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Conversion of fibroblasts to functional cardiomyocytes represents a
potential approach for restoring cardiac function after myocardial
injury, but the technique thus far has been slow and inefficient. To
improve the efficiency of reprogramming fibroblasts to cardiac-like
myocytes (iCMs) by cardiac transcription factors [Gata4, Hand2,
Mef2c, and Tbx5 (GHMT)], we screened 192 protein kinases and
discovered that Akt/protein kinase B dramatically accelerates and
amplifies this process in three different types of fibroblasts (mouse
embryo, adult cardiac, and tail tip). Approximately 50% of reprog-
rammed mouse embryo fibroblasts displayed spontaneous beating
after 3 wk of induction by Akt plus GHMT. Furthermore, addition of
Akt1 to GHMT evoked a more mature cardiac phenotype for iCMs,
as seen by enhanced polynucleation, cellular hypertrophy, gene
expression, and metabolic reprogramming. Insulin-like growth fac-
tor 1 (IGF1) and phosphoinositol 3-kinase (PI3K) acted upstream of
Akt whereas the mitochondrial target of rapamycin complex 1
(mTORC1) and forkhead box o3 (Foxo3a) acted downstream of
Akt to influence fibroblast-to-cardiomyocyte reprogramming. These
findings provide insights into the molecular basis of cardiac repro-
gramming and represent an important step toward further applica-
tion of this technique.
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Adult mammalian cardiomyocytes possess limited capacity to
proliferate, posing a major barrier to cardiac regeneration

after injury (1). Thus, methods to generate induced cardiac-like
myocytes (iCMs) by reprogramming fibroblasts with combina-
tions of cardiac transcription factors represent a potential approach
for enhancing cardiac repair (2–8). Various mixtures of pro-
teins, microRNAs, and small molecules have been shown to
activate cardiac gene expression in fibroblasts (9), confirming
original observations made merely 5 y ago (2). However, the
direct lineage conversion technique has been hampered by low
efficiency, slow rate of cellular conversion, and production of
intermediately reprogrammed or relatively immature iCMs
(reviewed in ref. 9).
We reasoned that altering intracellular signaling pathways via

kinase activation might enhance production of iCMs. We there-
fore screened a library of protein kinases for the potential to en-
hance reprogramming of fibroblasts to cardiomyocytes by four
cardiac transcription factors [Gata4, Hand2, Mef2c, and Tbx5
(GHMT)]. Our unbiased kinase screen revealed that Akt1, also
known as protein kinase B (Pkb), dramatically enhances and ex-
pedites the formation of iCMs from numerous types of fibroblasts
in the presence of GHMT. The iCMs formed by Akt plus GHMT
also displayed a mature phenotype, compared with those gen-
erated without Akt, and were responsive to β-adrenoreceptor
pharmacologic modulation, polynucleated, and hypertrophic. Akt
seems to act in a pathway with insulin-like growth factor 1 (IGF1),
phosphoinositol 3-kinase (PI3K), the mitochondrial target of
rapamycin complex 1 (mTORC1) and forkhead box o3 (Foxo3a)
to boost the cardiac reprogramming process.

Results
Akt Enhances GHMT-Mediated Cardiac Reprogramming. Previously,
we established a cardiac reprogramming assay by expressing the
cardiac transcription factors, GHMT, in mouse tail tip fibroblasts
(TTFs) and cardiac fibroblasts (CFs) (7). With the goal of im-
proving the efficiency and rate of reprogramming, we screened a
myristoylated kinase expression library for individual kinases that
might augment the generation of functional iCMs by GHMT. After
7 d of TTF induction with retrovirally expressed GHMT plus either
GFP or each of the 192 kinases in the library, we harvested RNA
and quantified expression of the cardiac markers Myh6 and Actc1
(Fig. 1A). Our results showed that overexpression of Akt1 or Akt3
specifically augmented expression of these cardiac markers (Fig. 1B).
Akt2 was not present in this library. We confirmed these findings
using a different Akt1 expression cassette (pMxs-MyrAkt1) that di-
rected robust expression of active phospho-Akt1 (Fig. S1A) and used
this vector for all subsequent experiments. Western blot analysis of
mouse embryonic fibroblasts (MEFs) isolated from transgenic mice
harboring a GFP transgene controlled by the cardiac-specific αMHC
promoter confirmed that addition of Akt1 to GHMT enhanced
expression of endogenous cardiac markers, as well as the αMHC-
GFP reporter (Fig. 1C). Notably, neither Akt1 alone nor a kinase-
dead (KD) form of Akt1 was able to induce expression of cardiac
markers. Akt1 and Akt2 stimulated cardiac transcript expression
comparably in the transdifferentiation assay whereas the KD mutant
form of Akt1 abrogated the stimulatory activity on GHMT (Fig. 1D).
We thus focused on Akt1 for subsequent experiments.

