicate 2 4-replicate 1

2-replicate 2 3-replicate 1

2-replicate 1

1-replicate 1

sgRNA ID  Target sequence

Gene

0.514 0.402 0.112

0.290

AAATAGAGTGCCT
CGTGCCTCGG

sgTv4-4

TBX5

0.411 0.400 0.012

0.388

GTTTTGCAACTCA
ACCTAGTGGG

sgTv4-5

TBX5

0.234 0.399 0.165

0.564

AGAATCGAACCCC
GAAGCTGGGG

sgTv4-6

TBX5

0.482

1.102 1.584

2.066

CATGCTTCGGAAA
GCCCTGGGGG

sgTv4-7

TBX5

0.951

7.181 8.132

9.083

GAAGCTGCCCGCT
CTCCCCGCGG

sgTv4-8

TBX5

9.684 8.655 1.029

7.626

TGGGAAACGAAAG
CGAAGCTCGG

sgTv4-9

TBX5

0.805

10.090 9.285

8.480

AAACACGAGCCTC
GGATTTGGGG

sgTv4-10

TBX5

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NA, not applicable.

fibroblast-specific engineered nanoparticles would further accelerate
the clinical translation of CRISPRa-based cardiac reprogramming.

After multiple rounds of empirical testing, we identified sgRNAs
capable of activating endogenous MGT expression. However, opti-
mizing our approaches to generate iCM with high molecular and
functional fidelity, as well as robust efficiency, remains a significant
challenge. Given the importance of MEF2C and TBX5 in cardiac re-
programming, future work may focus on improving the endogenous
activation of these factors. Notably, in both human and mouse fibro-
blasts, the most efficient M-sgRNAs tested were located tens of thou-
sands of base pairs away from the TSS, highlighting the need for a
more rational approach to target enhancer elements for the
CRISPR strategy. To better understand how to improve reprogram-
ming efficiency, a thorough comparison of the molecular and func-
tional phenotypes of iCMs generated via endogenous activation or
ectopic expression of MGT should be undertaken. These future
studies will help elucidate the unique mechanism underlying
CRISPRa-based cardiac reprogramming, advancing our understand-
ing of the cell fate conversion process, as well as the epigenomic, tran-
scriptomic, and proteomic remodeling involved.

MATERIALS AND METHODS

Mouse lines

Transgenic mice harboring GFP under the control of the aMHC pro-
moter”'? were used for MEF and fCF preparation. Animal care was
performed in accordance with the guidelines established by the Uni-
versity of North Carolina, Chapel Hill.

Generation of MEFs

Embryos from MHC-GFP reporter mice were harvested at embryonic
days 12.5-14.5, and their internal organs and head were removed as
previously described.'® The body below the head was minced to small
pieces and incubated at 37°C for 15 min in 1 mL 0.05% trypsin-EDTA
with 100 Kunitz units of DNase I per embryo. After centrifuging, the
supernatant was carefully removed and the cell pellet was resus-
pended in warm MEF medium (DMEM/10% fetal bovine serum
[FBS], 50 U/50 pg/mL penicillin/streptomycin, and 1% GlutaMAX
supplement [Gibco]) and then plated on a 10-cm dish. The MEF me-
dia was changed 24 h after plating. Cells are generally 80%-90%
confluent 24 h after plating. MEFs were harvested at 72 h and stored
for future use.

Generation of neonatal CFs

Hearts were removed from o MHC-GFP transgenic mice and rinsed
thoroughly with chilled PBS to remove blood and other tissues. The
hearts were then minced roughly into 1 x 1 mm pieces, transferred
to a 50-mL conical tube with 20 mL warm 0.05% trypsin-EDTA,
and incubated at 37°C for 20 min. The supernatant was discarded,
and the heart pieces were digested with 10 mL warm 0.2% collagenase
type I in Hank’s balanced salt solution for 7 min at 37°C, followed by
vortexing for 1 min. The supernatant was collected and diluted with
7 mL fibroblast medium. After five rounds of collagenase digestion
and collection, a single-cell suspension was obtained by passing the
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Figure 6. Reprogramming H9Fs into iCMs via CRISPRa-mediated activation of GATA4, MEF2C, and TBX5

