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Reprogramming of mouse fibroblasts toward a myocardial cell fate
by forced expression of cardiac transcription factors or microRNAs
has recently been demonstrated. The potential clinical applicability
of these findings is based on the minimal regenerative potential
of the adult human heart and the limited availability of human heart
tissue. An initial but mandatory step toward clinical application of
this approach is to establish conditions for conversion of adult human
fibroblasts to a cardiac phenotype. Toward this goal, we sought to
determine the optimal combination of factors necessary and suffi-
cient for direct myocardial reprogramming of human fibroblasts.
Here we show that four human cardiac transcription factors, in-
cluding GATA binding protein 4, Hand2, T-box5, and myocardin, and
two microRNAs, miR-1 and miR-133, activated cardiac marker expres-
sion in neonatal and adult human fibroblasts. After maintenance in
culture for 4-11 wk, human fibroblasts reprogrammed with these
proteins and microRNAs displayed sarcomere-like structures and cal-
cium transients, and a small subset of such cells exhibited spontane-
ous contractility. These phenotypic changes were accompanied by
expression of a broad range of cardiac genes and suppression of
nonmyocyte genes. These findings indicate that human fibroblasts
can be reprogrammed to cardiac-like myocytes by forced expression
of cardiac transcription factors with muscle-specific microRNAs and
represent a step toward possible therapeutic application of this
reprogramming approach.
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he ability to convert one cell type to another by forced ex-
pression of transcription factors has been known for decades
(1, 2). For example, overexpression of the skeletal muscle basic
helix-loop-helix transcription factor, MyoD or related factors in
fibroblasts, converts these cells into skeletal muscle (3, 4). Simi-
larly, forced expression of the cardiovascular coactivator myo-
cardin is sufficient to convert fibroblasts into smooth muscle cells
(5-9). However, no single factor has yet been shown to possess the
ability to activate the complete cardiac muscle gene program. In
contrast, ectopic expression of three cardiac transcription factors,
GATA binding protein 4 (GATA4), myocyte enhancer factor 2C
(Mef2c), and T-box5 (Tbx5) (referred to as GMT), was reported to
initiate cardiac gene expression in mouse cardiac and tail-tip
fibroblasts and to allow for maturation of reprogrammed cells to
a spontaneously contractile state at low efficiency (10). Inclusion of
the basic helix-loop-helix transcription factor Hand2 with GMT
(in a four-factor combination called GHMT) increased reprog-
ramming efficiency (11). Moreover, introduction of GMT or
GHMT into cardiac fibroblasts of mice following myocardial in-
farction (MI) resulted in the formation of cardiomyocytes that
enhanced cardiac function and diminished fibrosis, suggesting
a strategy for cardiac repair (11, 12).
Despite successful lineage conversions of mouse fibroblasts into
a variety of clinically relevant cell types (10, 11, 13-15), only
neuronal direct reprogramming has been demonstrated in human
cells (16, 17). However, neuronal lineage conversion of human
cells generates only functionally immature cells with lower effi-
ciency than mouse cells and requires longer maturation time (16,
17). Because human cells are more resistant to the reprogramming
process, it is reasonable to speculate that additional regulatory
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events are required to propel human cells toward alternative cell
fates. Although the majority of reprogramming factors identified
to date are transcription factors, microRNAs (miRNAs) have re-
cently been shown to exert synergistic or independent phenotypic
reprogramming activities. Two miRNAs, miR-9/9* and miR-124,
in combination with neuronal transcription factors, were reported
to efficiently convert human fibroblasts into neuron-like cells (18).
More recently, it was reported that a combination of muscle-specific
miRNAs, including miR-1, -133, -208, and -499, without any ex-
ogenous transcription factor, reprogrammed mouse fibroblasts
into cardiomyocyte-like cells in vitro and in vivo (19).

In the present study, we investigated whether human adult
fibroblasts can be reprogrammed into cardiac-like myocytes by
forced expression of cardiac transcription factors and muscle-
specific miRNAs. We show that specific combinations of factors,
which are different from the defined combinations in mouse
fibroblasts, are able to induce a cardiac-like phenotype in human
neonatal foreskin fibroblasts, adult cardiac fibroblasts, and adult
dermal fibroblasts. These reprogrammed cells expressed multiple
cardiac markers, showed suppression of nonmyocyte genes, and
developed sarcomere-like structures. In addition, a small subset of
these reprogrammed cells exhibited spontaneous contractility.
These findings represent an important step toward potential
therapeutic application of this reprogramming technology.