Significance

After a heart attack, millions to billions of cardiomyocytes are lost.
Because the adult mammalian heart possesses little regenerative
potential, a precipitous loss of cardiac function ensues. Patients
with heart failure could benefit from repopulating injured areas
of the heart with functional cardiomyocytes. To date, cellular
transplantation has been therapeutically unsuccessful. Direct
lineage reprogramming offers a new approach to repopulate
cardiomyocytes in the heart. We report here that addition of
Akt1 to our established (GHMT) reprogramming cocktail dra-
matically enhances the generation of cardiomyocytes from fi-
broblasts. Our findings provide insights into the molecular basis
of cardiac reprogramming.
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To further monitor the effect of Akt1 on GHMT-mediated
cardiac reprogramming of fibroblasts, we isolated mouse em-
bryonic fibroblasts (MEFs), TTFs, and CFs from αMHC-GFP
transgenic mice. We observed that the addition of Akt to GHMT
(AGHMT) dramatically enhanced the number of iCMs, detected
by staining for GFP and cardiac troponin T (cTnT) (cTnT in red
and GFP in green in Fig. 2 A–C) or α-actinin (Fig. 2 D–F). A
subset of these iCMs showed characteristic striations indicative
of sarcomere formation a week after induction (see Fig. 2G for
MEFs and Fig. 2H for CFs,) or after 2 wk in the case of TTFs (Fig.
2I) whereas no sarcomere formation was seen with iCMs formed by
GHMT alone at these time points. Using flow cytometry after ex-
pression of AGHMT in MEFs isolated from αMHC-GFP mice, we
detected a dramatic increase in the percentage of cells positive for
endogenous and exogenous cardiac markers compared with GHMT
treatment (Fig. S1 B and E). The percentage of positive cells is
noteworthy when considering that the statistical likelihood of an
individual fibroblast taking up the four to five separate retroviruses
encoding the transdifferentiation factors would be less than 100%.
Similar experiments in CFs (Fig. S1 C and F) and TTFs (Fig. S1 D
and G) yielded compatible results after 7 d of transdifferentiation
although the absolute percentage of positive cells was not as pro-
nounced as in MEFs. We further observed an increase in the per-
centage of α-actinin–positive cells by flow cytometry when adding
Akt1 to GHMT in these different types of fibroblasts.

Akt1 Enhances Calcium Flux and Spontaneous Cell Beating in Response
to GHMT. To examine the potential influence of Akt on calcium
flux and spontaneous cell beating in response to GHMT, we used
a conditionally active modified GFP reporter system (αMHC-Cre/
Rosa26A-Flox-Stop-Flox-GCamp3 MEFs) for live cell imaging
of spontaneous cellular calcium flux as detected by auto-
fluorescence (Fig. S2). AGHMT-treated MEFs had greater
calcium flux after a week of transdifferentiation than GHMT-
treated MEFs, and a majority of the AGHMT-treated cells
exhibited calcium flux with many cells seemingly firing in unison
(Fig. 3A and Movie S1).
Spontaneous beating represents a phenotype of mature car-

diomyocytes, requiring functional sarcomeres and calcium cycling

machinery, rather than spontaneous intracellular calcium flux alone.
We observed a similar increase in spontaneous beating of MEFs
(Fig. 3B and Movie S2) (there were very rare spontaneously beating
cells only at 20 d in the GHMT treatment group), CFs [Fig. 3C
(2 wk after induction) andMovie S3], and TTFs [Fig. 3D (3 wk after
induction) and Movie S3] upon addition of Akt1 to GHMT. We
observed no beating cells in CFs or TTFs after 2 or 3 wk of GHMT
induction, respectively, and we observed no beating cells with empty
vector or Akt1 alone in any fibroblast cell type.
To further characterize the properties of AGHMT-mediated

