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ARTICLE INFO ABSTRACT

Keywords: The reprogramming of somatic cells to a spontaneously contracting cardiomyocyte-like state using defined
Direct reprogramming transcription factors has proven successful in mouse fibroblasts. However, this process has been less successful in
Fibroblast human cells, thus limiting the potential clinical applicability of this technology in regenerative medicine. We
Cardiomyocyte

hypothesized that this issue is due to a lack of cross-species concordance between the required transcription
factor combinations for mouse and human cells. To address this issue, we identified novel transcription factor
candidates to induce cell conversion between human fibroblasts and cardiomyocytes, using the network-based
algorithm Mogrify. We developed an automated, high-throughput method for screening transcription factor,
small molecule, and growth factor combinations, utilizing acoustic liquid handling and high-content kinetic
imaging cytometry. Using this high-throughput platform, we screened the effect of 4960 unique transcription
factor combinations on direct conversion of 24 patient-specific primary human cardiac fibroblast samples to
cardiomyocytes. Our screen revealed the combination of MYOCD, SMAD6, and TBX20 (MST) as the most suc-
cessful direct reprogramming combination, which consistently produced up to 40% TNNT2" cells in just 25 days.
Addition of FGF2 and XAV939 to the MST cocktail resulted in reprogrammed cells with spontaneous contraction
and cardiomyocyte-like calcium transients. Gene expression profiling of the reprogrammed cells also revealed
the expression of cardiomyocyte associated genes. Together, these findings indicate that cardiac direct reprog-
ramming in human cells can be achieved at similar levels to those attained in mouse fibroblasts. This progress
represents a step forward towards the clinical application of the cardiac direct reprogramming approach.

High-throughput
Spontaneous contraction
Calcium cycling

1. Introduction

The human heart is thought to lose approximately 1 billion car-
diomyocytes after a myocardial infarction (MI) [1]. As human adult
cardiomyocytes are only minimally proliferative (<1% per year) [2],
these lost cardiomyocytes cannot be replaced and instead a fibrotic scar
is formed, resulting in reduced cardiac function. The development of

approaches to replace the function of these lost cardiomyocytes is
therefore key in recovery from MI and heart failure. Existing methods for
cardiac regenerative medicine, such as engraftment of ‘cardiac progen-
itor cells,” have largely either proven unsuccessful [3] or, in the case of
engraftment of human pluripotent stem cell-derived cardiomyocytes,
will require immunosuppression and suppression of arrythmias [4].
Conversely, in situ direct reprogramming of cardiac fibroblasts to
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diomyocyte-like cells, induced cardiomyocytes; hiCMs, human cardiomyocyte-like cells, human induced cardiomyocytes; GMTM-H, GATA4, MEF2C, TBX5, MYOCD,
HAND2; PCFs, primary cardiac fibroblasts; hiPSC-CMs, human induced pluripotent stem cell-derived cardiomyocytes; BSA, bovine serum albumin; MOI, multiplicity
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cardiomyocytes within the heart is potentially an ideal method to
replace lost cardiomyocytes in the heart and provide functional recovery
from MI or heart failure. However, despite advances in this field over the
past decade, the direct reprogramming of human fibroblasts to car-
diomyocytes remains inefficient compared to that of mouse.

In mouse cells, the combination of the transcription factors Gata4,
Mef2c, and Tbx5 (GMT) has been demonstrated by numerous groups to
reprogram mouse fibroblasts to cardiomyocyte-like cells (iCMs) [5-10],
despite early skepticism [11,12]. The efficiency of this reprogramming
has since been further enhanced by supplementing GMT with tran-
scription factors such as Hand2 [6,7,13,14], Nkx2-5 [7,13], Aktl
[14,15]1, Znf281 [15], or Myocd, Srf, Mesp1, and Smarcd3 [10]. Small
molecules and microRNAs have likewise been used to augment
reprogramming [8,9,13,16] or to induce GMT expression [17] from
mouse fibroblasts.

In human cells, several groups have demonstrated that GMT alone is
not sufficient for the reprogramming of human fibroblasts to human
iCMs (hiCM). Studies show that addition of other transcription factors
such as MYOCD, HAND2, MESP1, ESSRG, ZFPM2, ASCL1 [18], TBX20,
and/or NKX2-5 are required. From these transcription factor-based
cocktails, the combination of GMT plus MYOCD and HAND2 (GMTM-
H) has been demonstrated as the most efficient for reprogramming the
human fibroblast to hiCM. GMTM-H generates 7.27-19.6% TNNT2-
GFP™ cells after 2 weeks of reprogramming, depending on the fibroblast
source [19]. The use of reprogramming enhancers, such as microRNAs
miR-1 or miR-133 [9,19-23] and small molecules [21] have also been
identified to improve the efficiency of human direct reprogramming,
based on cardiac promoter activity and gene expression. GMT in the
presence of miR-133 can generate 41.8% TNNT2" cells after 2 weeks of
reprogramming with antibiotic selection [23]. Furthermore, optimiza-
tion of transcription factor stoichiometry using polycistronic vectors
with a MEF2C-GATA4-TBX5 splicing order has further improved the
reprogramming efficiency 10-fold in mouse cells [24,25]. Nonetheless,
despite this progress, generation of hiCMs suffers from lower efficiency
than mouse iCMs and the generation of spontaneously contracting cells
has not been conclusively proven without co-culture with mouse CMs or
hiPSC-CMs (Table S1). These difficulties suggest that there may be inter-
species differences in the gene regulatory networks that control the
fibroblast and/or cardiomyocyte states; therefore, alternative non-GMT-
based transcription factor combinations are required for
reprogramming.

Previous attempts to find transcription factor combinations to
reprogram human fibroblasts to cardiomyocytes have been guided by
low-throughput additive approaches using the mouse-discovered GMT
as a starting combination and have used limited phenotypic measures of
cardiomyocyte identity, such as expression of MYH6 or TNNT2, to
measure reprogramming success. However, this ‘single gene’ method-
ology potentially may only optimize for transcription factor cocktails
that primarily upregulate the expression of MYH6 or TNNT2 themselves
rather than switch on the complete cardiomyocyte transcriptional
network or generate hiCMs. Indeed, a combinatorial screen utilizing RT-
gPCR to optimize for factors that upregulate simultaneous expression of
5 cardiac genes (Myh6, Myl2, Actcl, Nkx2.5, and Scn5a) in mouse em-
bryonic fibroblasts revealed that the combination of Tbx5, Mef2c, and
Myocd upregulated a broader range of cardiac genes compared to GMT
[26]. Understandably, prior studies have selected candidate genes based
solely on their high expression in human adult cardiomyocytes and their
role during cardiac development. However, existing network-based al-
gorithms that consider the transcription factor network already in place
in the starting cell type, such as Mogrify [27], could be used to identify
candidate factors for direct reprogramming that specifically restructure
the human fibroblast gene regulatory network; thus facilitating more
informed transcription factor screens for hiCM generation.