Results

Reprogramming Human Foreskin Fibroblasts with Human Cardiac
Transcription Factors. We first examined whether the same four
cardiac transcription factors, GHMT, shown previously to direct
the reprogramming of mouse fibroblasts to induced cardiac-like
myocytes (iCLMs) (11), were able to reprogram neonatal human
foreskin fibroblasts (HFFs) toward a cardiac phenotype. Unlike
mouse fibroblasts, retroviral transduction of GHMT in HFFs
failed to efficiently activate cardiac marker expression after 2 wk
(Fig. S1). Thus, we selected 14 additional transcription factors that
are known to be important in heart development and 3 muscle-
specific miRNAs in an effort to identify optimal combinations of
factors for human cardiac reprogramming (Fig. S2.4 and B).
Two weeks after transducing HFFs with retroviruses expressing
GMT, GHMT, or GHMT with the addition of an extra factor, we
quantified endogenous cardiac marker expression using flow
cytometry. GMT and GHMT activated cardiac Troponin T
(cTnT) expression in ~0.2% and ~2% of cells, respectively. In
contrast, the addition of myocardin (Myocd or My) or myocardin-
related transcription factor-A (Mrtf-A) to GHMT, significantly in-
creased the number of ¢cTnT™ cells to ~17% and ~13%, respectively
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(Fig. 1 A and B). The ability of each combination of factors
(GHMT plus each of the 14 transcription factors and 3 miRNAs)
to activate cardiac gene expression was also analyzed by the
percentage of tropomyosin® cells using flow cytometry. Although
the percentage of tropomyosin™ cells induced by GMT was only
~1%, GHMT was able to induce ~24% of cells to adopt the
tropomyosin* phenotype, indicating the critical role of Hand2
in cardiac reprogramming of human fibroblasts. Consistent
with cTnT expression, addition of either Myocd or Mrtf-A
significantly enhanced the percentage of tropomyosin® cells
compared with GHMT alone (~39% and ~45%, respectively; Fig.
S3 A and B). However, neither Myocd nor Mrtf-A alone was able
to activate cTnT or tropomyosin expression in HFFs (Fig. S3C).
Because Myocd can activate smooth muscle gene expression in
fibroblasts (6-9), we analyzed the expression of smooth muscle
markers including smooth muscle myosin heavy chain and smooth
muscle protein 22 alpha that are not expressed in adult cardio-
myocytes (20-22). These smooth muscle markers were up-regu-
lated in adult human cardiac fibroblasts (AHCFs) transduced
with GHMT plus Myocd [referred to as the five factors (5F) or

GHMMyT] (Fig. S44). However, the level of expression was in-
significant compared with that of human aorta. These findings
suggested that myocardin in combination with other cardiac tran-
scription factors activates the cardiac gene program more prom-
inently than the smooth muscle gene program.

We next determined whether all five factors, GHMMyT, are
necessary for optimal activation of cardiac marker expression in
HFFs by withdrawing each factor individually from the 5F pool.
Removing Gata4, Hand2, Tbx5, or Myocd markedly decreased
the percentage of cells expressing cInT (Fig. 1 C and D). In
contrast, removal of Mef2c did not diminish the expression of
cTnT in response to the other four factors. On the other hand, the
activation of tropomyosin expression was ablated when Hand2 was
withdrawn, but was not significantly altered by withdrawal of any
other factor from the 5F pool (Fig. 1 C and D). Indeed, Hand2
when combined with any three of the four GMMyT factors re-
sulted in activation of tropomyosin expression in 60-70% of HFFs.
These findings suggest that the GMMyT factors act redundantly
to complement the reprogramming activity of Hand2 in activation
of tropomyosin expression in HFFs. Surprisingly, the absence
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Fig. 1.