iCMs, we tested the effects of adrenergic agonists and antago-
nists on AGHMT-induced MEFs 21 d after induction (Fig. 3E
and Movie S4). AGHMT-mediated iCMs were responsive to
pharmacologic modulation of β-adrenoreceptor activity. Al-
though more difficult to quantify, it also seemed that altering
β-adrenoreceptor activity had an effect on iCM inotropy (Movie S4).
We noted that numerous AGHMT-treated iCMs became bi-

nucleate (Fig. 4 A and B and E and F and Fig. S3 A and B) or
multinucleate (three or more nuclei) (Fig. 4 C and G and Fig. S3C)
within 3 wk whereas such cells were observed only rarely after in-
duction with GHMT. We therefore examined whether AGHMT-
induced iCMs displayed other features of mature cardiomyocytes,
including an altered metabolic profile, increased ratio of Myh6:
Myh7 expression, increased cell size, and mitochondrial membrane
depolarization activity. AGHMT treatment of fibroblasts resulted in
an approximate doubling of iCM size after 3 wk of induction rela-
tive to GHMT treatment (Fig. 4 D and H and Fig. S3D). Akt1
added to GHMT treatment also increased the ratio of Myh6:Myh7
RNA expression as assessed by qPCR (Fig. S3E).
Metabolic analysis showed that AGHMT-treated MEFs had

higher baseline oxygen utilization per cell a week after induction
than non–Akt1-treated cells and greater possible maximal oxygen
consumption than other tested cells (Fig. 4K). This experiment
measured oxygen consumption rate normalized to input cell number
at baseline and in the presence of several compounds that counteract
various stages of oxidative phosphorylation: oligomycin inhibits ATP
synthase by blocking its F0 subunit (proton channel) and thus se-
verely limits oxygen utilization, FCCP uncouples the hydrogen ion
gradient needed for ATP synthesis and thus maximizes oxygen uti-
lization, and rotenone prevents electron transfer from complex I to
ubiquinone within the electron transport chain and also minimizes
oxygen utilization. The lack of difference between oligomycin and
rotenone treatments suggests that the metabolic effects of Akt1 are
not specific to a component of the electron transport chain but rather
represent a more general metabolic phenotype. Moreover, addition
of Akt1 to GHMT increased mitochondrial membrane de-
polarization in MEFs and CFs as determined by use of a membrane-
permeable dye that is taken up by active mitochondria (Fig. 4 I
and J). All of these measurements, in addition to the above quali-
tative change in cellular inotropy with isoproterenol, corresponded to
a more mature iCM phenotype after AGHMT treatment.
We performed RNA-Seq using either isolated adult mouse

ventricular cardiomyocytes (CMs) or MEFs treated for 3 wk with
empty vector, GHMT (iCMs cell-sorted using αMHC-GFP before
RNA-Seq), or AGHMT (iCMs cell-sorted using αMHC-GFP be-
fore RNA-Seq (Table S1). These data showed that global RNA
expression profiles of iCMs formed with AGHMT were more
similar to mature CMs than those formed with GHMT (Fig. 5A
and Fig. S4A). Some specific cardiac markers of interest that dis-
played increased expression in AGHMT relative to GHMT iCMs
are shown in Fig. 5B. It seemed that the effects of Akt1 were me-
diated predominantly by increases in cardiac marker expression
(Fig. S4 B and C). Using a twofold cutoff and P < 0.01 threshold for
inclusion, ∼1,600 markers differed between CMs and MEFs treated
with empty vector. Restricting analysis to these ∼1,600 markers and
only counting those that changed expression in the same direction
as CMs, ∼800 changed for AGHMT (vs. empty vector) whereas
only ∼350 changed for GHMT (vs. empty vector) (Fig. 5C). These
results suggest that AGHMT iCMs are more similar to mature CMs
than GHMT iCMs. Pathway analyses showed changes in marker
expression patterns between GHMT and AGHMT iCMs indicative

