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ABSTRACT: Genetic reprogramming holds great potential for disease modeling, drug
screening, and regenerative medicine. Genetic reprogramming of mammalian cells is
typically achieved by forced expression of natural transcription factors that control master
gene networks and cell lineage specification. However, in many instances, the natural
transcription factors do not induce a sufficiently robust response to completely reprogram
cell phenotype. In this study, we demonstrate that protein engineering of the master
transcription factor MyoD can enhance the conversion of human dermal fibroblasts and
adult stem cells to a skeletal myocyte phenotype. Fusion of potent transcriptional
activation domains to MyoD led to increased myogenic gene expression, myofiber
formation, cell fusion, and global reprogramming of the myogenic gene network. This
work supports a general strategy for synthetically enhancing the direct conversion between
cell types that can be applied in both synthetic biology and regenerative medicine.
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Genetic reprogramming is the conversion of one cell type
to another via the activation of gene networks that

control a particular cell phenotype.1 Conventional methods of
genetic reprogramming involve the overexpression of master
regulatory transcription factors that control the gene networks
corresponding to the desired cell phenotypes. This strategy has
been used to induce somatic cells to pluripotency2 and to
directly convert one somatic cell type to another, such as the
conversion of fibroblasts to myoblasts,3,4 cardiomyocytes,5

neurons,6−8 or hepatocytes.9,10 These new cell types can then
be used for patient-specific disease modeling, drug screening, or
regenerative medicine.11 One significant challenge to genetic
reprogramming is achieving sufficiently robust activation of
gene networks to induce the new cell phenotype. For example,
the generation of induced pluripotent stem cells (iPSCs) often
produces many incompletely reprogrammed cells, with residual
epigenetic memory of the starting cell type.12,13 The rate of
reprogramming is slow, often taking several weeks or
months.14,15 The overall efficiencies of genetic reprogramming
are low and can be highly variable depending on the methods,
cell types, and reprogramming factors used. The efficiency of
reprogramming is known to correspond to the magnitude and
duration of expression of the exogenous transcription
factors.14,16 Although these issues are most well-characterized
for iPSCs, these challenges are general across all types of

reprogramming.1−10 We hypothesized that genetic reprogram-
ming may be improved by enhancing the transactivation
potential of reprogramming factors through protein engineer-
ing.
The engineering of transcription factors to control

mammalian cell processes has a wide variety of applications
in biotechnology, including synthetic biology17 and gene and
cell therapy.18 The most common methods for engineering
synthetic transcription factors have been based on the
programmable DNA-binding domains of zinc finger proteins,19

Transcription activator-like effectors (TALEs),20−24 and most
recently the CRISPR/Cas9 system.25−27 These transcription
factor platforms consist of the DNA-binding domain fused to
potent transcriptional activation domains, most commonly the
tetramer of the minimal transactivation domain of the VP16
protein from herpes simplex virus,28 referred to as VP64.29,30 In
some cases, the activation domain of the human NF-κB RelA
transcription factor p6531 is used, particularly for therapeutic
applications in which it is desirable to avoid nonhuman protein
components, although it is generally not as potent as VP64.23

These modular transcription factors have been useful for
targeted activation of specific genes for genetic screens,32−34
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gene therapy,35−40 and creating gene circuits and synthetic gene
regulation systems.41−43 Although these applications are well-
suited for the targeted activation of a single gene, genetic
reprogramming requires the coordinated regulation of many
nodes of natural gene networks as is typically performed by
naturally occurring reprogramming factors.44 Thus, we sought
to combine principles from each of these approaches by
attaching potent transcriptional activation domains to a natural
reprogramming factor to increase the efficiency and/or rate of
cell fate conversion.
Fusion to the VP16 activation domain or its oligomers to