Screening for additional factors able to activate cardiac gene expression. (A) Representative flow cytometry plot for analyses of cTnT* cells 2 wk after

infection of HFFs with retroviruses expressing indicated combinations of factors. Cells infected with empty vector retrovirus were used as a control. The
numbers in each plot indicate the percentage of cTnT* cells. (B) Summary of flow cytometry analyses. Percentage of cTnT* cells following infection of HFFs with
empty vector retrovirus (control) or retroviruses expressing GHMT with an indicated individual factor as shown. Data from five independent experiments are
presented as mean =+ SD. Dotted line indicates the percentage of cTnT* cells induced by retroviruses expressing GHMT alone. (C) Representative flow cytometry
plot for subtractive analyses to determine the requirement of each individual factor in 5F (GHMMyT). Two weeks after infection of HFFs with retroviruses
expressing indicated combinations of factors, cTnT" (Upper) and tropomyosin™ (Lower) cells were quantified by flow cytometry. Cells infected with empty vector
retrovirus were used as a control. The numbers in each plot indicate the percentage of cTnT* or tropomyosin® cells. (D) Summary of flow cytometry analyses.
Percentage of cTnT* (Left) or tropomyosin® (Right) cells following infection of HFFs with empty vector retrovirus (control), or retroviruses expressing 5F (GHMMyT) or
5F minus an indicated individual factor as shown. Data from three independent experiments are presented as mean + SD. Dotted line indicates the percentage of
cTnT* or tropomyosin™ cells induced by retroviruses expressing 5F.
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Fig. 2. Determining the optimal combination of factors to activate cardiac
gene expression. (A) Summary of flow cytometry analyses of cTnT* cells 2 wk
after infection of HFFs with retroviruses expressing indicated combinations
of factors. Percentage of cTnT* cells following infection of HFFs with empty
vector retrovirus, or retroviruses expressing 5F (GHMMyT) or 5F plus an in-
dicated individual factor as shown. Data from three independent experi-
ments are presented as mean + SD. Dotted line indicates the percentage of
cTnT* cells induced by retroviruses expressing 5F. (B) Effect of miR-1 and miR-
133 on activation of cardiac markers. Representative flow cytometry plot for
analyses of cTnT* cells 2 wk after infection of HFFs with retroviruses ex-
pressing indicated combinations of factors. Cells infected with empty vector
retrovirus were used as a control. The numbers in each plot indicate the
percentage of cTnT* cells. (C) Summary of flow cytometry analyses. Per-
centage of ¢TnT* cells following infection of HFFs with empty vector retro-
virus, or retroviruses expressing 5F (GHMMyT) or 5F plus miR-1, miR-133, or
both miR-1 and miR-133 as shown. Data from nine independent experiments
are presented as mean + SD. *P = 0.0062 (D) Summary of flow cytometry
analyses to determine the necessity of individual 7F (GHMMyT, miR-1, miR-
133). Percentage of cTnT* (Left) or tropomyosin® (Right) cells following in-
fection of HFFs with empty vector retrovirus (control), or retroviruses
expressing 7F (GHMMyT miR-1 miR-133) or 7F minus an indicated individual
factor as shown. Data from three or four independent experiments are
presented as mean + SD. *P = 0.041. (E) Inefficient cardiac gene activation in
the absence of miR-133. Representative flow cytometry plot for analyses of
cTnT* cells 1 wk after infection of retroviruses expressing GHMT into tail-tip
fibroblasts isolated from either wild-type (WT) or miR-133 knockout (miR-
13377) mice. Tail-tip fibroblasts isolated from wild type mice infected with
empty vector were used as a control.

of Hand2 almost eliminated both ¢TnT and tropomyosin expres-
sion in HFFs, demonstrating the irreplaceable activity of this
factor for activation of cardiac contractile gene programs in hu-
man fibroblasts, unlike its synergistic role in mouse myocardial
reprogramming (11).

Because withdrawing any of the five factors (GHMMyT) failed
to further increase cardiac marker expression, we searched for an
additional sixth factor that could cooperatively enhance cardiac
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gene expression in HFFs by adding each factor into the SF pool.
No other factor added to the SF pool allowed for further optimi-
zation of the reprogramming process. On the contrary, most other
factors demonstrated inhibitory effects (Fig. S5 and Fig. 24).

