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Abstract

Trans-differentiation of one somatic cell type into another has enormous potential to model and treat human diseases. Previous studies have
shown that mouse embryonic, dermal, and cardiac fibroblasts can be reprogrammed into functional induced-cardiomyocyte-like cells (iCMs)
through overexpression of cardiogenic transcription factors including GATA4, Hand2, Mef2c, and Tbx5 both in vitro and in vivo. However,
these previous studies have shown relatively low efficiency. In order to restore heart function following injury, mechanisms governing cardiac
reprogramming must be elucidated to increase efficiency and maturation of iCMs.

We previously demonstrated that inhibition of pro-fibrotic signaling dramatically increases reprogramming efficiency. Here, we detail methods
to achieve a reprogramming efficiency of up to 60%. Furthermore, we describe several methods including flow cytometry, immunofluorescent
imaging, and calcium imaging to quantify reprogramming efficiency and maturation of reprogrammed fibroblasts. Using the protocol detailed
here, mechanistic studies can be undertaken to determine positive and negative regulators of cardiac reprogramming. These studies may
identify signaling pathways that can be targeted to promote reprogramming efficiency and maturation, which could lead to novel cell therapies to
treat human heart disease.

Video Link

The video component of this article can be found at https://www.jove.com/video/57687/

Introduction

Ischemic heart disease is a leading cause of death in the United States1. Approximately 800,000 Americans experience a first or recurrent
myocardial infarction (MI) per year1. Following MI, the death of cardiomyocytes (CMs) and cardiac fibrosis, deposited by activated cardiac
fibroblasts, impair heart function2,3. Progression of heart failure following MI is largely irreversible due to the poor regenerative capacity
of adult CMs4,5. While current clinical therapies slow disease progression and decrease risk of future cardiac events6,7,8,9, no therapies
reverse disease progression due to the inability to regenerate CMs post-infarction10. Novel cell therapies are emerging to treat patients
following MI. Disappointingly, clinical trials delivering stem cells to the heart following MI thus far have shown inconclusive regenerative
potential11,12,13,14,15,16,17,18.

The generation of human-derived induced pluripotent stem cells (hiPSCs) from fibroblasts by overexpression of four transcription factors, first
demonstrated by Takahashi & Yamanaka, opened the door to new breakthroughs in cell therapy19. These cells can differentiate into all three
germ layers19, and several highly efficient methods for generating large numbers of CMs have been previously shown20,21. HiPSC-derived
CMs (hiPS-CMs) offers a powerful platform to study cardiomyogenesis and may have important implications for repairing the heart following
injury. However, hiPS-CMs currently face translational hurdles due to concerns of teratoma formation22, and their immature nature may be pro-
arrhythmogenic23. Reprogramming fibroblasts into hiPSCs sparked interest in directly reprogramming fibroblasts into other cell types. Ieda et al.
demonstrated that overexpression of GATA4, Mef2c, and Tbx5 (GMT) in fibroblasts results in direct reprogramming to cardiac lineage, albeit at
low efficiency24. Reprogramming efficiency was improved with the addition of Hand2 (GHMT)25. Since these early studies, many publications
have demonstrated that altering the reprogramming factor cocktail with additional transcription factors26,27,28,29, chromatin modifiers30,31,
microRNAs32,33, or small molecules34 leads to improved reprogramming efficiency and/or maturation of induced cardiomyocyte-like cells (iCMs).

Here we provide a detailed protocol to generate iCMs from mouse embryonic fibroblasts (MEFs) with high efficiency. We previously showed
that the GHMT cocktail is significantly improved with the addition of miR-1 and miR-133 (GHMT2m) and is further improved when pro-fibrotic
signaling pathways including transforming growth factor β (TGF-β) signaling or Rho-associated protein kinase (ROCK) signaling pathways
are inhibited35. Using this protocol, we show that approximately 60% of cells express cardiac Troponin T (cTnT), approximately 50% express
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α-actinin, and a high number of beating cells can be observed as early as Day 11 following transduction of reprogramming factors and
treatment with the TGF-β type I receptor inhibitor A-83-01. Furthermore, these iCMs express gap junction proteins including connexin 43 and
exhibit spontaneous contraction and calcium transients. This marked improvement in reprogramming efficiency compared to earlier studies
demonstrates the potential to regenerate CMs from endogenous cell populations that remain in the heart post-infarction.