Until now, high-throughput methods have not been applied to screen
and identify reprogramming factors in primary human cells. A major
limitation for performing high-throughput screens using human
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fibroblasts is cell availability. Different cell sources have been used in
prior studies, including neonatal human foreskin fibroblasts [20],
human cardiac fibroblasts [19], dermal fibroblasts [22] or embryonic
stem cell-derived fibroblasts [9,21]. However, due to the limited pro-
liferative capacity of primary fibroblasts and the decrease in reprog-
ramming efficiency [21] over multiple passages, only immortalized
fibroblasts have been used to perform high-throughput chemical screens
for reprogramming enhancers [9] in mouse fibroblasts. Since concor-
dance between immortalized and primary cells has not been well stud-
ied, it is unclear whether the optimized condition can be directly
translated to primary cells.

Another major barrier for performing high-throughput screening in
human cells is the transfection strategy. Retroviruses are used to over-
express factors in most human fibroblast cardiac direct reprogramming
protocols, as early work demonstrated these infect cells at >90% effi-
ciency rather than the <20% achieved with lentiviruses [19]. The
amphitropic retrovirus produced by PLAT-A cells [9,20,21] is not able to
withstand centrifugation or freeze/thaw cycles without up to a 100-fold
reduction in viral titer; therefore, it must be made fresh prior to each
experiment. Incorporating viral production into the reprogramming
pipeline makes the addition of automation to the transcription factor
screening process highly onerous. A major step forward was the use of
more stable VSV-G pseudotyped doxycycline-inducible lentiviruses [22]
in HEK293T cells, which are compatible with freeze/thaw cycles, ex-
press factors at the same level as non-inducible constructs, and have
been successfully used to generate cardiac-like cells from human fibro-
blasts [23].

In this study, we developed a novel high throughput reprogramming
strategy using low passage primary fibroblasts derived from 24 pediatric
patients undergoing cardiac surgery. Cardiac, rather than dermal, fi-
broblasts were chosen as a starting cell type due to their central role in
decreased heart function following MI, making these cells an attractive
target for direct reprogramming in vivo. We have combined a lentiviral
approach for reproducible gene introduction, a dual TNNT2-mScarlet
MYH6-mNeonGreen reporter strategy, automated 384-well virus,
small molecule, and growth factor dispensing, and high-content kinetic
imaging cytometry to assess for both calcium cycling and cardiac re-
porter activity. Using this methodology, we found that variations of the
traditional GMT-containing transcription factor combinations are not
suitable for human direct cardiac reprogramming. Therefore, taking an
unbiased approach, we used the Mogrify algorithm to identify new
candidate transcription factors. Utilizing our optimized high-throughput
screening methodology to assess reprogramming success, we found the
combination of MYOCD, SMADG6, and TBX20 (MST) as the most efficient
combination. In just 6 days, MST produces 33% MYH6" and 17%
TNNT2" cells on average and can produce upwards to 90% MYH6 * and
40% TNNT2" cells. With the addition of a growth factor FGF2 and small
molecule XAV939, these cells exhibited cardiomyocyte-like gene and
protein expression, spontaneous calcium transients starting at 7 days,
and spontaneous contraction at just 25 days. Our efficient reprogram-
ming strategy can open new avenues for therapeutic application of
hiCMs.

2. Methods
2.1. Fibroblast isolation

Deidentified human heart samples were obtained from 24 patients
aged 4 days — 21 years undergoing cardiac surgery with informed con-
sent in accordance with Lurie Children’s Hospital Institutional Review
Board (Table S2). Cardiac tissues were collected in RPMI 1640, trans-
ferred to a cell culture dish, and minced into small pieces (<1 mm?)
using a sterile scalpel. Tissue pieces were then suspended in IMDM
(Hyclone) supplemented with 20% FBS (VWR) and transferred to one
well of a 6-well cell culture plate (Greiner) coated with a 1:800 dilution
of growth factor-reduced Matrigel (Corning) [28]. All cells were kept at
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37 °C and 5% CO». Media was changed every 2 days beginning on day 5
and primary cardiac fibroblasts (PCFs) migrated out of the explants
within 3-4 weeks. Migrated fibroblasts were passaged once they reached
90% confluence by rinsing with DPBS, then digesting in TrypLE Express
(Gibco) for 5 min, and suspending with IMDM+20% FBS. Fibroblasts
were filtered through a 100 pm cell strainer (Falcon) and transferred to
Matrigel-coated 15 cm? cell culture plates (Greiner). Cells were grown to
90% confluence and subsequently passaged (1:3 ratio) at least 2 more
times before use in direct reprogramming experiments.

2.2. Cardiac differentiation from human induced pluripotent stem cell-
derived cardiomyocytes

Human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) were used as positive controls. Differentiation of human
induced pluripotent stem cells into cardiomyocytes was performed ac-
cording to previously described protocol with slight modifications
[29,30]. Briefly, hiPSCs were split at a 1:15 ratio using 0.5 mM EDTA
and grown in B8 medium for 4 days reaching ~80% confluence. At the
start of differentiation (day 0), B8 medium was changed to R6C, con-
sisting of RPMI 1640 (Corning, 10-040-CM), supplemented with 6 pM of
glycogen synthase kinase 3- inhibitor CHIR99021 (LC Labs, C-6556). On
day 1, medium was changed to RPMI 1640 basal medium alone, and on
day 2 medium was changed to RBA—C59, consisting of RPMI 1640
supplemented with 2 mg/mL fatty acid-free bovine serum albumin
(GenDEPOT, A0100), 200 pg/mL r-ascorbic acid 2-phosphate (Wako,
321-44823) and 2 pM Wnt-C59 (Biorbyt, orb181132). Medium was then
changed on day 4 and then every other day with RBAI consisting of
RPMI 1640 supplemented with 500 pg/mL fatty acid-free bovine serum
albumin, 200 pg/mL r-ascorbic acid 2-phosphate, and 1 pg/mL E. coli-
derived recombinant human insulin (Gibco, A113821J). Contracting
cells were noted from day 8. Differentiated cardiomyocytes were treated
with 100 pg/mL of neomycin from day 8 to day 12. On day 16 of dif-
ferentiation, cardiomyocytes were dissociated using DPBS for 20 min at
37 °C followed by 1:200 Liberase TH (Roche, 5401151001) diluted in
DPBS for 20 min at 37 °C, centrifuged at 300 xg for 5 min, and filtered
through a 100 pm cell strainer (Falcon). Cells were then plated in
RBAI+10% Cosmic Calf Serum (Hyclone) for 2 days on 1:800 Matrigel-
coated plates for each assay, media was then switched back to RBAI
which was changed every 2-3 days and cells were assayed on day 30.

2.3. Flow cytometry

For flow cytometry analysis, fibroblasts were dissociated from cell
culture dishes using TrypLE Express (Gibco) for 5 min and hiPSC-CMs
were dissociated using 1:200 Liberase TH (Roche) in PBS for 20 min.
1 x 10° cells were transferred to round bottom FACS tubes (Falcon) and
fixed with 4% PFA in DPBS (100 pL) for 20 min. For analysis of intra-
cellular markers, cells were washed twice using DPBS and permeabilized
in 100 pL of DPBS with 0.5% BSA and 0.5% saponin for 15 min. Once
fixed and permeabilized, cells were stained for 2 h at room temperature
and washed prior to data collection. For analysis of extracellular
markers, fixed cells were washed twice and stained for 30 min on ice
prior to data collection. Antibodies used are listed in Table S3. All data
were collected using a CytoFLEX flow cytometer (Beckman Coulter) and
analyzed using CytExpert 2.2 software (Beckman Coulter) using isotype
controls to set positive gates.