Influence of miRNAs on Cardiac Reprogramming. In an effort to
further optimize the reprogramming process, we tested whether
various muscle-specific miRNAs could augment the activity of
GHMT or GHMMyT. Prior studies reported that miR-1 alone or
in combination with miR-133, -208, and -499 allowed for efficient
reprogramming of mouse cardiac fibroblasts to a cardiomyocyte-
like phenotype (19). However, in our hands, retroviral expression
of these miRNAs failed to activate expression of cardiac markers
in mouse fibroblasts (Fig. S64). We transduced HFFs with 5F and
either miR-1 or miR-133 or both. The expression of endogenous
cardiac markers, including cTnT and tropomyosin, was quantified
by flow cytometry 2 wk after infection. GHMMyT with both
miRNAs (termed 7F) increased the percentage of ¢cTnT" cells
(Fig. 2 B and C), whereas there was no significant effect of these
miRNAs on tropomyosin expression (Fig. S6 B and C). The effect
on cardiac marker expression by both miRNAs was relatively mild,
but highly reproducible. Next, we tested whether these miRNAs
were able to replace any of the 5Fs or whether all 7Fs were nec-
essary for optimal activation of cardiac gene expression by with-
drawing each factor from the 7F pool. Unexpectedly, the deletion
of Mef2c significantly increased the percentage of cells expressing
cardiac markers, as quantified by flow cytometry (Fig. S7 and Fig.
2D). Although neither miR-1 nor miR-133 was required, the six
factors including these two muscle-specific miRNAs (termed 6F;
Gata4, Hand2, Tbx5, Myocd, miR-1, and miR-133) represented
the most optimal combination of factors for efficient initiation of
cardiac gene expression in human fibroblasts among the combi-
nations of factors we tested. We henceforth refer to 5F-, 6F-, or 7F-
transduced human fibroblasts expressing endogenous cardiac
markers as human-induced cardiac-like myocytes (hiCLMs).

We also examined whether miR-133 was necessary for the
activation of endogenous cardiac-specific gene expression using
tail-tip fibroblasts isolated from mice lacking miR-133 (23). We
found that genetic deletion of miR-133 markedly decreased the
percentage of cells expressing ¢cTnT (Fig. 2E).

Reprogramming Human Adult Cardiac and Dermal Fibroblasts. Car-
diac fibroblasts represent the most prevalent cell type in the adult
human heart and are the principal mediators of cardiac fibrosis
and scar formation post-MI (24, 25). Thus, AHCFs are an ultimate
target cell type for cardiac reprogramming. To examine whether

A AHCFs B
Control] * GHMyT| " 5F N=3
1 / " 10 / <15
/ &
1t w - I ‘(‘;
8|, i . | 310
q:) il by Q
Sl 9] .. 4.98] . 7.27 i
Q| v W w o ow et ot w wo o owt ot W wt e wt | = 5
5 | . It ' — 5
3 |/ 5F 6F 5F/miR-1
B | mMiR-133 | / . miR-133
5 / O =L ouwuw
< |t 1" g/ @ g >0 M C~
i gt € = S
e @ ||e@ 8% ¢
P bt 74:1 P8 il 13.9] . 10.4 w
w "' w w wow w W w w' ot "' w " W wn
cTnT

Fig. 3. Induction of cardiac markers in AHCFs. (A) Representative flow
cytometry plot for analyses of cTnT™ cells 2 wk after infection of AHCFs with
retroviruses expressing indicated combinations of factors. Cells infected with
empty vector retrovirus were used as a control. The numbers in each plot in-
dicate the percentage of ¢cTnT". (B) Summary of flow cytometry analyses in
AHCFs. Percentage of cTnT* cells following infection of AHCFs with empty
vector retrovirus (control) or retroviruses expressing indicated combinations of
factors as shown. Data from three independent experiments are presented as
mean =+ SD.
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combinations of factors could activate cardiac gene expression in
this population of cells, we isolated AHCFs from human hearts
provided by heart transplantation recipients or disqualified organ
donors using an explant culture in which AHCFs migrated from
minced heart tissue in fibroblast growth medium. This method
avoids contamination of adult cardiomyocytes, which are unable to
migrate or survive in this medium. We transduced into AHCFs
multiple combinations of factors including the 6F combination and
expression of cardiac markers was analyzed 2 wk later. The 6F
combination induced ~13% of AHCFs to become ¢TnT™", whereas
other combinations we tested showed lower efficiency of gener-
ating ¢cTnT" cells (Fig. 3 A and B). Overall, the reprogramming
efficiency of AHCFs was much lower than that of HFFs. This
difference results, at least in part, from relatively inefficient ret-
roviral transduction of AHCFs compared with HFFs because of
the slower proliferation rate of AHCFs. Moreover, AHCFs from
humans of at least 20 y of age have likely established more stable
epigenetic programs, which are more refractory to reprogramming
than HFFs isolated from newborns.