(A-C) Summary of sgRNAs tested for CRISPRa-mediated activation of MEF2C (A), GATA4 (B), and TBX5 (C). Data represent six independent experiments. Point range plots
illustrate the activation levels induced by each sgRNA and their relative position to the TSS. Open circles, one replicate; filled circles, two replicates, one experiment; filled
triangles, three or more replicates, two or more experiments. (D-F) Replacement of retroviral overexpressing GATA4 with SAM-GATA4. (D) gPCR analysis at day 2. The y axis
indicates fold change by 222! relative to control pMT—133+SAM. n = 2 biological replicates. (E) gPCR analysis at day 10. The y axis indicates fold change by 242 relative
to the pMT—133+SAM control. n = 2 biological replicates. (F) Tiled composite images of ICC staining for cTnT at day 14, with 40x images captured from 16 random fields per
well. (G and H) CRISPRa activation of all three reprogramming factors with SAM-MGT (G) gPCR at day 14. The y axis indicates fold change by 2~AAC rejative to the
pMT—133+SAM control. n = 2 biological replicates. (H) Representative images of ICC staining for sarcomere components at day 14, acquired at 40x magnification. ns, not

significant. Scale bars, 100 um *p < 0.05; **p < 0.01.

cell solution through a 40-pm cell strainer. The cell suspension was
then neutralized with fibroblast media. After centrifuging, the cell pel-
let was resuspended in 1 mL Red cell lysis buffer (150 mM NH,CI,
10 mM KHCO3, and 0.1 mM EDTA) for 1 min on ice and then resus-
pended in MACS buffer (Dulbecco’s PBS with 0.5% BSA and 2 mM
EDTA) for cell sorting.
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HOF derivation and culture

Fibroblasts were previously differentiated from H9 embryonic stem
cells and subcultured.®* Cells were expanded, frozen, and stored in
liquid nitrogen. A new vial of cells was thawed for each experiment
performed, and the cells were passaged at least once prior to seeding
for infection. H9Fs were maintained in DMEM 20% FBS 1x
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non-essential amino acid medium (NEAA) 1x penicillin/strepto-
mycin and kept in an aseptic incubator at 37°C 5% CO, 90% relative
humidity.

Magnetic cell sorting

Thy1.2" CFs were isolated by magnetic-activated cell sorting (MACS;
Miltenyi Biotec) according to the manufacturer’s instructions. Briefly,
cells (about 1 x 107) were suspended in 90 pL MACS buffer and
incubated with 10 pL Thyl.2 biotin anti-mouse CD90.2 antibody
(eBioscience, Invitrogen) for 30 min at 4°C. The cell/Thy1.2 biotin
anti-mouse CD90.2 antibody/MACS solution was resuspended in
5 mL MACS buffer and centrifuged at 300 x g for 5 min. The super-
natant was discarded. The cell/Thy1.2 biotin anti-mouse CD90.2 anti-
body pellet was then suspended in 90 pL MACS buffer and incubated
with 10 pL Anti-Biotin MicroBeads (Miltenyi Biotec) at 4°C for
30 min. The cell/Thyl.2 biotin anti-mouse CD90.2 antibody/Anti-
Biotin MicroBeads solution was resuspended in MACS buffer, passed
through a 30-pm nylon mesh, and applied to an MACS calibrated LS
column. Target cells were flushed out after with two MACS washes
and resuspended in explant culture medium for further usage.

Plasmids

Retroviral vectors encoding mouse and human GMT and polycistronic
MGT in pMXs-based vectors were described previously.”'**** To
generate the lentiviral vectors encoding GMT targeted sgRNAs, a
DNA fragment containing oligonucleotides encoding sgRNAs was
synthesized and cloned into SAMv2 vector (Addgene 75112). Lentiviral
vector encoding the MS2-P65-HSF1 activator helper complex
lentiMPHv2 was also purchased from Addgene (89308).