Protocol

All experiments requiring animals were approved by the Institutional Animal Care and Use Committee at the UC Denver Anschutz Medical
Campus.

1. Isolation of MEFs

1. Purchase C57BL/6 pregnant mice at E13. Ship overnight.
2. Euthanize the mother according to approved IACUC protocols (ex: ~1.3 L/min CO2 until animal appears dead followed by cervical dislocation)
3. Spray the mother with 70% ethanol and open abdominal cavity. Remove the uterine horn containing embryos and place in a 10 cm dish with

sterile PBS.
4. Make an incision in the embryo sac to release embryo. Transfer embryo to clean 10 cm dish with sterile PBS. Rinse thoroughly.
5. Cut the body below the liver and discard the head and upper body. Remove internal organs and discard. Transfer the remaining tissue to a

clean 10 cm dish with sterile PBS and transfer the plate to a Biosafety Level 1 or 2 Cabinet. Combine tissues from all embryos in a clean, dry
10 cm dish and mince into fine pieces.

6. Add 6 mL of 0.25% trypsin/1 mM EDTA to minced embryos. Triturate several times by pipette to break up tissue. Incubate for 40 min at 37 ˚C
with 5% CO2.

7. Resuspend cells in growth medium (Table 1). The volume of media is adjusted based on the number of embryos harvested. In general, use a
ratio of approximately 25 mL growth media per 1.2 embryos.

8. Plate 25 mL of resuspended cells in a 15 cm dish. After 24 h, aspirate the media and add 25 mL of fresh growth medium to each plate.
9. After 72 h, add 2 mL of 0.25% trypsin/1 mM EDTA to each 15 cm dish. When cells detach from the culture dish, inactivate trypsin with 15 mL

growth medium and collect cells in 50 mL polystyrene conical tubes. Centrifuge cells for 3 min at 160 x g at room temperature. Resuspend
the cell pellet in growth medium and filter through a 70 µm pore cell strainer.

10. Count cells using a hemocytometer and freeze MEFs in 2 million cells aliquots in freeze medium (10% DMSO, 25% FBS in Dulbecco's
Modified Eagle Medium (DMEM)/High glucose) at -80 °C. Transfer cells to liquid nitrogen after 24 h and store until ready to use.
 

NOTE: Global gene expression in MEFs was profiled isolated using this protocol by RNA-sequencing (RNA-seq) to ensure cell
authentication. RNA-seq data from ENCODE MEF cells were downloaded from NIH Gene Expression Omnibus (GEO) with accession
number GSE93454. RNA-seq gene expression data for the MEFs used by us were deposited in NIH GEO with accession number
GSE71405. These two data sets were merged according to common gene symbols. The expression data were then log-transformed and a
scatterplot of the expression data for our MEFs and ENCODE MEFs were generated and fit with a linear regression line (Figure 1A). MEFs
isolated using this protocol are molecularly similar to those isolated by other labs.

2. Production of Retrovirus and Transduction of MEFs

NOTE: All steps in this section must be carried out in a Biosafety Level 2 Cabinet. Since this protocol utilizes retroviral transduction, ensure that
safety precautions are taken including treating all waste containing viral media with 10% bleach for at least 20 min. Refer to Figure 1B for a
timeline for reprogramming.

1. Production of Retrovirus using the Platinum E (PE) cell line
1. Maintain commercially available PE cells in PE medium (Table 1) containing blasticidin and puromycin selection markers to ensure

expression of gag-pol and env genes for efficient retroviral particle production36. Passage cells at 1:4 or 1:5 every two days. Take care
to prevent overcrowding of cells as this can reduce retroviral production yields.

2. On the day -1, seed approximately 5 x 106 cells per 10 cm dish in the growth medium (Table 1) 16-20 h prior to transfection (see Table
2 for plating densities for other standard cell culture dish sizes). Gently rock dishes back and forth several times and carefully place in a
37 °C, 5% CO2 incubator to ensure even plating distribution (see Figure 1C for optimal plating density prior to transfection).
 

NOTE: Take care to plate PE cells in the medium free of selection markers prior to transfection to ensure medium containing generated
retroviral particles does not kill MEFs.

3. On the day 0, prepare DNA for transfection. For 10 cm dish transfection, add 2 µg of each reprogramming factor — GATA4, Hand2,
Mef2c, Tbx5, miR-1, and miR-133 (GHMT2m) — to a 1.5 mL tube.
 