2.4. Plasmids

All plasmids used in this study have been deposited in Addgene. To
generate doxycycline-inducible lentiviral plasmids for overexpression of
candidate factors, ORF cDNA was inserted into the FU-tetO-Gateway
(Addgene 43914) backbone using Gateway cloning. First, attB sites
were added to factor ORF cDNA via PCR reaction. We amplified the N-
terminal region of each gene in our candidate pool by designing forward
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primers containing the attB1 sequence, Shine-Dalgarno sequence, and
Kozak sequence upstream of the transcriptional start site, as well as
overlap to the cDNA ORF. We designed reverse primers to amplify the C-
terminal of each gene and to include the attB2 site. Primers used for PCR
reactions are listed in Table S4. PCR reactions were performed by
combining 12.5 pL Q5 high-fidelity 2x master mix (NEB), 2.5 pL each of
10 pM forward and reverse primers, and 1 pL of 1 ng/pL of DNA template
(Table S5). Cycling conditions were as follows: initialization at 98 °C for
30s, followed by 35 cycles of denaturation at 98 °C for 10 s, annealing at
60 °C for 10 s, and elongation at 72 °C for 1 s per KB of template, ending
with a final elongation at 72 °C for 5 min and a hold at 4 °C. Resulting
fragments were purified and recombined with Gateway pDONR221
Vector (Invitrogen) using Gateway BP Clonase II enzyme mix (Invi-
trogen) to generate entry clones. Purification of attB- containing PCR
fragments was performed using PEG 8000/MgCl2, following the
Gateway Clonase II enzyme mix protocol. The BP reaction was per-
formed by combining 150 ng of attB-PCR product, 150 ng of pDONR221
vector, and 2 pL of BP Clonase II in TE buffer to a total volume of 8 pL.
DNA was allowed to recombine overnight at 25 °C before adding 1 pL of
Proteinase K and incubating at 37 °C for 10 min. We then transformed
One Shot TOP10 chemically competent E. coli cells (Invitrogen) with 1
pL of BP product following the manufacturer’s recommended protocol.
Transformed bacteria were plated on LB agar plates with Kanamycin
(50 pg/mL) and surviving entry clones were selected. We purified
plasmid DNA using the ZymoPURE Plasmid Miniprep Kit (Zymo
Research) following the manufacturer’s protocol. Gateway LR Clonase II
Enzyme mix (Invitrogen) was used to catalyze recombination of entry
clones with the FU-tetO-Gateway backbone (Addgene plasmid # 43914)
using 150 ng of pDONR221-cDNA plasmid, 150 ng of FU-tetO-Gateway
plasmid, and 2 pL of LR Clonase II in TE buffer to a total volume of 8 pL.
DNA was allowed to recombine, and expression clones were selected
using ampicillin (100 pg/mL), following the same protocol described
above. Expression plasmids were verified by Sanger sequencing using
the T7 forward and GW_R reverse primers (Table S4). All expression
plasmids were propagated in Stbl2 or NEB Stable bacteria to reduce the
occurrence of recombination due to long terminal repeats. Plasmid maps
are found in Fig. S1.

2.5. Lentiviral production

To generate lentivirus, Lenti-X 293 T packaging cells (Takara,
632180) (passage 2-3) were thawed and allowed to recover in DMEM
with 10% FBS (Avantor Seradigm, VWR) and 4 mM L-alanyl-L-glutamine
(DMEM complete) for 4 days before transection with lentiviral plasmids.
After recovery, cells were dissociated using TrypLE Express (Gibco),
seeded into uncoated 10 cm? cell culture plates at 3.8 million cells per
plate in 15 mL of DMEM complete and incubated for 20 h (37 °C, 5%
COy). The following day, media was replaced with 10 mL of DMEM
complete with 25 pM cloroquine diphosphate and incubated for 5 h. To
transfect cells, we prepared a mixture of 1.3 pmol psPAX2 (Addgene
12260), 0.72 pmol pMD2.G (Addgene 12259), and 1.64 pmol of transfer
plasmid (tet-O-cDNA) in 500 pL of OptiPro SFM (Gibco). Poly-
ethyenimine (PEI) (Polysciences, 23966-1) was used as a transfection
reagent. In a separate tube, PEI (1 mg/mL) was further diluted with
OptiPro SFM at a DNA to PEI ratio of 1:2 to a final volume of 500 pL. The
diluted PEI solution was then added dropwise to the diluted DNA. The
mixture was incubated at room temperature for 10 min before being
added dropwise to the Lenti-X 293 T cells in culture. A media change
with 15 mL of DMEM complete was performed the following day. Cells
were kept in culture and lentiviral supernatant was collected at 48 h
post-transfection and stored at 4 °C until the second collection of su-
pernatant at 72 h post-transfection. The 30 mL of lentiviral supernatant
was pooled and concentrated to 1/100th of its original volume (300 pL)
in DPBS using PEG-iT (System Biosciences), following the manufac-
turer’s protocol. Lentiviral titration was performed by RT-qPCR using
the Lenti-X qRT-PCR Titration Kit (Takara) and the concentration of
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lentivirus used for this paper was found to be above 1 x 107 copies / mL.
Concentrated lentivirus was aliquoted and stored at —80 °C until use.

2.6. Lentiviral transduction

All PCFs used for direct reprogramming were propagated in culture
(37 °C, 5% CO3) using 15 cm? cell culture plates coated in 1:800 growth
factor-reduced Matrigel (Corning) [28] and IMDM (Hyclone) supple-
mented with 20% FBS (VWR). On reprogramming day —1, PCFs were
dissociated using TrypLE Express and plated at 600,000 cells per well in
Matrigel-coated, non-treated 6-well plates in DMEM+10% FBS (Gen-
DEPOT Opti-Gold) media. To achieve high transduction efficiency, cells
were allowed to attach to the plate surface for 2-3 h and were subse-
quently transduced using TransDux Max (SBI). For lentiviral trans-
duction, media in each well was aspirated and replaced with 1.5 mL of
DMEM+10% FBS media containing TransDux Max (1x), 16 pL of
concentrated FUdeltaGW-rtTA lentivirus (7.2 x 107 copies /mL) and 16
pL of concentrated pFU-GW-sMYH6-mScarlet-TNNT2-mNeon (1.84 x
107 copies / mL). Cells were incubated overnight. On reprogramming
day 0, cells were dissociated using TrypLE Express, pooled, and replated
for reprogramming in 25 pL of DMEM 10% FBS media containing
TransDux Max (1x) at 3000 cells per well in a Matrigel-coated pClear
flat bottom black 384-well plates (Greiner) (cell numbers and media
volumes were scaled according to surface area for other plate formats).
Cells were allowed to attach to the plate surface for 2-3 h before
transduction. Plates were briefly centrifuged and 50 nL of each
concentrated lentivirus for transcription factor overexpression was
dispensed into wells using Echo Acoustic Liquid Handling (LabCyte).
Plates were incubated overnight. On reprogramming day 1, a media
change was performed using 25 pL of DMEM 10% FBS containing 0.25
pg/mL doxycycline (Sigma-Aldrich). Media was replaced every two
days. For reprogramming with small molecules, 5 pM XAV939 (APEx-
BIO) was added to the media starting on reprogramming day 2 (3 days
after MST transduction). In experiments using reprogramming media,
DMEM supplemented with 5 mg/mL fatty acid-free bovine serum al-
bumin (BSA), 40 pg/mL ascorbic acid 2-phosphate, 20 pg/mL insulin, 5
pg/mL transferrin, and 7 pg/L sodium selenite was used starting on
reprogramming day 1.