Fig. 1. A kinase screen identifies Akt as an enhancer of cardiac reprogramming
by GHMT. (A) Protocol for reprogramming and the kinase library screen.
(B) Transcript levels measured by qPCR 7 d after TTF induction with GHMT plus
either GFP or one of the retrovirally expressed kinases. This log–log plot is nor-
malized to expression with GHMT+GFP and shows that Akt1 and Akt3 caused the
greatest increases in cardiacmarker expression. (C) Detection of cardiacmarkers by
Western blot of protein lysates from αMHC-GFP transgenic MEFs a week after
induction with the indicated retroviruses. KD, kinase dead. (D) Transcript levels of
Myh6 and Actc1 were increased a week after induction by adding Akt1 or Akt2 to
GHMT in TTFs. &P < 0.05 vs. all others unless also labeled with “&.”
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of a shift toward a more cardiomyocyte-like phenotype with
AGHMT: changes in mitochondrial function, cellular metabolism,
sarcomere/cytoskeleton organization, and β-adrenoreceptor func-
tion, to name a few (Fig. 5D).

Analysis of the Mechanism of Akt1-Dependent Reprogramming. To
begin to define the molecular mechanism whereby Akt signaling
enhanced reprogramming by GHMT, we examined whether Akt1
might function by enhancing GHMT expression. Measurement of
GHMT expression by RT-PCR (Fig. S5A) or Western blot anal-
ysis (Fig. S5B) showed that Akt did not increase expression of
these reprogramming factors.

We next tested the impact of multiple components of in-
tracellular signaling pathways involving Akt on the reprogramming
process. MEFs treated with IGF1 an upstream activator of Akt
signaling, had higher rates of conversion to iCMs than GHMT-
treated cells, as assessed by flow cytometry (Fig. 6A). Conversely,
pharmacological inhibition with LY294002 of PI3K, which signals
from the IGF1 receptor to Akt, reduced the formation of iCMs.
This effect was attenuated by constitutively active Akt1 (Fig. 6 B
and C).
We also analyzed the potential influence of downstream

mediators of Akt1 signaling on cardiac reprogramming. Phar-
macologic inhibition of mTORC1 and/or genetic addition of

Fig. 2. Akt enhances cardiac reprogramming by GHMT. (A–C) Immunocytochemistry of αMHC-GFP transgenic MEFs, CFs, and TTFs, respectively, at the in-
dicated times showed more cells positive for GFP (green) and cTnT (red) with AGHMT compared with GHMT. (Scale bars: 200 μm.) (D–F) α-Actinin immu-
nocytochemistry (red) of MEFs, CFs, and TTFs, respectively, at the indicated times showed enhanced reprogramming upon addition of Akt1 to GHMT. (Scale
bars: 200 μm.) (G–I) α-Actinin staining of MEFs, CFs, and TTFs showed striations suggestive of sarcomere formation by 7 d of induction in AGHMT but not
GHMT (two weeks for TTFs). (Scale bars: 25 μm.)
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Foxo3a in GHMT-treated MEFs impaired cardiac reprogram-
ming by AGHMT (Fig. 6 D and E). These results suggest that
mTORC1 and Foxo3a act as downstream mediators of Akt1 in

transdifferentiation. Pharmacologic inhibition of glycogen synthase
kinase 3 (Gsk3), an antagonist of Akt signaling, did not alter car-
diac gene expression in a way supporting its function downstream
of Akt1 in cardiac reprogramming (Fig. S5C).
Because Akt could potentially enhance transdifferentiation by

increasing proliferation of iCMs, we performed dual EdU/cTnT
staining and analyzed MEFs using flow cytometry after a week of
induction (Fig. S5 D and E). The results showed reduced pro-
liferation of both MEFs and iCMs treated with GHMT or
AGHMT. The reduction in proliferation when comparing GHMT-
or AGHMT-treated MEFs with iCMs indicated that iCMs likely
quickly exit the cell cycle during the reprogramming process. It is
possible that AGHMT-treated cells do so more quickly, as shown by
the significantly lower percentage of EdU+ AGHMT-treated iCMs
after a week of induction. To test whether Akt alters apoptosis levels
after transdifferentiation, we performed BrdU staining of MEFs a
week after induction but observed no difference in apoptosis be-
tween cells treated with GHMT and AGHMT (Fig. S5F).
We interpret the above results to indicate a mechanism of

action for Akt1 whereby IGF1 signals (likely through the IGF
receptor) via PI3K to Akt, and then activates downstream signals
of Akt that are involved in iCM formation including mTORC1
and Foxo3a (Fig. 6F). Other pathways identified by RNA-Seq
analysis (Fig. 5) may play additional roles in this process.