NOTE: Refer to Table 2 to scale the amount of DNA needed to transfect other standard cell culture dish sizes.
4. In a separate 1.5 mL tube, add 360 µL reduced serum media. Then add 36 µL transfection reagent directly to reduced serum media.

Gently flick the tube and incubate at room temperature for 5 min.
 

NOTE: To avoid reduced transfection efficiency, carefully add transfection reagent directly to the reduced serum media.
5. Add reduced serum media/transfection reagent mixture to GHMT2m DNA cocktail. Gently flick the tube and incubate at room

temperature for 15 min. Do not vortex.
6. Add the reaction mixture dropwise to PE cells, gently swirl media for 10-15 s, and place in a 37 °C, 5% CO2 incubator.

 

NOTE: According to the manufacturer, PE cells generate an average titer of 106 to 107 infectious units/mL. This protocol generates
approximately 2 x 106 infections units/mL by 24 h and 6 x 106 infections units/mL by 48 h for an average MOI of 4. Transfection of GFP/
DsRed may also be used as a surrogate for transfection/transduction efficiency if desired; transfection efficiency is expected to exceed
90% by 48 h (Figure 1C).

2. Transduction of MEFs
1. On the Day 0, coat dishes with collagen and place in a 37 °C, 5% CO2 incubator for at least 2 h.
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2. Remove MEFs from liquid nitrogen and thaw. Plate 0.2 x 106 cells per 60 mm dish in the growth medium. Gently rock plates to ensure
even plating distribution and place in the incubator (see Figure 1C for optimal plating density and Table 2 for plating densities for other
standard cell culture dish sizes).
 

NOTE: These plating densities have been tested over multiple batches of isolated MEFs; unless MEFs display significantly
compromised viability, adjusting cell seeding densities is not necessary.

3. On the day 1, 24 h post-transfection, use a 30 mL syringe to collect retroviral medium generated by PE cells. Pass the medium through
a 0.45 µm pore-size filter into a 50 mL conical tube. Add hexadimethrine bromide transfection reagent to a final concentration of 6 µg/
mL. Carefully add 10 mL fresh growth medium to PE cells by pipetting media onto the wall of the culture dish to prevent displacement
of cells.

4. Aspirate the medium from MEFs and add 4 mL of freshly harvested retroviral medium to each dish. Return MEFs to the incubator. Add
10% bleach to all materials in contact with the viral medium to neutralize retroviral particles.

5. On the day 2, 48 h post-transfection, repeat steps 2.2.2 and 2.2.3. PE cells are discarded following the 2nd collection of the retroviral
medium.
 

NOTE: Add 10% bleach to discarded PE cells for at least 20 min to neutralize unwanted retrovirus.
6. On the day 3, aspirate medium from MEFs and replenish with 4 mL iCM medium (Table 1) containing 0.5 µM A-83-01, a TGF-β type I

receptor inhibitor. Replenish iCM medium containing A-83-01 every 2 days.
 

NOTE: If using GFP as a transduction control, the expression is expected to exceed 90% by this time point (Figure 1C).

3. Flow Cytometry for Cardiac Markers

1. Aspirate medium from Day 9 reprogrammed MEFs and wash (1x) with 1x PBS to remove dead cells and debris.
2. Add 1 mL 0.25% Trypsin/EDTA for 5 min at 37 ˚C. Check cells using a light microscope and shake dish; if cells remain attached, incubate 5

more min at 37 ˚C until cells detach.
3. Wash cells in 1x PBS containing 5% FBS and filter through a 70 µm pore cell strainer.
4. Centrifuge at 160 x g for 3 min at room temperature and aspirate liquid from the pellet.

 

NOTE: To increase the cell yield, leave approximately 50 µL liquid above the cell pellet.
5. Wash cells with 500 µL 1x PBS containing 1% BSA.
6. Fix cells with 0.2 mL/1 million cells fixation solution for 20 min on ice.
7. Add 1 mL of 1x ice-cold perm/wash buffer.

 

NOTE: The manufacturer's solution is 10x.
8. Centrifuge cells at 160 x g for 5 min at 4 °C and aspirate supernatant.
9. Repeat steps 3.7 and 3.8 an additional time. After the 2nd wash, proceed directly to next step or keep cells at 4 °C overnight.
10. Block with 100 µL of 5% goat serum and donkey serum in 1x perm/wash buffer for 30 min at room temperature.
11. Add 100 µL of diluted primary antibody.