2.7. Reporter fluorescence quantification

We quantified the fluorescence of cells transduced with pFU-GW-
sMYH6-mScarlet-TNNT2-mNeon (Addgene 170712) and ORF cDNA-
expressing transcription factors on reprogramming day 6. Media in
pClear bottom black 384-well plates (Greiner) was replaced with 25 pL
of FluoroBrite DMEM (Thermo Fisher) supplemented with 4 mM L-
alanyl-L-glutamine and NucBlue nucleus staining reagent (1 drop per
mL) (Invitrogen). Plates were incubated for 15 min (37 °C, 5% CO3)
prior to capturing one image per well using high-content image
cytometry (KIC, Vala Sciences). For image analysis, we used an algo-
rithm developed by Vala Sciences to identify nuclear bounds and
quantify their FITC and TRITC average pixel intensity (API). We used
negative control wells, containing fibroblasts transduced with pFU-GW-
sMYH6-mScarlet-TNNT2-mNeon and rTTA alone, to set a negative API
threshold. Cells with API above the negative threshold in both the FITC
and TRITC channel were counted as positive. Percent positive cells was
calculated relative to the total number of nuclei in the well. All exper-
iments were performed with at least three technical replicates and at
least three separate patient samples.

2.8. Calcium imaging

We assayed calcium flux in cells on days 7-30 of reprogramming. For
calcium imaging, media in flat bottom black 384-well plates (Greiner)
was replaced with 25 pL of HBSS (Gibco) supplemented with 0.02 M
HEPES (Fisher Scientific), 2.5 mM probenecid (Sigma), 0.04% pluronic
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F-127 (Sigma), and 10 pM Cal-520 (AAT Bioquest). Following a 1 h
incubation (37 °C, 5% CO,), media was aspirated and replaced with 25
pL of FluoroBrite DMEM (Gibco) supplemented with 4 mM L-alanyl-t-
glutamine and NucBlue Live ReadyProbes Reagent (1 drop per mL)
(Invitrogen). Plates were incubated for an additional 10 min (37 °C, 5%
CO») prior to data collection using high-content image cytometry (KIC,
Vala Sciences). Images were captured at in the FITC channel for 60 s (50
FPS, 10 ms exposure). We then used an algorithm developed by Vala
Sciences to quantify FITC pixel intensity within nuclear and cell borders
and to analyze trace parameters.

2.9. Stimulation

Reprogrammed cells were differentiated in 384-well plates and
stained with Cal-520 and NucBlue Live ReadyProbes Reagent as
described above. Following initial data collection, cells were stimulated
with 2 pM isoproterenol (Sigma) and incubated for 10 min (37 °C, 5%
COy) prior to data collection.

2.10. Quantitative real-time PCR

Cell lysates for RT-qPCR were collected in 300 pL TRIzol (Invitrogen)
and their total RNA was isolated using Direct-zol RNA Microprep kit
(Zymo Research), following the manufacturer’s protocol. Reverse tran-
scription was performed from 0.5 pg — 1 pg of RNA using Maxima H
Minus master mix (Thermo), following the manufacturer’s protocol.
cDNA was then diluted 1:10 for 1 pg starting RNA or 1:5 for 0.5 pg
starting RNA. RT-qPCR was performed using Taqgman gene expression
assays (Applied Biosystems) (Table S6) and Tagman Fast Advanced
Master Mix (Applied Biosystems), following the manufacturer’s proto-
col. All PCR reactions were prepared in triplicate in a 384-well format.
Data was collected using the QuantStudio 5 Real-Time PCR system.
Relative quantification of gene expression was calculated using the 2
AACt method [31], normalized to the reference 18S and fibroblast control
sample, as specified in the figure legends.

2.11. Immunostaining

Reprogrammed fibroblasts were dissociated at day 30 and plated at
10,000 cells/well of Matrigel-treated Nunc Lab-Tek II 8-chamber slides.
After 3 days, cells were fixed with 4% PFA (Electron Microscope Sci-
ences, 15713S) in DPBS for 20 min at RT followed by permeabilization
with 0.3% Triton X-100 (Fisher Bioreagents, BP151-100) in DPBS for 10
min at RT. Cells were then blocked with 1 mg/mL BSA in DPBS for 60
min at RT, and stained with rabbit polyclonal IgG TNNT2 (1:200, abcam,
ab45932) and mouse monoclonal IgGl a-Actinin (1:1000, Sigma-
Aldrich, A7811) primary antibodies in 1 mg/mL BSA plus 0.1% Tween
(Fisher, BP337-100) for 2 h at RT. Cells were then washed for 5 min with
DPBS three times, then stained with secondary antibodies Alexa Fluor
488 Goat anti Rabbit IgG (1:500, Invitrogen, A11012) and Alexa Fluor
594 Goat anti Mouse 1gG1(1:500, Invitrogen, A21125) in 1 mg/mL BSA
plus 0.1% Tween (Fisher, BP337-100) for 2 h at RT. Cells were washed
three times for 10 min with 0.1% Tween in DPBS and mounted with
ProLong Diamond Antifade Mountant with DAPI (Invitrogen, P36962).
Slides were imaged with a Ti-E inverted fluorescence microscope (Nikon
Instruments) using NIS-Elements software.

2.12. RNA-seq

Three samples of un-transduced cardiac fibroblasts, MST transduced
cardiac fibroblasts, and hiPSC-derived cardiomyocytes at d30 were
prepared. RNA was extracted using 150 pL/well of TRIzol Reagent
(Thermo Fisher, 15,596,026). RNA was then purified using the Direct-
zol RNA MicroPrep kit (Zymo, R2062) including on-column DNase
digestion to remove genomic DNA. Samples were quantified using a
Thermo Scientific NanoDrop 8000 and passed QC, and were then
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shipped in dry ice for library preparation and sequencing.

Paired-end (100 bp) RNA-sequencing on hiPSCs was performed using
the DNBSEQ sequencing platform at Beijing Genomics Institute. Total
RNA was extracted and oligo dT beads were used to enrich mRNA with
poly A tail using DNBSEQ Eukaryotic strand-specific mRNA library
protocol. mRNA molecules were fragmented into small pieces and the
fragmented mRNA was synthesized into first strand cDNA using random
primers. The second strand cDNA was synthesized using dUTP instead of
dTTP. The synthesized ¢cDNA was subjected to end-repair and 3" ade-
nylated and adaptors were ligated to the ends of these 3' adenylated
cDNA fragments. The U-labelled second-strand template was digested
with Uracil-DNA-Glycosylase (UDG) and PCR amplification was per-
formed. Following library quality control and circularization, the library
was amplified to make DNA nanoball (DNB) and sequenced on DNBSEQ
platform.