Cell culture, transfections, and viral transductions

Fibroblasts were maintained in normal or high serum media during
viral transduction and subsequently cultured in iCM medium (10%
FBS and 90% DMEM/M199 [4:1]) for the duration of the experiment
to promote cardiac reprogramming and maturation. PlatE packaging
cells (for retrovirus production) and HEK293T cells (for lentivirus
production) were maintained in growth media containing DMEM
plus 10% FBS, 50 U/50 pg/mL penicillin/streptomycin, 1 pg/mL
puromycin (Sigma), and 100 pg/mL of blasticidin S (Life Technolo-
gies). All transfections were performed using Lipofectamine 2000
(Invitrogen) in accordance with the manufacturer’s protocol. For
positive selection, puromycin (for retrovirus) or blasticidin S and hy-
gromycin (for CRISPRa lentiviruses) were added to transformed cells
3 days after infection. For MEF, fCF, and H9F, concentrations of
2 pg/mL puromycin and 150 pg/mL hygromycin were used for pos-
itive selection. For MEF and fCF, a concentration of 100 pug/mL of
blasticidin S was used for positive selection, while a concentration
of 15 pug/mL blasticidin S was used for positive selection in HOF.

Real-time qPCR

RNA was extracted with Trizol (Invitrogen). First strand cDNAs
were synthesized using the Superscript IV first-strand synthesis sys-
tem (Invitrogen). QRT-PCR with SYBR Green Master Mix was per-

formed using a QuantStudio 6 real-time qPCR system (Applied Bio-
systems) per the manufacturer’s protocols.

Flow cytometry

At 10 days’ post-infection, the reprogrammed cells were washed with
PBS and dissociated with 0.05% trypsin (Life Technologies) for 5 min
at 37°C. Cells were washed twice with pre-cold fluorescence-activated
cell sorting (FACS) buffer (Dulbecco’s PBS supplemented with 2%
FBS and 2 mM EDTA) and subjected to fixation and staining with
cell fixation/permeabilization kits (BD Biosciences). Cells were incu-
bated with antibodies at 4°C for 30 min at concentrations recommen-
ded by manufacturers. Cells were then suspended with staining buffer
(Dulbecco’s PBS with 1% paraformaldehyde) and counted using the
BD Accuri C6 flow cytometer. FACS data were analyzed by FlowJo
software (Tree Star). The following antibodies were used: mouse
anti-troponin T, cardiac isoform (Thermo Scientific, 1:400), rabbit
anti-GFP immunoglobulin G (IgG; Invitrogen, 1:500), rabbit anti-
a-actinin, (Abcam, ab68167, 1:500), Alexa Fluor 488-conjugated
donkey anti-rabbit IgG, and Alexa Fluor 647-conjugated donkey
anti-mouse IgG (Jackson ImmunoResearch, 1:500).

Immunofluorescence staining

Cells were washed three times with ice-cold PBS and fixed with 4%
paraformaldehyde (EMS) at room temperature (RT) for 15 min. For
staining, cells were permeabilized with 0.1% Triton/PBS for 30 min
and blocked with 5% BSA for 1 h prior to primary antibody incubation
at 4°C overnight. Following primary antibody incubation, cells were
washed with PBS three times and then secondary antibody was applied
for 1 h at RT. Nuclear staining was performed with DAPI in mounting
medium Vectashield (Vector Labs). The following primary antibodies
were used: cTnT (Thermo Scientific, 1:400), GFP (Invitrogen, 1:500),
and o-actinin, (Abcam, ab68167, 1:500). Images were acquired using
the EVOS FL Auto Cell Imaging System (Life Technologies).

Western blot

Cells were collected and lysed in 2x SDS loading buffer (Bio-Rad) and
subjected to SDS-PAGE. After separation, proteins were transferred
to nitrocellulose membranes and probed with the indicated anti-
bodies. The target proteins were detected by chemiluminescence
(ECL, Thermo Scientific). The membranes were stripped with strip-
ping buffer (Sigma) and re-probed with antibody against a second
protein or B-actin for loading control.

Statistical methods

Statistical analysis was done using GraphPad Prism 8. All data were
analyzed with at least three biological replicates and presented as
mean + SEM. Differences between groups were examined for statistical
significance using two-way unpaired Student’s t test, a one-way
ANOVA, or a two-way ANOVA. A p < 0.05 was regarded as significant.