 

NOTE: For this protocol, cells were labeled with mouse Troponin T (1:200) and mouse α-actinin (1:200) to quantify the percentage of cells
positive for key components of the cardiac sarcomere. Incubate primary antibody for 1 h at room temperature.

12. Centrifuge cells at 160 x g for 5 m at 4 °C, aspirate supernatant, and wash 2x with ice-cold perm/wash buffer.
13. Add 100 µL of diluted secondary antibody.

 

NOTE: For this protocol, cells were labeled with anti-mouse 647 nm secondary antibody (1:200). Incubate secondary antibody for 45 min at
room temperature on an end-over-end tube rotator. Protect cells from light by wrapping tubes in foil.

14. Centrifuge cells at 160 x g for 5 min at 4 °C, aspirate supernatant, and wash 2x with ice-cold perm/wash buffer.
15. Add 1 mL of 1% BSA in PBS and perform FACS immediately.

 

NOTE: Generate a forward scatter vs side scatter plot to gate viable cells first when performing FACS. Alternatively, use a commercially
available live/dead cell stain prior to fixing cells to identify live and dead cell populations.

4. Immunostaining of Reprogrammed MEFs

1. Aspirate medium from day 14 reprogrammed MEFs and wash (1x) with 1 mL 1x ice-cold PBS.
 

NOTE: For immunostaining, reprogramming was performed in 12 well plates to minimize antibody solution volumes. 24 well plates may also
be used; simply half all following volumes.

2. Aspirate and fix cells with 500 µL 2% paraformaldehyde for 10 min at room temperature.
3. Aspirate and wash cells 3 times with 1 mL 1x PBS (5 min per wash at room temperature).
4. Permeabilize cells with 500 µL 0.2% permeabilization reagent in PBS for 15 min at room temperature.
5. Aspirate and block in 500 µL 10% horse serum in PBS for 30 min at room temperature.
6. Aspirate and incubate with 500 µL of the diluted primary antibody for 1 h at room temperature.

 

NOTE: For this protocol, cells were labeled with mouse Troponin T or α-actinin (each 1:400) and co-labeled with Connexin 43 (1:400) or
Troponin I (1:400).

7. Aspirate primary antibody and wash three times with 1 mL 1x PBS (5 min per wash at room temperature).
8. Aspirate and incubate with 500 µL diluted secondary antibody for 1 hour at room temperature.

 

NOTE: For this protocol, cells were labeled with anti-mouse 555 nm secondary antibody (1:800) to recognize Troponin T or α-actinin and anti-
rabbit 488 nm secondary antibody (1:800) to recognize Connexin 43 or Troponin I. Additionally, nuclei were stained with Hoechst (1:10,000).
Protect cells from light by incubating in the dark.

9. Aspirate the secondary antibody and wash three times with 1 mL 1x PBS (5 min per wash at room temperature). Wrap the plate in foil to
protect cells from light and store at 4 °C.

10. Image using three-channel epifluorescence microscopy.
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5. Calcium Imaging

NOTE: If imaging at 10X magnification, standard cell culture dishes and plates are suitable for calcium imaging. Imaging at higher magnification
requires that cells be plated on glass coverslips or glass bottom dishes.

1. Aspirate medium and add 2 mL (for a 6 well plate) modified Tyrode's solution (140 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM
glucose, 10 mM HEPES, 0.1% BSA, and 1% pyruvate, pH 7.4) containing 5 µM Fura-2 AM and 0.1% Pluronic F-127 to beating (D14 to D20)
iCMs. Incubate for 30 minutes at 37 °C.
 

NOTE: Protect cells from light to prevent quenching of fluorescent indicator.
2. Wash cells in 2 mL Tyrode's solution for 30 min at room temperature to allow de-esterification of Fura-2 AM.
3. Image with spinning disk confocal microscopy at 340 nm and 380 nm using Slidebook 5.5 Ca2+ imaging software. Perform the imaging at

room temperature.
4. Calcium transients are calculated using the ratio of fluorescence intensity at 340 nm over the fluorescence intensity at 380 nm.
5. If desired, treat iCMs with 1 or 2 µM isoproterenol or 10 µM Nifedipine to manipulate calcium handling after imaging baseline calcium

transients. Add compounds locally to cells and image.