Using SOAPnuke [32], raw fastq files were processed to trim/remove
adaptors, low-quality reads, and N reads. Clean sequencing reads were
mapped to the GRCh38 reference genome using STAR [33] and counted
using RSEM [34]. Genes with <10 counts across all 9 samples were
excluded from subsequent analysis. Following variance stabilizing
transformation in DESeq2 R package [35], principal component analysis
was performed to visualize the clustering of samples. Differential
expression analysis was performed using the DESeq2 R package [35]
accounting for the matched pair design. Results were shown by a vol-
cano plot generated using the ggplot2 R package [36]. Genes with
adjusted P-value <0.05 corrected for multiple testing using the Benja-
mini Hochberg method were considered as differentially expressed.
Using the most strongly differentially expressed genes between hiPSC-
CM and PCF, and between MST-reprogrammed hiCM and PCF, hierar-
chical clustering based on Euclidean distance was performed by the
pheatmap R package [37]. Ingenuity Pathway Analysis (IPA) was per-
formed to identify canonical pathways based on the differentially
expressed genes (FDR <0.005) [38]. This was used to identify differ-
ences in pathways related to biological processes that were relevant
between our samples.

To identify relevant gene sets, Gene Set Enrichment Analysis [39]
was performed. Outputs from DESeq2 analysis for hiPSC-CM vs PCF and
MST-reprogrammed hiCM vs PCF comparisons were used as inputs for
GSEA analysis. Human curated gene sets (C2) and cell type signature
gene sets (C8) were the target gene sets. Results with FDR < 0.05 were
considered as statistically significant.

2.13. Statistics

24 primary samples were used to generate data for this study. Spe-
cific samples used for each experiment are detailed in Table S2 and
sample size is indicated in each figure legend. All statistical analysis was
performed using GraphPad Prism 9 software. Data are shown as mean +
standard deviation. Student’s t-test was used for pairwise comparisons in
most instances, as indicated in figure legends. However, because gene
expression data from RT-qPCR analysis was not normally distributed, a
non-parametric Mann-Whitney test was performed. Comparisons among
3 or more groups were performed using One-way ANOVA with subse-
quent pairwise testing via t-test with Tukey’s adjustment for multiple
comparisons or Fisher’s LSD test.

3. Results
3.1. Platform optimization for transcription factor screening

We first developed a lentiviral transduction and reporter platform to
allow for high-throughput screening of candidate transcription factors
for direct reprogramming in primary human cardiac fibroblasts (PCFs)
from pediatric patients (Fig. 1A). These PCFs expressed typical fibroblast
markers CD90 and vimentin and did not express endothelial cell marker
CD31 by flow cytometry (Fig. S2A). PCFs expressed fibroblast markers
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and did not express cardiomyocyte markers by RT-qPCR. hiPSC-derived
cardiomyocytes were used as a positive control (Fig. S2B). To facilitate
the screening, PCFs were transduced with a dual-fluorescence reporter
(pFU-GW-sMYH6-mScarlet-TNNT2-mNeon), validated using human
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)
(Fig. S3A). PCFs were then transduced in multiplex using only 50 nL of
concentrated doxycycline-inducible lentivirus (1 x 10810 copies/mL),
delivered in 384-well format via liquid handling, resulting in >90%
transduction efficiency (Fig. S3B). Cell seeding density (3000 cells per
well), MOI (0.17), basal media (DMEM+10% FBS), and doxycycline
dose (0.25 pg/mL) were optimized for our system as described in
Fig. S3C-S3F. Reporter activity was measured using kinetic image
cytometry on reprogramming day 6, thus facilitating high-throughput
screens.

To validate our workflow and the ability of our lentiviral system to
induce differentiation towards the cardiac fate in the absence of a
transgenic reporter, we transduced PCFs with previously published
transcription-factor based cardiac reprogramming cocktails (Table S1).
As expected, we observed upregulation of endogenous MYH6 and
TNNT2 transcripts by RT-qPCR within 6 days of reprogramming with
each of the tested published factor combinations, (Fig. 1B). Likewise, the
tested combinations induced activation of our dual MYH6/TNNT2 re-
porter; however, simultaneous cardiac-specific MYH6 and TNNT2 ac-
tivity was detected in only 2-8% of transduced cells (Fig. 1C-1D). MYH6
activity was detected in 3-9% of cells and TNNT2 activity was detected
in 4-12% of cells (Fig. S4A-S4C). No reporter activity was observed in
control cells (PCFs) transduced with rTTA and reporter alone. Interest-
ingly, overexpression of MYOCD alone led to upregulation of endoge-
nous TNNT2 and, to a lesser extent, MYH6, as measured by RT-qPCR as
well as activation of our dual fluorescent reporter (Fig. 1B-D). This
finding is consistent with reports of partial activation of the cardiac gene
network, including aMHC and cTnT, by overexpression of MYOCD alone
in human foreskin fibroblasts [40] and in mouse fibroblasts [41].

Nonetheless, despite cardiac promoter activation in cells obtained
using our optimized platform, none of the published transcription factor
combinations tested was sufficient to generate spontaneously beating
cells within a 4-week timeframe.