We also tested whether adult human dermal fibroblasts (AHDFs)
could be reprogrammed into hiCLMs. Two weeks after transduction
of AHDFs with retroviruses expressing 6F or 7F, cardiac marker
expression was quantified by flow cytometry. Consistent with the
reprogramming of HFFs and AHCEFs, the presence of 6F activated
a higher percentage of AHDFs to express ¢cTnT than 7F (9.5% vs.
4.4%), whereas there was no significant difference in tropomyosin
expression with each combination (Fig. S8).

Analysis of the time course of cardiac marker expression in
HFFs transduced with 6F showed that the percentage of cells
expressing cTnT and tropomyosin reached 2.3% and 22.4%),
respectively, at 1 wk and continuously increased up to 35% and
42.5% at 4 wk after transduction, respectively (Fig. S9 4 and B).
Compared with the relatively rapid activation of cardiac gene
expression seen in mouse tail-tip fibroblasts (TTFs), which
showed a peak at 1 wk after viral transduction of GHMT (11),
the initiation as well as full maturation of cardiac gene ex-
pression in HFFs was much slower. After extended culture
periods of 4-5 wk postinfection, HFFs infected with various
combinations of factors, including at least GHMyT, showed
strong immunostaining of the sarcomeric proteins a-actinin and
c¢TnT with cellular striations resembling sarcomere structures
(Fig. 44). With viral transduction of 6F, ~12% or ~19% of
HFFs became a-actinin® or ¢TnT*, respectively, by immunos-
taining, which was greater than with any other combinations we
tested (Fig. 4 B and C). However, 7F including Mrtf-A instead of
Myocd were unable to activate a-actinin expression in HFFs,
indicating that Mrtf-A is not an alternative factor to Myocd
despite its comparable ability to induce cTnT and tropomyosin
expression. Similarly, we also observed strong a-actinin staining
in AHCFs and AHDFs transduced with 6F (Fig. 4 D and E).

Microarray analysis of gene expression patterns showed ex-
pression of a broad range of cardiac genes, and concomitant sup-
pression of nonmyocyte genes in HFFs transduced with SF at 4 wk
(Fig. 5 4 and B). We further analyzed gene expression profiles of
HFFs, AHCFs, and AHDFs transduced with 5F or 6F compared
with adult human heart (Fig. 5C and Fig. S4 B and C), in addition
to human induced pluripotent stem (iPS)-cell derived car-
diomyocytes (Fig. 5C), using quantitative PCR. Retroviruses
encoding SF or 6F initiated expression of a broad range of cardiac
genes, including actin, alpha, cardiac muscle 1 (ACTC1I); troponin
T type 2 (cardiac) (TNNT2); myosin, heavy chain 6, cardiac muscle,
alpha (MYH6); myosin, light chain 7, regulatory (MYL?7); tropo-
myosin 1 (alpha) (TPMI); ATPase, Ca*" transporting, cardiac
muscle, slow twitch 2 (ATP2A2); gap junction protein, alpha 1
(GJAI); GIAS; natriuretic peptide A (NPPA); and NPPB in HFFs,
AHCFs (Fig. 5C), and AHDFs (Fig. S4B). Moreover, genes
encoding ion channels and neurohormonal components that are
important in cardiomyocyte physiology were significantly up-
regulated in SF-transduced HFFs (Fig. S4C). In contrast, expression
of nonmyocyte genes, collagen, type I, alpha 2 (COL1A42); COL3A1,
and fibroblast specific protein 1 (FSPI) (fibroblast-specific protein 1,
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or S100A4) was significantly down-regulated. We observed vari-
ations in the levels of expression of different cardiac markers
between the different cardiac samples. For example, cardiac
natriuretic peptides (NPPA and NPPB), as well as ACE2, were
expressed at higher levels in SF-transduced HFFs, whereas the
cardiac sodium channel SCN5A was expressed at reduced levels
in SF-transduced HFFs compared with human iPS cell-derived
cardiomyocytes or adult heart (Fig. 5C and Fig. S4C). These
results further substantiate the cardiac-like phenotype evoked
by the 5F combination in human fibroblasts. However, there were
also cardiac genes that were not up-regulated in response to 5F or
6F, indicating that the cardiac-like phenotype is incomplete and
likely variable between cells in the population.