DATA AND CODE AVAILABILITY

All the data related to this study are available within the paper or can be obtained from the
authors on request.
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Table S1. Sequence, location and activation efficiency of Gata4 sgRNA in MEF and FCF

Gata4 total in

sgRNA sequence Location Gata4 endo in MEF  Gata4 total in MEF  Gata4 endo in FCF FCF
Gl  GGATCTCAGGAAAATCCCAG chrl4:63246528 214 + 030 169 + 003 194 + 0.07 175 + 020
G2  GGAGTGGGAAGAAGTGTCGG chrl4:63245877 12921 + 3339 17425 + 874 140 + 010 165 + 010
G3  GTGGACCACTGAGAGTAGGG chrl4:63245551 13210 + 1562 19168 + 2051 149 + 019 176 + 040
G4  GTCGGTCAGAGAGATTACAC chrl4:63244811 214 + 030 169 + 003 010 + 0.02 009 + 002
G5  TTGCTAGCCTCAGATCTACG chrl4:63245674 194 + 0.07 175 + 020 140 + 010 165 + 010
G6  GGGCTGCACTGAGGGCAGAA  chr14:63245473  226.72 + 1897 30277 + 33.00 090 + 0.08 250 + 0.09
G7  GGGGCGGGGGAGCCCGGACC  chr14:63245339 3158 + 248 4315 + 942 144 + 015 173 + 004
G8  GCCTAAGGGAGTCACGTGCA chrl4:63245313 316 + 033 212 + 0.39 093 + 011 078 + 0.04
G9  GGGGCCCGGGGAACCGCGCC  chr14:63245264 3730 + 255 3064 + 259 114 + 015 132 + 009
G10 CGCCGGGCGGAGGTGCTGCC chrl4:63245357 28469 + 1810 311.04 + 5091 182 + 013 172 + 004
Gll GCATGGACTTTGCCTGTTGG chrl4:63245407 093 + 005 121 + 005 010 + 0.02 009 + 002
G12 TTGGGAAGAGTCCTGCGGGC chrl14:63245380 2325 + 190 3066 + 115 129 + 007 157 + 013
G13 AGCGCAGGCGATCGCTACGC chrl4:63245285 2013 + 146 2572 + 140 144 + 015 173 + 004
Gl4 GAGTCCTGCGGGCGGGCGCC chrl4:63245373 1407 + 219 1492 + 120 082 + 0.04 089 + 0.0
G15 CGCAGGCGATCGCTACGCGG chrl4:63245283 2081 + 220 1404 + 257 095 + 017 081 + 0.05




Table S2. Sequence, location and activation efficiency of Mef2c sgRNA in MEF and FCF

Mef2c endo in

Mef2c total in

sgRNA sequence Location MEF Mef2c total in MEF  Mef2c endo in FCF FCE
M1  AAATGAGCTGCGGCAAAGAA chr13:83503732 062 + 005 065 + 0.04 048 + 0.02 046 + 003
M2  AAGAGACTCGGTGTCAAAAC chr13:83503618 060 + 007 055 + 0.06 044 + 001 035 + 002
M4 TCCAATGGAAAATATCCAAT chr13:83503980 051 + 005 040 + 002 064 + 005 046 + 005
M5  TACATTTCCAAGAATAATCT chr13:83503868 039 + 004 040 + 0.06 042 + 001 031 + 009
M6  GTGGCTGGAAACTTTTTAA chr13:83503818 056 + 004 050 + 003 070 + 0.03 055 + 005
M7  GAAAAAAGCAAATGAGCTG chr13:83503722 068 + 001 061 + 021 103 + 0.05 095 + 025
M8  GCTACTGTACCATTTAAAA chr13:83503560 042 + 000 039 + 003 057 + 005 041 + 006
M9  CCGATTGGATATTTTCCAT chr13:83503979 053 + 003 053 + 0.06 468 + 022 256 + 012
M10  AGTTACAAGCTTTCTAATT chr13:83503643 075 + 000 055 + 003 062 + 003 046 + 003
M11 TGAAAAAAGCAAATGAGCTG chr13:83503722 085 + 011 089 + 013 066 + 0.00 071 + 004
M12  AAAATGGACACTCACGTCTG chr13:83503544 098 + 005 09 + 014 080 + 010 078 + 0.08
M13  GACTCGGTGTCAAAACTGGA chr13:83503614 181 + 0.09 188 + 016 070 + 001 076 + 0.09
M14  ACTAACAGTGTAGAGGCTTG chr13:83504003 097 + 032 105 + 031 068 + 0.04 079 + 003
M15 TAAATGGTACAGTAGCATTG chr13:83503566 080 + 002 085 + 010 084 + 011 091 + 018
M16  GTTAAAACTTATCACATAGG chr13:83503679 127 + 0.09 136 + 010 098 + 0.04 095 + 0.06
M17  TTTAAAGCCTGTGTGAAATG chr13:83503893 059 + 003 064 + 011 107 + 001 100 + 021
M18  AGTTTTTGTTCAATTAATTG chr13:83503836 112 + 012 112 + 023 075 + 0.05 088 + 007
M21  GGTCATGGCACTTAAACGAT chr13:83503593 069 + 001 071 + 004 089 + 010 1.00 + 0.10
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M114
M115
M116
M117
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M120
M121
M122
M123
M124