3.2. Identification of novel transcription factor combination MYOCD,
SMAD6, TBX20 for direct cardiac reprogramming

To increase reprogramming efficiency and generate functional
reprogrammed cardiomyocytes, we next used the network-based algo-
rithm Mogrify [27] to identify a novel set of transcription factors whose
overexpression is predicted to result in the cardiac reprogramming of
PCFs (Fig. S5). Additionally, transcription factors which were previ-
ously reported to reprogram fibroblasts into cardiomyocytes, as well as
factors that have been reported to increase cardiac direct reprogram-
ming efficiency were also included in our candidate list (Fig. 1F,
Table S5). We generated doxycycline-inducible lentiviral constructs for
overexpression of the 32 candidate factors and used our platform to
assay the reprogramming efficiency of all factor trios in PCFs expanded
from each of 3 distinct primary samples. Our initial screen of a total of
4960 distinct combinations identified several factor trios with higher
reprogramming efficiency compared to GMT-containing cocktails or
MYOCD overexpression alone (Fig. 2A, Table S7). To ensure repro-
ducibility of the identified combinations, we validated our top 50 hits by
transducing PCFs from 13 primary samples in triplicate to identify the
top 3 combinations resulting from our screen: (1) MYOCD, SMADS6,
TBX20 (MST); (2) MYOCD, SMAD6, PBX1 (MSP); and (3) MYOCD,
SMADG6, SNAI2 (MSS) (Fig. 2B). While reprogramming success among
experiments and samples is highly variable, each of these combinations
generated MYH6 "TNNT2" cells at higher efficiency (up to 70%, 13.3%
on average) compared to GMT-based cocktails (up to 20%, 1-5% on
average) and to MYOCD overexpression alone (up to 21%, 6% on
average). (Fig. 2C) Although MST, MSP, and MSS all produce similar
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Fig. 1. Establishment of a high throughput platform to assess the effect of transcription factor combinations on cardiac direct reprogramming. (a)
Lentiviral transduction and reporter platform: human cardiac fibroblasts are obtained from discarded primary human cardiac tissue by explant outgrowth. Cells are
collected and transduced overnight with rTTA and a MYH6/TNNT2 dual cardiac reporter. The following day, cells are collected and replated. Lentivirus combinations
are delivered in multiplex using an acoustic liquid handler. Media containing doxycycline is changed every two days beginning on day two. Fluorescence from
cardiac reporters is measured using a high-content kinetic imager 6 days after doxycycline addition. (b) Relative expression of MYH6 and TNNT2 measured by RT-
qPCR in primary fibroblasts transduced only with existing cardiac reprogramming factor cocktails at reprogramming day 6. Expression normalized to PCF control. (n
= 3 biological replicates, 3 technical replicates each). (c) Representative images of primary cardiac fibroblasts transduced with sMYH6-mNeonGreen-TNNT2-
mScarlet and reprogrammed using published factor combinations. Scale bar = 100 pM. Images acquired using high content image cytometry at reprogramming
day 6 (KIC, VALA Sciences) (d) Quantification of MYH6TTNNT2" cells as measured by pFU-GW-sMYH6-mScarlet-TNNT2-mNeon reporter fluorescence on
reprogramming day 6 (n = 3 biological replicates). All cells were subject to reporter overexpression (e) Candidate transcription factors for overexpression. Factors
predicted by Mogrify underlined. Primary cardiac fibroblasts (PCF), GATA4, MEF2C, TBX5 (GMT), GMT + MYOCD (GMT-M). Error bars: mean + SEM.
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Fig. 2. MYOCD, SMAD6, TBX20 (MST) overexpression generates MYH6 T TNNT2 cells with higher efficiency compared to existing GMT-based tran-
scription factor combinations. (a) Primary screen of transcription factor trios (n = 3 biological replicates). PCFs were transduced with rTTA and sMYH6-mNeon-
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percentages of TNNT2" cells (~20%), MST produces significantly more
MYH6™" cells (~30%) from which up to 80% are MYH6 TTNNT2™ cells,
as measured by reporter expression (Fig. 2C). The potential of the MST
combination to reprogram PCFs with high efficiency is illustrated in
Fig. 2D. Likewise, MST-derived cells express higher levels of TNNT2
protein compared to MSP and MSS and MYOCD overexpression alone
(Fig. $6) and the combination gives rise to approximately 40% TNNT2*
by flow cytometry at reprogramming day 15 (Fig. 2E).

3.3. Optimization of reprogramming media and small molecule screen

Culture conditions have been reported to influence reprogramming
efficiency and reprogrammed cell function based on cardiac gene
expression. We optimized our reprogramming media to provide a more
defined serum-free environment in which to assess the effect of different
small molecules on cardiac reprogramming. We began by supplement-
ing DMEM with 5 mg/mL bovine serum albumin (BSA), 200 pg/mL
ascorbic acid, 10 pg/mL insulin, and 7 pg/L transferrin (D-BAITS). To
further optimize this media formulation for direct reprogramming, we
performed a dose optimization for each component. Our findings sug-
gest that using 5 mg/mL BSA, 40 pg/mL ascorbic acid, 20 pg/mL insulin,
5 pg/mL transferrin, and 7 pg/L sodium selenite starting at reprog-
ramming day 0 leads to an increased reprogramming efficiency in MST-
transduced cells (Fig. 3A). However, compared to DMEM-+10% FBS, the
optimized D-BAITS media decreased MST reprogramming efficiency
measured by reporter activity by 15%, resulting in an average of 20.2%
+ 5.6% MYH6 TNNT2" reprogrammed cells, compared to 35.8% +
12.2% in the presence of FBS (Fig. 3B). To assess the endogenous
expression of cardiac genes in D-BAITS media compared to FBS-
supplemented media, we performed RT-qPCR at reprogramming day 6
on MST transduced cells with no reporter overexpression. Our data
demonstrate that genes related to cardiac structure (MYH6, TNNT2,
MYL?) in both conditions were upregulated. However, MST-induced
cells derived in D-BAITS media showed significantly higher levels of
endogenous sodium and calcium channel-related genes (SCN5A,
ATPA2) compared to those derived cells in DMEM+10% FBS (P =
0.0004), suggesting improved cardiac function. Notably, RYR2, which
encodes the ryanodine receptor essential for cardiomyocyte calcium
handling was not upregulated in either condition, suggesting incomplete
reprogramming (Fig. 3C).

We then performed a small molecule screen to identify pathways that
can be modulated to further increase the yield of MYH6 TNNT2" cells
and improve cardiac function. Small molecules and growth factors were
added to cells 3 days after MST transduction, and reporter fluorescence
was quantified 6 days after transcription factor induction with
doxycycline-containing media. We used PCFs from 4 patient samples to
screen 21 modulators of major signaling pathways (Wnt, TGFf, BMP,
and FGF) at a range of concentrations (Fig. §7). Our findings demon-
strated a consistent fold increase in MYH6 " TNNT2" cells following Wnt
pathway inhibition with XAV939, IWP-L2, or IWP-L6. Whereas no sig-
nificant change was observed following Wnt activation with
CHIR99021, nor with modulation of BMP or FGF pathways. A slight, but
significant increase in MYH6TTNNT2" cells following treatment with
the TGFp inhibitor, SB431542 and JAKi was observed (Fig. 3D). How-
ever, because reprogramming efficiency was most consistently and
highly increased by Wnt pathway inhibition, we further characterized
cells derived using MST and D-BAITS media supplemented with XAV939
(1 pM). Our data demonstrate that the addition of XAV939 to MST-
derived cells significantly increased their expression of endogenous
RYR2 compared to use of MST alone (P = 0.0004) (Fig. 3C). Addition of
XAV939 to MST + D-BAITS media also increased expression of all other
cardiac genes analyzed, especially that of ATPA2 and, to a lesser extent,
SCN5A. Co-expression of endogenous a-Actinin and TNNT2 at reprog-
ramming day 30 was also observed. While levels of protein expression
varied in the reprogrammed population, we observed striation patterns
in both high- and low- expressing a-Actinin" TNNT2" cells (Fig. S8A,
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S8B). MST reprogrammed cells also displayed elevated expression of
sarcomere-related genes MYH6, ACTC1, TNNT2, TPM1, MYBPC3, and
TTN compared to PCFs (Fig. S8C). In addition to upregulation of cardiac
genes, we noted downregulation of the fibroblast marker gene POSTN in
these conditions (Fig. 3C).