Contractility of hiCLMs. Upon maintaining hiCLMs in culture for
4 wk, we observed calcium transients in ~10% of HFFs (Fig. 64)
and ~15% of AHCFs (Fig. 6B) in response to potassium chloride
stimulation. Using coinfection with a c¢TnT-green fluorescent
protein (GFP) CaMP5 lentiviral reporter, in which expression of
GCaMP5, a fluorescent calcium sensor, is controlled by the
cardiac-specific cTnT promoter, we were able to identify a low
percentage of hiCLMs generating spontaneous calcium tran-
sients at 8 wk after infection (Movie S1). By extending the cul-
ture period for ~11 wk, a small subset of hiCLMs derived from
AHCEFs exhibited spontaneous contractions (Movies S2 and S3).
We did not observe spontaneous contractions in hiCLMs derived
from HFFs or AHDFs. These findings indicate that human
fibroblasts can be converted into functional hiCLMs at lower
efficiency and need a longer maturation time compared with
mouse fibroblasts. Expression of the GCaMP5 reporter is specific
for cardiomyocytes because of the cardiac specificity of the cTnT
promoter, ruling out the possibility that GCaMP5-positive cells
arise from a small population of fibroblasts reprogrammed to
smooth muscle-like cells by Myocd. Moreover, smooth muscle
cells do not display the type of spontaneous, rhythmic contrac-
tility observed in 5F-transduced fibroblast cultures.
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Fig. 4. Immunostaining of cardiac markers in 5F-, 6F-, or 7F-transduced
human fibroblasts. Immunofluorescence staining for a-actinin (red) or cTnT
(green) was performed 5 wk after transduction of (A) HFFs, (D) AHCFs, or (E)
AHDFs with 5F, 6F, or 7F. (Scale bar, 100 um.) (B) Quantification of a-actinin*
cells. (C) Quantification of cTnT" cells. Percentage of a-actinin™ (B) or ¢cTnT*
(C) cells after infection of HFFs with 5F, 7F, or 7F or 6F minus an indicated
individual factor as shown. Data from two or three independent experi-
ments are presented as mean + SD.

PNAS | April 2,2013 | vol. 110 | no. 14 | 5591

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301019110/-/DCSupplemental/pnas.201301019SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301019110/-/DCSupplemental/pnas.201301019SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301019110/-/DCSupplemental/pnas.201301019SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301019110/-/DCSupplemental/pnas.201301019SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301019110/-/DCSupplemental/pnas.201301019SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301019110/-/DCSupplemental/pnas.201301019SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301019110/-/DCSupplemental/sm01.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301019110/-/DCSupplemental/sm02.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1301019110/-/DCSupplemental/sm03.mov

TNNT2
ACTC1
PLN
MYL4
PDLIM3
CASQ2
DES cardiac
MYHG contractile
HSPBT7 proteins
MYL?
TN
CASQ2
ACTNZ
TNNC1
NPPA cardiac
NPPB peplides
ITGB1BP2 5
PLA2G2A | C&
CLSTNZ handling
SIK1
NFATC2
ACE2
GATM
PTPRB metabolism
PHKA1
COL1A1
COL1AZ
FAP
S100A4
MMP27
CCBE1
ECM2

transeription

non-cardiac
markers

Color lange

20

C ACTC1 - MYHB6 25 MYL? TNNT2

20 1.6

‘ i 15 12
1.0 [R:]

05 0.4

UDIUDi I 0 0

(=

Expression relative t
hiPS-CMs
oo oo

o s o
coco
8228Qcoco~

chononROEO

= TPM1 NPPA NPPB ATP2A2
= 4.0 6.0 40 1.0
2 50 35 08
§§3 0 30 ?
b 4.0 25 06
£20 3.0 20
=1 20 15 0.4
8<1.0 ) 10 0.2
g 1.0 -
& 5 =
w 0 0 0 0
GJA1 GJAS
2 4 1.0 B HFF
g 12 08 M 5F transduced HFF
5210 M AHCF
o8 0.61 M 5F transduced AHCF
i% i' 0.4 M Adult heart
£ 5 0.2 hiPS-CMs
ki 0 i 0 ] UD: Undetectable

COL1A2 COL3A1 S100A4/FSP1

2 10 1.0 1.0
-
% 08 0.8 0.8 M AHCF
206 0.6 0.6 I 5F transduced AHCF
c
skos 1 0.4- 0.4 M Adult heart
3 o@D 0.2 0.2 hiPS-CMs
g 0 o0l = o o
w