Representative Results

Using the reprogramming strategy outlined above and in Figure 1B, we generated iCMs with approximately 70% of cells expressing cardiac
Troponin T and approximately 55% of cells expressing cardiac α-actinin, quantified by flow cytometry at Day 9 following transduction of GHMT2m
(Figure 2A and B). Additionally, the majority of cells express cardiac Troponin T, Troponin I, and cardiac α-actinin as well as the gap junction
marker Connexin 43 at Day 14 following transduction (Figure 2C and D). Imaging with higher magnification reveals well-defined sarcomere
structure formation and gap junctions forming between neighboring cells (white arrowheads, Figure 2D). Furthermore, spontaneous contraction
and calcium transients indicate functionality of iCMs (Figure 3A-C and Movie 1).
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Figure 1: Timeline of Reprogramming and Optimal Plating of Cells. (A) Scatterplot of log-transformed RNA-seq data for MEFs generated in
our lab versus ENCODE MEFs. The R2 value and linear regression line are shown. (B) Schematic of all critical steps in the GHMT2m-mediated
reprogramming of MEFs. (C) PE cells at 70-80% confluence prior to transfection (top row, left panel) and GFP signal 48 hours post-transfection
to indicate transfection efficiency (top row, middle and right panels). MEFs seeded sparsely prior to infection to prevent overcrowding over the
time period of reprogramming (bottom row, left panel) and GFP signal 48 hours post-infection to indicate infection efficiency (bottom row, middle
and right panels). Scale bar = 400 µM. Please click here to view a larger version of this figure.
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Figure 2: Quantification and Characterization of Cardiac Protein Expression in iCMs. (A and B). Representative flow cytometry for cardiac
Troponin T (A) and α-actinin (B) at Day 9 following GHMT2m transduction, n = 3. (C) ICC staining for cardiac markers at Day 14 following
GHMT2m transduction. Green: cardiac Troponin I, Red: cardiac Troponin T (middle panel) and α-actinin (right panel), and Blue: Hoechst staining
for nuclei. Representative images (n = 3). Scale bar = 200 µM (D) High magnification imagines of sarcomere structure (Red: cardiac α-actinin
(top row) and cardiac Troponin T (bottom row)) and expression of gap junction protein Connexin 43 (green). White arrowheads indicate gap
junctions formed between neighboring cells. Representative images (n = 3). Scale bar = 100 µM. Please click here to view a larger version of this
figure.
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Figure 3: Functional Quantification of iCMs. (A) Time course of beating cell counts following GHMT2m transduction. Beating cells were
counted by eye and cell counts from 10 fields per dish over 3 dishes per experiment were averaged and included in panel A. (B and C) Recorded
calcium transients of iCMs. Calcium transient frequency is altered in iCMs following treatment with 1 µM Isoproterenol or 10 µM nifedipine. F340/
F380, the ratio of fluorescence intensity at 340 and 380 nm. Please click here to view a larger version of this figure.

 

Movie 1: Beating iCMs. Movie showing beating iCMs at Day 12 in vitro. Please click here to view this video. (Right-click to download.)
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iCM Media

Name of Reagent Volume (mL) Final Concentration

DMEM High Glucose 320

Medium 199 80

Fetal Bovine Serum 50 10%

Donor Horse Serum 25 5%

MEM Essential Amino Acids, 50x 10 1x

Sodium Pyruvate Solution, 100x 5 1x

MEM Non-Essential Amino Acids, 100x 5 1x

MEM Vitamin Solution, 100x 5 1x

Insulin-Transferrin-Selenium, 100x 5 1x

B27, 50x 10 1x

Penicilin-Streptomycin 5.5 1.1%

L-Glutamine supplement 5.5 1.1%

PE Media

Name of Reagent Volume (mL) Final Concentration

DMEM High Glucose 450

Fetal Bovine Serum 50 10%

Penicilin-Streptomycin 5.5 1.1%

L-Glutamine supplement 5.5 1.1%

Blasticidin-HCl - 10mg/mL 0.5 10 µg/mL

Puromycin dihydrochloride 0.05 1 µg/mL

Growth Media

Name of Reagent/ Equipment Volume (mL) Final Concentration

DMEM High Glucose 450

Fetal Bovine Serum 50 10%

Penicilin-Streptomycin 5.5 1.1%

L-Glutamine supplement 5.5 1.1%

Table 1: Culture Media. Recipes for culture medium used in this protocol.
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PE Cells