3.4. Functional assessment of MST-derived hiCMs

To determine the degree of reprogramming induced by MST and to
compare the effect of media and small molecules on the reprogrammed
cells’ function, we assessed the cells for spontaneous calcium flux.
Reprogrammed cells were incubated with Cal-520, a fluorogenic
calcium-sensitive dye prior to imaging. Fluorescence was measured for
60 s using high-content kinetic imaging at reprogramming day 7, 15, 22,
and 30. Although calcium transients were detectable as early as differ-
entiation day 7, they were more pronounced by day 22 (Video S1). At
that time point, calcium transients were extremely rare (<0.1%) and
slow (~40 s) in cells cultured using DMEM+10% FBS (Fig. 4A-4B) but
were more commonly seen in cells cultured using D-BAITS media, with
an average calcium transient duration 90% (CTDgp) of 22.4 s + 1.7 s
(Fig. 4A-4C). Although the addition of XAV939 to MST-derived cells in
D-BAITS media lowered the total number of cells cycling calcium by
44.7% compared to D-BAITS alone, their flux occurred more rapidly,
with a CTDggp of 19.4 s + 2.3 s compared to 22.4 s + 1.7 s without
XAV939 (Fig. 4A ii, 4B—C). Previous studies using serum-free media
and GMT in mouse suggest that FGF signaling improves functionality of
directly reprogrammed cells by resulting in a 100-fold increase in
beating cells [42]. In our system, addition of FGF2 (100 ng/mL) to D-
BAITS resulted in a decrease in CTDgq time (14.2 s + 0.9 s compared to
22.4 s + 1.7 s without FGF2) and a 38.3% increase in the total number of
cycling cells (Fig. 4B). Simultaneous treatment with XAV939 and FGF2
did not significantly change the CTDgg (12.3 s & 0.75 s) compared to
FGF2 alone; however, reproducibility, based on a lower SEM (0.74 s
compared to 0.90 s), was increased without a decrease in the total
number of cycling cells.

To investigate whether MST-derived cells respond to pharmacolog-
ical stimulation, we analyzed calcium flux in response to the p-adren-
ergic agonist isoproterenol (2 pM), as previously described [43].
Treatment with isoproterenol resulted in faster calcium cycling with a
CTDgg of 2.0 s + 0.4 s compared to 8.9 s + 0.7 s for untreated cells, as
would be expected with cardiomyocytes (Fig. 4D-E). However, peak
amplitude as well as maximum upstroke and downstroke velocity were
unchanged, suggesting that further optimization of Ca2™ signaling ma-
chinery is necessary to produce cells that fully emulate cardiac function.
(Fig. 4F-I). We monitored spontaneous cell contraction and observed cell
movement as early as day 12 of differentiation, with contraction
becoming more evident by day 29 (Fig. 4J, Video S2).

To determine the extent of reprogramming in MST-derived cells, we
performed RNA sequencing and compared the transcriptome of three
samples of MST-reprogrammed hiCMs to that of matched cardiac fi-
broblasts using hiPSC-CMs as a control. PCA of gene expression data
showed distinct clustering of individuals into the three sample groups
(PCFs, MST-reprogrammed hiCMs, and hiPSC-CMs) based on PC1 (67%
of variance) and PC2 (24% of variance) (Fig. 5A). The top 10 upregu-
lated genes contributing to PC1, based on absolute value of the loadings,
are all mitochondrial related (including MT-CO1, MT-RNR2, MT-ND4,
etc.). These are followed by cardiac ACTC1, MYL7, and MYH6. For PC2,
the top upregulated genes are smooth muscle related ACTA2, MYH11,
FLNA, and calcium related MYLK. As expected, top downregulated genes
for both PC1 and PC2 are fibroblast related (FN1, COL1A1, and COL1A2,
and EEF1A1) (File S1). This independent clustering was further
corroborated by hierarchical cluster analysis (Fig. 5B). Together, these
data suggest that MST-reprogrammed hiCMs are in an intermediate state
between cardiac fibroblasts and hiPSC-CMs. Nonetheless, gene-set
enrichment analysis (GSEA) revealed an upregulation of cardiac gene
sets in MST-derived cells compared to PCFs. Enriched gene sets include
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Fig. 3. Wnt inhibition using XAV939 enhances reprogramming efficiency of MST in defined media. (a) Reprogramming media component dose optimization.
Fold increase in %MYH6TNNT2" cells, measured by pFU-GW-sMYH6-mNeon-TNNT2-mScarlet fluorescence on reprogramming day 6. Cells were transduced with
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Fig. 4. FGF2 enhances calcium cycling in MST-derived cells and produces contractile cells that respond to pharmacological stimulation. (a) Spontaneous
Ca>* oscillations in reprogrammed cells on reprogramming day 22; representative traces: (i) DMEM -+ BAITS, (ii) DMEM + BAITS + XAV939, (iii) DMEM + BAITS +
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Tukey’s adjustment for multiple comparisons. (d) representative traces of unstimulated (blue) and isoproterenol stimulated (red) cells. Effects of 2 pM isoproterenol
stimulation on (e) calcium-transient duration of reprogrammed cells (f) T75-25 (g) peak value (h) maximum upstroke velocity (i) maximum downstroke velocity (n
= 5 cells per condition). P values calculated using t-test. (j) Spontaneous contraction in MST-derived cells; reprogramming day 25. Still from video (top), quanti-
fication of movement along Z-axis within ROI (yellow) (bottom). ns P > 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Error bars: mean + SEM.
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cardiac conduction, calcium regulation in cardiac cells, and cardiac
muscle contraction (Fig. 5C). Likewise, Ingenuity Pathway Analysis
(IPA) identified several significant cardiac-related pathways in MST-
derived cells, including cardiac hypertrophy signaling (P = 1.48e-10),
dilated cardiomyopathy signaling (P = 1.12e-08), calcium signaling (P
= 8.13e-06), cardiac p-adrenergic signaling (P = 4.57e-04), and factors
promoting cardiogenesis in vertebrates (P = 0.02) (File S2).

Analysis of the 9293 differentially expressed genes (FDR < 0.05) in
MST-derived cells over fibroblasts also suggests a global shift to a
cardiac-like state (Fig. 5D, S9A). As expected, MST-derived hiCMs
expressed high levels of MYOCD, SMAD6, and TBX20, even higher than
levels found in hiPSC-CMs (Fig. S9B). Cardiac fibroblast markers IL6,
MMP1 (collagenase 1), SERPINE1, POSTN, P4HB, COL1A1, COL1A2, and
FN1 were all downregulated after MST reprogramming to levels similar
to hiPSC-CMs (Fig. S9C). Compared to cardiac fibroblasts, MST-derived
hiCMs showed significant upregulation of cardiac-specific genes,
including ACTC1, ACTN2, MYH6, MYH7B, MYL2, MYL3, MYL4, MYL7,
TNNT2, TNNC1, and TTN (Fig. 5E). We also noted expression of all
cardiac ion channel genes: KCNQI, KCNJ2, KCND2, KCNJ4, SCN5A,
KCNH2, and KCND3 (Fig. 5F). Upregulated expression of genes encoding
cardiac structural proteins (DES, ACTA1l, UNC45B) and proteins
involved in cardiac cell metabolism and signaling (CKM SMYD1, NPPA)
were also observed in MST-derived hiCMs, (Fig. 5G). Finally, we noted
increased expression of several cardiac calcium-handling related genes
(CASQ2, RYR2, HCN3, HCN4, PLN, CACNA1C, ATP2A2, CAMK2D) in
MST-derived hiCMs relative to PCFs (Fig. 5H).