COL1A1 coL1A2 S100A4/FSP1
ﬁ 1.0 1.0
Z o8 0.8 0.8 08 W HFF
T006 0.6 06 06 W 5F transduced HFF
.é%o.d T 0.4 0.4 0.4 B Adult heart
8 o02{M ' 0.2 0.2 02 hiPS-CMs
5
g 0 0- 0 0

Fig. 5. Gene expression profile in human fibroblasts transduced with 5F.
Gene expression profile was analyzed by microarray or quantitative PCR (QPCR)
in HFFs or AHCFs 4 wk after transduction with 5F. (A) Heat map of microarray
data illustrating differentially expressed 2,436 genes in HFFs, 5F-transduced HFFs,
and adult human heart. Red indicates up-regulated genes; green indicates down-
regulated genes. (B) Heat map of selected genes. Genes that encode cardiac
contractile proteins, cardiac peptides, calcium handling genes, cardiac transcrip-
tion factors, and genes involved in cardiac metabolism were up-regulated. In
contrast, genes encoding nonmyocyte markers were down-regulated. (C)
Gene expression analyses by qPCR in HFF and AHCFs transduced with 5F.
ACTC1, TNNT2, MYL7, MYH6, and TPM1 are sarcomere genes; ATP2A2, GJAT,
and GJAS5 are cardiac channel genes; NPPA and NPPB are cardiac peptide
genes; COL1A2, COL3A1, and S100A4 are nonmyocyte genes. Expression of
cardiac and nonmyocyte genes was quantified by qPCR. UD, undetectable.

Discussion

An attractive strategy in regenerative medicine is to generate
therapeutically useful cells from an adult patient’s own ordinary
tissue and replenish dying or diseased cells with these new cells
(26). This autologous therapeutic approach can produce immu-
nologically matched tissues and circumvent immunogenicity. In
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this context, we and others recently showed that mouse fibroblasts
can be converted into functional cardiac-like myocytes by forced
expression of three or four core cardiac transcription factors or
muscle-specific miRNAs (10-12, 19, 27). Furthermore, direct
delivery of these transcription factors into the myocardium of
mice following MI reduced scar formation and blunted worsening
of cardiac function, which appears to be at least partially attrib-
utable to reprogramming of nonmyocytes into cardiac-like myo-
cytes (11, 12). To advance this strategy toward clinical application,
reprogramming human fibroblasts is a prerequisite. In the present
study, we identified a combination of factors capable of initiating
cardiac gene expression in human fibroblasts. Whereas we pre-
viously found GHMT to be the optimal combination of factors for
cardiac reprogramming of mouse fibroblasts (11), these factors
alone were ineffective in activating cardiac gene expression in
human fibroblasts and required the addition of Myocd for human
cardiac gene expression. Two muscle-specific miRNAs, miR-1
and miR-133, further improved myocardial conversion of human
fibroblasts and eliminated the requirement of Mef2c. We showed
previously that miR-1 and miR-133 are regulated by Mef2c (23),
which likely contributes to their ability to replace this transcription
factor in the reprogramming mixture. The different requirements
for reprogramming of mouse and human fibroblasts likely reflect
differences in the mouse and human fibroblast populations and the
susceptibility of cardiac genes to activation in these different cells.

A recent study highlighted the importance of myocardin in
the activation of cardiac gene expression in mouse fibroblasts,
demonstrating more effective induction of a cardiac phenotype
with myocardin in combination with Mef2c and Tbx5, compared
with any other combination of three factors from 10 candidate
transcription factors including GMT (28). Although myocardin
plays a key role in vascular smooth muscle cell differentiation
(29), it also activates cardiac gene expression through inter-
actions with other cardiac transcription factors including serum
response factor, Tbx5, and Mef2c (5, 30, 31). Our results indicate
that smooth muscle genes are minimally activated by myocardin
in the presence of GHMT, raising the possibility that the latter
cardiac factors suppress the ability of myocardin to efficiently
activate the smooth muscle gene program. In this regard, we
showed previously that miR-133a null mice displayed disrupted
sarcomeres and ectopic activation of smooth muscle genes in the
developing heart (23). In addition, miR-1 and -133 have been
shown to act through different mechanisms to influence the
generation of cardiomyocytes from embryonic stem cells (32).
Thus, we speculate that forced expression of miR-1 and -133 may
play a role in development of sarcomere structure and sup-
pression of smooth muscle gene expression in hiCLMs.