Discussion
We show that addition of Akt1 significantly boosts iCM forma-
tion in vitro compared with GHMT treatment alone. These effects
were validated by a variety of biochemical, structural, and func-
tional assays, suggesting a robust effect overall. We noted large
increases in number of cells with calcium flux and beating upon
treatment with AGHMT, and the resultant cells were both hy-
pertrophic and responsive to β-adrenoreceptor pharmacologic
manipulation. AGHMT-treated cells also displayed changes in
metabolism, mitochondria, morphology, multi/binucleation, and
gene expression corresponding to a more mature cardiomyocyte
phenotype than GHMT-treated cells (maturation criteria were
reviewed recently for engineered iCMs in ref. 10). We additionally
found that some fibroblast genes have enhanced expression in

Fig. 3. Akt1 promotes spontaneous calcium flux and cellular beating in iCMs.
(A) Spontaneous calcium flux assessed in MEFs a week after induction with
AGHMT compared with GHMT. (B–D) AGHMT enhances spontaneous cellular
beating compared with GHMT treatment in MEFs, CFs (at 2 wk), and TTFs (at
3 wk), respectively, with about half of MEFs displaying spontaneous beating by
3 wk of AGHMT treatment. (E) Change from baseline spontaneous cellular
beating rate (21 BPM) in MEFs 3 wk after induction and after β-adrenoreceptor
modulation with the agonist isoproterenol (Iso) and the antagonist metoprolol
(Met). #P < 0.05 vs. all others. BPM, beats per minute; HPF, high-power field.

Fig. 4. Addition of Akt1 to GHMT stimulates maturation of iCMs. (A and E) α-Actinin immunostaining shows mononucleate or binucleate iCM 3 wk after
induction with GHMT or AGHMT in MEFs (A) and CFs (E). (Scale bars: 25 μm.) (B and C and F and G) Quantification of the percentage of iCMs with more than a
single nucleus (binucleate, two nuclei; multinucleate, three or more nuclei) 3 wk after AGHMT treatment reveals an increase relative to cells treated with
GHMT in MEFs (B and C) and CFs (F and G). (D and H) Size of iCMs was approximately doubled by addition of Akt1 to GHMT, as shown here in MEFs (D) and CFs
(H) 3 wk after induction after immunocytochemistry for α-actinin. (I and J) Immunocytochemistry of MEFs (I) and CFs (J) 2 wk after induction shows that
mitochondrial activity was increased in iCMs; tetramethylrhodamine methyl ester (TMRM) in red and αMHC-GFP transgene expression in green. (Scale bars:
100 μm.) (K) Oxygen consumption rates in MEFs a week after induction showed increased baseline levels for AGHMT-treated cells compared with non–Akt1-
treated cells, and AGHMT-treated cells also had increased maximal oxygen consumption compared with other treatment groups (n = 4, except Akt, where
n = 3, analyzed as a separate one-way ANOVA for each drug treatment). *P < 0.05.

Zhou et al. PNAS | September 22, 2015 | vol. 112 | no. 38 | 11867

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516237112/-/DCSupplemental/pnas.201516237SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516237112/-/DCSupplemental/pnas.201516237SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516237112/-/DCSupplemental/pnas.201516237SI.pdf?targetid=nameddest=SF5


AGHMT-reprogrammed cells. The functional significance of this
finding remains unclear. Akt seems to signal through a pathway
involving IGF1, PI3K, mTORC1, and Foxo3a to enhance
reprogramming (Fig. 6F). These results represent a significant ad-
vance over existing techniques in producing iCMs via direct lineage
conversion, which until now have been largely limited by the in-
efficiency of the reprogramming process. This finding is the first
time, to our knowledge, that polynucleate iCMs have been de-
scribed by direct lineage conversion, and addition of Akt1 to
GHMT treatment significantly increases production of these cells.
It will be of eventual interest to determine whether activation of the
Akt signaling pathway enhances cardiac reprogramming of fi-
broblasts within the context of a myocardial infarct. In this
regard, prior studies (6, 11) reported that the 43-amino acid
peptide thymosin β4, which activates Akt, enhances cardiac
function postmyocardial infarction in the presence of a GMT
(Gata4, Mef2c, and Tbx5) cardiac reprogramming mixture (6).
In comparison with adult fibroblasts, embryonic fibroblasts are

easier to reprogram to other cell types. Interestingly, we show
that adult CFs are more amenable to reprogramming into car-
diomyocytes than adult TTFs. This difference could be due to
the fact that CFs already express GHMT factors (12), although
not at levels sufficient to turn CFs into cardiomyocytes.
We enhanced GHMT-mediated iCM formation by addition of