While this data demonstrates a transcriptomic shift towards a cardiac
state, the overall expression of cardiac-related genes in MST-
reprogrammed hiCMs remains lower than that of hiPSC-CMs, suggest-
ing that further optimization, perhaps by inclusion of growth factors,
additional reprogramming factors, or small molecules is necessary for
complete reprogramming.

While GMT-based reprogramming combinations did not yield hiCMs
in our hands, we have attempted to place MST-derived cells in context
with current factor combinations used in human cardiac direct reprog-
ramming. To do this, we compared the transcriptome of MST-
reprogrammed PCFs to that of GMT + miR-133 reprogrammed H9Fs,
using PCFs, H9Fs, and hiPSC-CMs as controls. We used publicly avail-
able data (GEO accession GSE193809) [44,45] to perform hierarchical
clustering and found that MST-reprogrammed hiCMs cluster more
closely with hiPSC-CMs than do GMT-reprogrammed cells (Fig. S10A).
PCA of gene expression data showed clustering of samples into 5 distinct
groups based on PC1 (50.75% of variance) and PC2 (31.88% of vari-
ance). We found that the top genes contributing to PC1 were IncRNAs,
followed by smooth-muscle related ACTA2, cellular differentiation
related CSRP1, innate immunity related C7, and cardiac-related MYL3.
The strongest coefficients contributing to PC2 were all cardiac related
genes: MYH7, MYL7, MYH6, ACTC1, TNNT2, TNNI3, and NPPA. As ex-
pected, H9Fs and PCFs clustered separately. While both MST and GMT
+ miR-133 reprogramming led to a similar shift towards a cardiac state
with respect to PC1, in MST-derived cells, this shift occurred without
deviation from the cardiac state relative to PC2. In contrast, GMT + miR-
133 overexpression resulted in a shift away from the baseline set by their
starting cell type (H9Fs) in respect to PC2, suggesting that MST may lead
to more efficient direct reprogramming compared to GMT-based
methods (Fig. S10B).

4. Discussion

We have optimized a lentiviral transduction and cardiac reporter
platform to efficiently screen combinations of transcription factors for
their ability to produce cells with active cardiac MYH6 and TNNT2
promoters and to assay for calcium flux. Using this platform, we iden-
tified a novel combination of transcription factors: MYOCD, SMADS,
TBX20 (MST) that reprograms human PCFs into cardiomyocyte-like cells
based on gene expression and sarcomere structure. MST, in conjunction
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with FGF2, XAV939, and our dose-optimized media containing BSA,
ascorbic acid, insulin, transferrin, and sodium selenite, allows for the
derivation of cells with functional cardiac characteristics. We, like
others, have found that reprogramming efficiency and calcium flux are
enhanced by addition of the Wnt pathway inhibitor, XAV939. In our
system, the number of calcium cycling cells is further increased with the
addition of FGF2. Together, these conditions result in the reprogram-
ming of human PCFs to cardiac-like cells that are responsive to phar-
macological stimulation and spontaneously contract in culture.

We have used MST to successfully reprogram 24 distinct primary
samples from patients (aged 0.01-21 years) undergoing cardiac biopsy
for diverse diagnoses, as well as one healthy tissue (Fig. S2). To our
knowledge, this is the first study to demonstrate direct cardiac reprog-
ramming using cells from numerous patients and diverse cardiac di-
agnoses. Expectedly, we have found that reprogramming efficiency is
variable from patient to patient, with some lines not converting, and
have included all such instances in our data. While genetic background
may play a role in reprogramming efficiency, we speculate that the
inherent diversity in starting fibroblast population and activation state
may also contribute to differences in reprogramming outcomes. This
variability precludes further functional analysis of reprogrammed pri-
mary cells. However, once a suitable level of efficiency and reproduc-
ibility is achieved, further studies can be performed to determine
whether MST-reprogrammed cells retain disease-associated phenotypes
and whether reprogramming efficiency differs when using aging tissues.
Likewise, we have found that MST-derived cells express both atrial and
ventricular-associated genes (Fig. S9D). Future optimizations focusing
on subtype specification may be beneficial for disease modeling.
Although hiCM-derived cells express several genes associated with a
mature electrophysiological phenotype, including KCNJ2, KCNQI,
SCN5A, CACNAIC, RYR2, and ATP2A2, expression of genes associated
with myofibril isoform switching (MYH7, MYL2, TNNI3) is low relative
to fetal-associated MYH6, MYL7, and TNNI1 (Fig. S9E); highlighting an
area for further improvement of this reprogramming protocol.

MYOCD and T-box factors have been utilized in existing cardiac
direct reprogramming cocktails. TBX20 is known to play a role in car-
diac development through regulation of GATA4 and NKX2-5 tran-
scription [46]. It is also implicated in maintaining function of the cardiac
conduction system [47]. While this manuscript was under review, Tang
et al. independently identified TBX20 as a cardiac reprogramming factor
[44]. In their study, addition of TBX20 to GMT + miR133 resulted in
cells with more fully activated cardiac conduction systems. The
reprogrammed cells exhibited increased mitochondrial function and
spontaneous calcium flux after 1 month; however, contraction was
observed only in co-culture with hiPSC-CMs, limiting the therapeutic
applications of the approach.

While overexpression of MYOCD alone in PCFs led to activation of
our cardiac reporter and to some cardiac gene induction, no spontaneous
contraction nor calcium flux was observed in the resulting cells. Partial
activation of the cardiac gene network, including aMHC and c¢TnT, by
overexpression of MYOCD alone in human foreskin fibroblasts has been
previously reported [40]. However, as in our study, the authors
conclude that additional factors are necessary to derive cells that are
fully committed to the cardiac fate. Similarly, in mouse fibroblasts,
addition of MYOCD to GMT contributes to improved cardiac gene
expression but does not enhance cardiac function [41].

Further studies will be necessary to determine the mechanism of
MST-based direct reprogramming; however, we note that the factors
MYOCD and SMAD6 were present in each of the top 3 combinations
identified in our screen. This may suggest a shared reprogramming
mechanism driving activation of our aMHC-TNNT2 transgenic reporter.
SMAD6 is known to inhibit TGFp signaling through inhibition of
receptor-associated SMADs (SMAD2/3) and TGFf inhibition using
SB431542 has been shown to improve the efficiency of GMT-based
reprogramming [9]. Therefore, we speculate that SMAD6 allows for
direct reprogramming through a similar mechanism. In our system, the
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addition of TGFf1 did not affect MST-reprogramming efficiency; how-
ever, further TGFp inhibition using SB431542, A83-01, or ITD-1 did
result in a marginal increase in MYH6 "TNNT2" cells.

Directly reprogrammed cardiomyocytes have the potential to
advance precision medicine by providing an expedient source of patient-
matched cells that can be used in vitro for drug screening or in vivo as
therapy for heart failure. This study presents MST as a novel transcrip-
tion factor combination that is suited for direct reprogramming of
human cardiac fibroblasts. Further studies can determine whether effi-
ciency of this system can be improved by using a polycistronic construct
and by optimizing the timing of small molecule delivery. Due to the
observed functional characteristics of MST-derived cells, future inves-
tigational and therapeutic approaches may benefit from the use of this
combination.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.yjmcc.2023.06.005.
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