enhance the activity of natural transcription factors has been
useful for a variety of applications. In the most well-known
example, VP16 was fused to the tetracycline-dependent
repressor to create the widely used tetracycline-regulated
gene expression system.45 VP64 has also been used to direct
chromatin remodeling.46 HIF-1α is a transcription factor that
responds to hypoxia to coordinate a network of genes involved
in angiogenesis and wound healing. To remove its oxygen-
dependence for gene therapy applications, the oxygen-sensing
domain was removed and the truncated protein was fused to
the VP16 transactivation domain.47 Several variants of this
chimeric transcription factor potently induced angiogenesis in
multiple animal models48 and one variant was later used in gene
therapy clinical trials to treat ischemia.49 In the context of
genetic reprogramming, VP16 has been fused to transcription
factors to enhance the efficiency of reprogramming mouse and
human fibroblasts to iPSCs50 and also to convert liver to
pancreas in a Xenopus model.51 In addition to the viral VP16
domain, the transfer of transactivation domains between
mammalian transcription factors has also increased their
potency for some reprogramming applications.52,53 Collectively,
these successes suggest that there is considerable opportunity

to enhance natural transcription factors through protein
engineering to guide the coordination of gene networks.
In this study, we evaluated the effects of fusing potent

activation domains to the transcription factor MyoD, the
master regulator of the skeletal myoblast lineage.54 In certain
nonmyogenic lineages, MyoD overexpression causes upregula-
tion of the myogenic gene network and conversion to a
myoblast phenotype including cell fusion into multinucleated
myotubes.3,4 Myogenic reprogramming induced by MyoD
overexpression has been widely explored as a means for cell-
based gene therapy for skeletal muscle disorders such as
muscular dystrophy.55−60 Compared to wild-type MyoD, the
enhanced MyoD variants induced greater levels of specific
myogenic markers, greater levels of cell fusion, and greater
overall reprogramming of global gene expression in both
primary human dermal fibroblasts and adipose-derived stem
cells. Collectively, these results support the paradigm of
enhancing natural transcription factors through protein
engineering and specifically provide a potential mechanism
for autologous cell therapies for musculoskeletal disorders.

■ RESULTS AND DISCUSSION

To construct enhanced MyoD variants, potent activation
domains were genetically fused to the N-terminus of wild-
type (WT) mouse MyoD (WTMyoD) to construct VP16MyoD,
VP64MyoD, and p65MyoD. VP16, VP64, and p65 are modular
transcriptional activation domains (Figure 1). The mouse
MyoD cDNA was used to distinguish exogenous MyoD
expression from endogenous human MyoD expression. VP16
is the activation domain from a natural transcription factor
originally isolated from the herpes simplex virus and is widely
used in transcription factor engineering.28 VP64 is a tetramer of
the minimal VP16 domain required for transcriptional

Figure 1. MyoD lentiviral delivery system. WTMyoD, VP64MyoD, VP16MyoD, and p65MyoD were cloned into a Tet-ON lentiviral vector. This vector
constitutively expresses the reverse tetracycline transactivator (rtTA2S-M2) and the puromycin resistance gene (PuroR) from the human
phosphoglycerate kinase (hPGK) promoter. The rtTA2S-M2 and PuroR are coexpressed from the same mRNA via an internal ribosomal entry site
(IRES). The MyoD-T2A-dsRed Express2 expression cassette is downstream of the tetracycline response element (TRE) promoter. The rtTA2S-M2
binds to the TRE and activates expression of the downstream genes in the presence of doxycycline. The T2A ribosomal skipping peptide results in
the expression of two separate proteins from a single mRNA. The peptide sequence of each transcriptional activation domain is shown. The minimal
activation domain of VP16 is shown in red. PKKKRKV is the SV40 nuclear localization signal and p65 contains the native nuclear localization signals
KRKR and LGALL (underlined). VP64 also contains an HA epitope tag (YPYDVPDYA) that was not utilized in this study (underlined). All fusion
proteins contain a flexible serine/glycine linker GGSGGGS (bold) between the activation domain and MyoD.
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activation. p65 is the activation domain of the human NF-κB

RelA transcription factor.31 Since overexpression of MyoD

causes cells to exit the cell cycle and terminally differentiate, an

inducible tetracycline-regulated (Tet-On) lentiviral delivery

vector61,62 was used to control the timing and magnitude of

expression of the engineered transcription factors.