IGF1, which is an activator of the Akt signaling pathway via
PI3K. However, reprogramming with GHMT+IGF1 was less
efficient than with AGHMT (Fig. 6A). We attribute this differ-
ence to the fact that IGF1 is not the only factor controlling the
Akt signaling pathway. Furthermore, overexpression of consti-
tutively activated Akt in the reprogramming assay provides a
more potent effect than activating endogenous Akt by IGF1.
Downstream of Akt1 there are many potential effectors. Al-
though at least some signaling occurs through mTORC1 and

Foxo3a, there does not seem to be significant signaling through
Gsk3. That the mechanism of Akt1 involves mTOR and FoxO is
intriguing given their roles in regulating mitochondrial metabo-
lism, muscle development, and gene expression. Moreover, our
RNA-Seq analysis confirmed expression changes for markers
involved with mitochondrial metabolism, sarcomeres/cytoskeletal
components, and β-adrenergic signaling. The realization that Akt
signaling enhances the reprogramming process raises possibilities
for further augmenting this process through pharmacologic ma-
nipulation of aspects of this pathway.
Cardiomyocyte bi- and multinucleation, as observed in response

to reprogramming with AGHMT, results from progression through
S-phase of the cell cycle without subsequent cytokinesis. It is in-
teresting that Akt has been implicated in both cardiac hyperplasia
and hypertrophy depending on the specific context (13–15). It is
conceivable that Akt simultaneously stimulates hypertrophy, DNA
replication, and cellular senescence similarly to development of
mature/polynucleate mammalian cardiomyocytes.
The ability to use iCMs for therapeutic purposes in humans with

various cardiomyopathies remains a long-term goal of cardiac
reprogramming research, but technical boundaries must be crossed
before this therapeutic approach is feasible. The concern that iCMs
are formed with low efficiency using direct lineage conversion can be
reduced by the gains imparted by addition of Akt to the repro-
gramming mixture. There remains a concern that gene delivery by
integrating retroviruses may not be compatible with future clinical
use of this technology although this concern is not insurmountable.

Materials and Methods
Cell Culture. TTFs, CFs, andMEFs were prepared as described (7, 16). Retroviral
transduction and cellular reprogramming were performed as described (7).
Small molecule treatments were used either throughout the reprogramming
process [20 μM LY294002 (LY), Sigma; 5 nM rapamycin (Rap), Sigma; 10 μM
CHIR99021 (CHIR), Selleck Chemicals; 5 μM BIO, Sigma; 300 ng/mL IGF1R3
(IGF1), Sigma] or at the indicated times [10 μM isoproterenol (Iso), Sigma;
10 μMmetoprolol tartrate (Met), Sigma; 20 nM tetramethylrhodamine methyl
ester (TMRM), Invitrogen].

Generation of Retroviruses. Retroviruses were produced and used analogously
to prior description (7, 16). The Myristoylated Kinase Library listed in Table S2
was obtained from Addgene [(Kit #1000000012) deposited by William Hahn
and Jean Zhao (17)].

qPCR, Western Blot Analyses, Immunocytochemistry, Flow Cytometry, Beating
Cell Analyses, Calcium Transient Measurements, and Cell Size Measurements.
These experiments were performed as previously described (7), with the
exceptions of beating cell analyses, calcium transient measurements, and cell
size measurements. Beating cell analyses and calcium transient measurements
were normalized to the initially plated number of fibroblasts. Beating cell
analyses were performed by light microscopy at room temperature after retro-
viral treatment of TTFs, CFs, andMEFs at the indicated time points. Three to nine
high-power fields of view were randomly selected for each well, video recorded
for 3 min (maintaining the same shutter speed), manually quantified, and av-
eraged to provide an individual replicate. Responses to isoproterenol ± meto-
prolol tartrate were assessed in similar fashion except that they were each
acquired for 2 min starting 1 min after addition of the indicated compounds.
Calcium transient measurements were performed by fluorescence microscopy at
room temperature 1 wk after retroviral treatment of αMHC-Cre/Rosa26A-Flox-
Stop-Flox-Gcamp3 MEFs. Three high-power fields of view were randomly se-
lected for each well, video recorded for 3 min (maintaining the same shutter
speed of 1.9 s), manually quantified, and averaged to yield an individual repli-
cate. Cell size measurements used manually drawn contours of αMHC-GFP–
positive iCMs where, as above, three randomly selected fields of view from each
well were averaged to provide an individual replicate.