CACCCGCTATCTATCGGTCA
GGATAAAGTCCAGTAAGGTG
ACTGCTCCACAAGTGTAAAA
AGCTTCGGTGTTCATAGAAA
ATTCGAAAGTTAATGGCCCG
GACCTGGATAAAGTCCAGTA
TGACATGAACAGGTGCACCC
TGAAGTCACCCGCTATCTAT
GTTTCAGCTGCACAGGAAGC
ACGCACAGACTGGCCAGGGA
GAGAAGGAAGTGGAGAGTTT

chr13:83523353
chr13:83523425
chrl3:83572129
chr13:83504197
chr13:83523506
chr13:83523420
chrl3:83504114
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ME

HFE
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ME, Muscle enhancer; HFE, Heart field enhancer; ESE, Endothelial cell-specific enhancer



Table S3. Sequence, location and activation efficiency of TbxS sgRNA in MEF and FCF

sgRNA sequence Location Tbx5 endo in MEF  Thbx5 total in MEF Tbx5 endo in FCF Thxb5 total in FCF
T1 CTGAGCCAGTGGTTGCAGGG chr5:119834446 258 + 110 245 + 112 035 + 003 071 + 004
T2  AAGTCCTAGAGAGCTTGGAG chr5:119834094 305 + 077 231 + 029 367 + 295 106 + 0.09
T5  GGACAATGAGTCTGAAGTGG chr5:119834128 556 + 1.75 407 + 086 3707 + 165 1122 + 141
T6  GAAATCGGGTGAGGCTGCAG chr5:119834236 193 + 042 071 + 003 704 + 215 133 + 009
T7  AGGAAGGAAGGAAAGAAGGA  chr5:119834374 239 + 089 121 + 032 3813 + 7.87 1026 + 1.16
T9  TATAGTGGTTCAAGAGTTTG chr5:119834546 049 + 040 104 + 003 092 + 013 095 + 003
T10 GCCCTGCAGAGAACCAAGAC chr5:119834289 101 + 022 159 + 016 6.04 + 056 229 + 032
T11  TAGGCGTGTGCACACACCCA chr5:119834260 078 + 0.09 061 + 009 323 + 062 1.02 + 007
T12  GCTAGTCCTGGCTCTGCAAG chr5:119834166 510 + 054 345 + 048 853 + 099 228 + 028
T13  AGTGGGGGTGGGGAATCAGC chr5:119834520 160 + 067 085 + 0.05 028 + 009 050 + 008
T14  AAGAGGATGGGAAGTGGAAA  chr5:119834497 111 + 036 086 + 002 817 + 883 070 + 004
T15  AAAGTGGGAAAGGTGGTGGG chr5:119834582 155 + 037 301 + 008 16.20 + 15.07 066 + 006
T16  AGTCAACAGAGATGGAAGGA chr5:119834472 3474 + 450 1505 + 230 2963 + 33.36 100 + 022
T17  GGGAAGTGGAAAGGGAGTGG  chr5:119834505 155 + 021 123 + 001 032 + 004 064 + 016
T18  ATCTAGTGAGAAAGTGGGAA chr5:119834572 072 + 0.05 217 + 037 230 + 044 099 + 020
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Figure S1. Gata4, Tbx5 and Mef2c activation level by adding Octl in MEF. (A) Transcriptional
activation of Octl in MEFs with SAM system among mock, M/G/T sgRNA alone or Octl
combination groups. (B) and (C) Transcriptional activation of endogenous Gata4 (B) and total
Gata4 (C) with SAM activators. (D) and (E) Transcriptional activation of endogenous Tbx5 (D)
and total Tbx5 (£) with SAM activators. (F) and (G) Transcriptional activation of endogenous