Cell culture dish Surface Area
(cm2)

Seeding Density
(cells)

Media Volume
(mL)

Total DNA per
transfection (µg)

Transfection
reagent (µL)

Opti-MEM (µL)

15 cm 176.7 11.25 x 106 20 36 108 1080

10 cm 78.5 5 x 106 10 12 36 360

60 mm 28.2 1.7 x 106 4 4 12 120

6 well plate 9 0.54 x 106 2 1.3 3.9 39

12 well plate 4 0.24 x 106 1 0.6 1.8 18

24 well plate 2 0.12 x 106 0.5 0.3 0.9 9

MEFs

Cell culture dish Surface Area
(cm2)

Seeding Density
(cells)

Media Volume
(mL)

Hexadimethrine
bromide (µL)

15 cm 176.7 1.35 x 106 20 12

10 cm 78.5 0.6 x 106 10 6

60 mm 28.2 0.2 x 106 4 2.4

6 well plate 9 0.1 x 106 2 1.2

12 well plate 4 0.4 x 105 1 0.6

24 well plate 2 0.2 x 105 0.5 0.3

Table 2: Seeding Densities for Reprogramming. Table of seeding densities for PE cells and MEFs for common cell culture dish formats.

Discussion

The present study outlines a high-efficiency strategy to directly reprogram fibroblasts into functional iCMs via delivery of GHMT2m
reprogramming factors combined with suppression of pro-fibrotic signaling pathways. Using flow cytometry, immunofluorescent imaging,
calcium imaging, and beating cell counts, we show the majority of cells in this protocol undergo successful reprogramming and adopt CM
lineage fate. We have previously shown that the addition of anti-fibrotic compounds including the TGF-β type I receptor inhibitor A-83-01
yields an approximately 6-fold increase in the number of beating iCMs compared to transduction with GHMT2m alone, indicating that pro-
fibrotic signaling is a strong endogenous barrier to cardiac reprogramming. This system can, therefore, be harnessed for drug screening to
investigate mechanisms governing cardiomyogenesis; the addition of a small molecule alongside A-83-01 could uncover negative regulators
of cardiomyogenesis. Conversely, the addition of a small molecule to GHMT2m alone could elucidate positive regulators of cardiomyogenesis.
Unraveling the mechanisms through which these positive and negative regulators govern CM differentiation will result in a better understanding
of cardiomyogenesis and lead to even more efficient reprogramming and maturation protocols.

Many variables affect reprogramming efficiency. We find that cell plating density greatly impacts both the production of retroviral particles in the
case of PE cells, and the efficient uptake of all reprogramming factors in the case of MEFs. Furthermore, the passage number can affect these
parameters as well. To ensure optimal production of viral particles, transfect PE cells before passage 20. To ensure efficient uptake of retroviral
particles, do not passage MEFs after freezing.

Several recent studies have also demonstrated high-efficiency reprogramming of MEFs by knocking down PRC1 member Bmi along with
expression of GMT30 or by overexpressing Akt in addition to GHMT37. Addition of ZFN281 to GHMT + Akt led to a 4-fold increase in troponin T
positive cells in adult tail tip fibroblasts, attributed in part to suppression of inflammatory gene signatures38. Furthermore, the combination of a
TGF-β signaling inhibitor and WNT signaling inhibitor increased GMT-mediated cardiac reprogramming39. Importantly, the signaling pathways
involved in these studies do not appear to overlap. Therefore, it is likely that cross-talk between multiple signaling pathways could further
enhance cardiac reprogramming.

A number of studies demonstrated reprogramming in vivo through the delivery of reprogramming factors in mice following left anterior
descending (LAD) artery ligation25,32,39,40,41. These studies did show modest improvement in ventricular function following MI, underscoring the
therapeutic potential of cardiac reprogramming on heart regeneration following injury. Our protocol reprograms MEFs with the highest efficiency
in vitro to date. Therefore, it will be interesting to see if high-efficiency reprogramming is capable of fully restoring heart function post-injury in
vivo. These studies could serve as a basis for translating this method into novel cell therapies for patients' post-infarction.
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