Proliferation and Apoptosis Assays. Cells were harvested at the indicated time
points and assayed according to manufacturer recommendations using the
Click-iT EdUAlexa Fluor 647 Flow Cytometry Assay Kit or theAPO-BrdU TUNEL
Assay Kit (both from Life Technologies).

Cell Metabolism Experiments. MEFs were analyzed a week after induction using
manufacturer recommendations with XFe Cell Mito Stress Test kits (Seahorse Bio-
science). Experiments were normalized to input cell number and used the following

Fig. 5. Comprehensive expression analysis by RNA-Seq shows that AGHMT
iCMs are more similar to adult mouse ventricular cardiomyocytes than GHMT
iCMs. (A and B) Heatmaps of RNA expression data illustrating differentially
expressed markers in empty vector, GHMT, AGHMT, and CMs. Red indicates
up-regulated markers, and green indicates down-regulated markers.
(C) Restricting analysis to the 1,625 markers that differed between CMs and
MEFs and only counting those that changed expression in the same direction
as CMs, 782 changed for AGHMT whereas only 353 changed for GHMT. These
findings suggest that AGHMT iCMs are more similar to mature CMs than
GHMT iCMs. Notably, AGHMT and GHMT iCMs had only 14 and 31 markers,
respectively, that changed to look more like MEFs. (D) Analysis showed ex-
pression changes in key pathways between GHMT and AGHMT iCMs, in-
dicating a more cardiomyocyte-like phenotype with AGHMT.
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drug concentrations within the above test kits: 1 μM oligomycin, 1 μM carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), or 0.1 μM rotenone.

Differential Gene Expression Analysis. We performed RNA-Seq using the Next
Generation Sequencing Core at the University of Texas SouthwesternMedical
Center. Methods and analyses of RNA-seq are described in SI Materials
and Methods. Our results are archived using the GEO accession number
GSE68509.

Pathway Enrichment Analysis. Significant pathway enrichment analysis was
performed using Ingenuity Pathways Analysis (Ingenuity Systems) as described
in SI Materials and Methods.

Statistical Analyses. All in vitro data are presented as mean with SEM and
have n = 3 per group (except Fig. 3E, with n = 6 per group, Fig. 4 A–H, with
n = 2 per group). P values were calculated with either unpaired/two-way

t test or one-way ANOVA, as appropriate, except in time-course analyses
where we used two-way ANOVA. All statistical analyses were run using the
GraphPad Prism 6 software package (GraphPad Software). P < 0.05 was
considered significant in all cases after corrections were made for multiple
pairwise comparisons.
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Fig. 6. Akt1 enhancement of GHMT-mediated reprogramming relies on signaling through IGF1, PI3K, mTORC1, and Foxo3a. (A) IGF1 (300 ng/mL) enhanced
the proportion of MEFs expressing cardiac markers detected by flow cytometry a week after induction. (B and C) A similar experiment using pharmacologic in-
hibition of PI3K activity ± genetic rescue by Akt1 suggested that PI3K activity may stimulate GHMT-mediated transdifferentiation into iCMs. LY, LY294002 (PI3K
antagonist). (Scale bar: 200 μm.) (D and E) After 7 d induction of MEFs, we also found that pharmacologic inhibition of mTORC1 and/or genetic addition of Foxo3a
incrementally attenuated formation of iCMs (rapamycin, mTORC1 antagonist). (Scale bar: 200 μm.) Upon treatment with both rapamycin and Foxo3a, residual
formation of iCMs was equal when comparing GHMT and AGHMT treatments. (F) Proposed mechanism of action by which Akt1 enhances GHMT-mediated for-
mation of induced cardiac-like myocytes. *P < 0.05; #P < 0.05 vs. all others.
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