Mef2c (F) and total Mef2¢ (G) with SAM activators.

10



C MEF

IE 0.13 0.21]/0.095 0.40|0.025 048
.—
(6]
‘/ # /
99.6 0.048|199.0 0.46 ||98.7 0.85
Mock SAM SAM-M/G/T
aMHC-GFP
B 34 * 1.0+
g < 081
%2. :E 0.64
1 =
2 © 044
s 14
S 0.24
0 0.04
0& I1
X
0.5
D
0
-0.5
b
@0& G_)S \$O
5
E G
= 10.021 0.21//0.78 0.98| |0.15 0.76 fCF
s
99.5 0.25|/98.1 0.13|198.2 0.93
Mock SAM SAM-M/G/T
aMHC-GFP
F 1.5+ NS
g —~ |
& 2 1.04
w =
o
B 5
I
s
l1
05
0
-0.5
a-
\@* %‘z}& \$0
%@

11

Gata4_UTR

Gata4 _Ex

onb5/6

Tbx5_UTR
Tbx5 _Exon8
Mef2c_UTR
Mef2c_Exon8

Actc1 =
Tnnt2
Ryr2
Myh6
Myl4
Myl7
Kcnab
Pin
Cacnafc
Slc8a1
Atp2a2
Kenj2
Scnba -
Thy1 7
Postn
Coltat
Col1a2
Tef21

sauab oeipie)

sauab jse|qoiqi4

Gata4_UTR

Gata4 _Exon5/6

Tbx5_UTR
Tbx5 _Exon8
Mef2c_UTR

Mef2c_Ex:
Acte1
Tnnt2
Ryr2
Myh6
Myl4
Myl7
Kcnab
Pin
Cacnafc
Sic8a1
Atp2a2
Kcenj2
Scnba
Gja1 -~
Thyt 7
Postn
Col1at
Col1a2

on8

sauab oeipie)

Tof21 |

souab 1se|qoIqI4



Figure S2. CRISPRa-mediated activation of endogenous Mef2c, Gata4, and Tbx5 promotes
cardiac gene expression and suppresses the fibroblast gene program in embryonic fibroblasts and
fresh cardiac fibroblasts. (A) Flow cytometry analysis of GFP and ¢TnT in MEFs after
reprogramming and the statistics graph of 4 (B). (C) Heat map of transcriptional activators, cardiac
progenitor markers and fibrosis markers on day 10 post infection by M/G/T-sgRNA in MEFs. (D)
Immunofluorescence labeling of GFP and ¢TnT on day 14 of reprogramming in MEFs. (E) Flow
cytometry analysis of GFP and ¢TnT in fCFs after reprogramming and the statistics graph of £ (F).
(G) Heat map of transcriptional activators, cardiac progenitor markers and fibrosis markers on day
10 post infection by M/G/T-sgRNA in fCFs. (H) Immunofluorescence labeling of GFP and ¢TnT

on day 14 of reprogramming in fCFs. Scale bars, 100 um (D and H). *p < 0.05.
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Figure S3. Basic expression level of endogenous and total Gata4 in fCFs and MEFs. (A)
Expression level of endogenous Gata4 (Gata4 UTR) in fCFs vs. MEFs. (B) Expression level of

total Gata4 (Gata4 exon5/6) in fCFs vs. MEFs. ****p < (.0001.
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