A concern with using freshly isolated primary fibroblasts as
starting cells for reprogramming is that it is difficult to exclude
contamination of other cell types, including immature or pro-
genitor cells, which are known to be more susceptible to repro-
gramming (33). We found that a commercially available adult
human dermal fibroblast cell line, which does not contain any
contaminating cells, can convert to hiCLMs with comparable

z z
gos —HFF 15 g —AHCF 20
3 —hicLM 3 |N=50 B g hCLM 2 |N=19
gos ‘.: 10 g _A5mMKC ‘.: 1
2 45 mM KCI 2 207 \ 10
5 —T 2 5 2
502 Es & £ 5
& E £ 06 E
I 5, = S0
0 200400600800 O I = 0 200 400 O B=
Time (second) B g Time (second) EES

Fig. 6. Measurement of calcium transient in hiCLMs. Calcium transient of
a single cell was traced upon KCL stimulation in hiCLMs derived from (A)
HFFs and (B) AHCFs. HFFs or AHCFs were used as a negative control ac-
cordingly. The graph bar represents the percentage of cells displaying cal-
cium transients. The total number of cells recorded for calcium transients
was 50 for HFFs and 19 for AHCFs.
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efficiency to freshly isolated adult fibroblasts, excluding potential
contributions of stem or progenitor cells in this process. Human
cardiomyocytes have also been differentiated from human iPS
cells or cardiac progenitors (34, 35). The ability to reprogram
human fibroblasts that were expanded multiple times after iso-
lation could, with further optimization, eventually allow large-
scale production of hiCLMs for possible transplantation. In this
context, a recent study demonstrated that human ES cell-derived
cardiomyocytes can integrate into an infarcted guinea pig heart
and suppress development of post-MI arrhythmias (36). Given
that human ES cells have limitations as a clinical source for cell
transplantation, hiCLMs may be a viable alternative for this
approach in the future.

As with other reprogrammed cells generated from human
fibroblasts, including human iPSCs and human-induced neurons,
human iCLMs are functionally immature, as indicated by their
morphology, low-amplitude calcium transients in response to
electrical stimulation, and relatively rare spontaneous contractility.
In addition, the human iCLMs generated in this study were het-
erogeneous, containing cells with varying levels of expression of
cardiac and noncardiac genes. Phenotypic conversion to a cardiac
cell fate probably requires a precise stoichiometry as well as certain
levels of expression of reprogramming factors, which are achieved
only in a small subset of fibroblasts. Heterogeneity of hiCLMs is
likely to reflect variations in the stoichiometry and levels of ex-
pression of reprogramming factors in individual cells. Moreover,
variations in the percentage of cardiac marker—expressing cells
from experiment to experiment are likely also attributable to het-
erogeneity of human fibroblasts that were isolated from human
subjects of various ages and genetic backgrounds. Human fibro-
blasts whose epigenetic stabilities vary depending on their origins
are likely to have a wide spectrum of susceptibility to reprogram-
ming. In addition, the differences that exist in each viral prepara-
tion also contribute to variability in reprogramming efficiency. For
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similar reasons, we observed variable reprogramming efficiency
from experiment to experiment even in mouse fibroblasts (11).
Nevertheless, the results of this study indicate that diverse types of
human fibroblasts can be reprogrammed toward a cardiac fate and
establish a foundation for further optimization of this process and
the eventual generation of more mature and homogeneous pop-
ulations of hiCLMs. It will also be of particular interest to modify
this process using pharmacologic agents and to generate specialized
cells involved in cardiac conduction as a strategy for modulating
cardiac contractility. Such studies are under way.

Materials and Methods

All deidentified human heart and foreskin tissues were obtained and banked
with proper informed consent under approval of the University of Texas
Southwestern Institutional Review Board (IRB CR00001649/STU 032011-174
and IRB 092010-193). Normal human foreskin was obtained from neonates
(weighing less than 10 Ib) undergoing routine circumcision. Adult human
hearts were obtained from heart transplantation recipients, lung trans-
plantation donors, or disqualified organ donors. Isolation of human fibro-
blasts, production of retroviruses, induction of reprogramming, flow
cytometry, immunocytochemistry, real-time PCR and DNA microarray, and
calcium transient measurements are described in S/ Materials and Methods.
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