We tested the reprogramming capacity of our engineered
MyoD variants in two human cell types: primary adipose-
derived stem cells (ADSCs) and primary dermal fibroblasts.
ADSCs are adult stem cells isolated from adipose tissue.63

Human dermal fibroblasts are a terminally differentiated cell
type that can be obtained from a minimally invasive skin biopsy.
Both of these cell types are attractive starting material for

Figure 2. Upregulation of myogenic markers in ADSCs and dermal fibroblasts. Cells were transduced with lentivirus that expresses each MyoD
variant or a mock control consisting of the lentiviral vector without a transgene. After 10 days of expression induced by 3 μg/mL doxycycline,
ADSCs (A) and dermal fibroblasts (B) were assessed for the relative expression levels of a variety of myogenic genes by qRT-PCR. Expression levels
were normalized to WTMyoD and the β-actin house-keeping gene. n = 3 independent experiments. All p-values are compared to WTMyoD (*p <
0.05). In both the ADSCs (D) and fibroblasts (E), expression of each MyoD fusion was determined by Western blot, which demonstrated efficient
translational skipping by the T2A peptide. Expected protein sizes are provided in part C.
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disease modeling, drug screening, and patient-specific cellular
therapies, as they are relatively easy to obtain and can be
expanded in culture. Both the ADSCs and fibroblasts were
transduced with lentivirus containing each tetracycline-indu-
cible MyoD expression cassette, selected with puromycin to
obtain a pure cell population, and subsequently treated with
doxycycline for 10 days to induce transgene expression.
After 10 days of induction, the engineered variants

upregulated myogenic markers in ADSCs and fibroblasts to a
greater degree than WTMyoD (Figure 2A, B). The three
engineered variants behaved similarly in ADSCs, whereas
VP64MyoD was significantly more robust in the dermal
fibroblasts, perhaps because of greater plasticity of the
multipotent ADSCs. Notably, WTMyoD was expressed at
much higher levels than the engineered transcription factors
at both the mRNA (Figure 2A, B) and protein levels (Figure
2C−E). To assess the dose-dependence of MyoD and its
engineered variants on myogenic gene induction, we measured
marker expression at various doses of MyoD by manipulating
the concentration of doxycycline (Figure 3). As expected,
WTMyoD and VP64MyoD both upregulate the myogenic gene
network in a dose-dependent manner, but interestingly,
VP64MyoD is more potent than WTMyoD despite its lower
expression level. To ensure that the enhanced transcription
factor activity was not specific to mouse MyoD, we constructed
human VP64MyoD. Of the eight myogenesis-associated genes
analyzed, there were no significant differences in gene
expression induced by human versus mouse VP64MyoD
(Supporting Information Figure 1).
Myogenic differentiation is characterized by a phenotypic

change from mononuclear cells to fusion into multinucleated
muscle fibers. Through immunofluorescence staining we
observed that the engineered MyoD variants promote increased
cell fusion and elevated levels of myosin heavy chain expression

in vitro when compared with WTMyoD after 10 days of
expression (Figure 4). Similar to the effects on gene expression
(Figure 2), the multipotent ADSCs responded more robustly to
the reprogramming factors than the dermal fibroblasts. Similar
effects were also observed when overexpressing human
WTMyoD or VP64MyoD (Supporting Information Figure 2).
To measure cell fusion, we developed a modified version of a

previously reported quantitative assay that is based on a
conditional luciferase expression scheme.53 In this system, two
lentiviral vectors were constructed: one vector that constitu-
tively expresses Cre recombinase (LV-Cre) and a second vector
encoding a luciferase expression cassette containing a 1 kb
stuffer sequence flanked by loxP sites (LV-Floxed Luc). The
stuffer sequence interrupts the luciferase coding sequence after
the start codon such that luciferase expression is reconstituted
only in response to Cre-mediated recombination (Figure 5A).
One cell population was transduced with LV-Cre and the other
cell population with LV-Floxed Luc (Figure 5B). When the
cells from the two populations fuse to form a multinucleated
myotube, Cre recombinase expressed from one nucleus enters
neighboring nuclei harboring the lentivirally integrated Floxed
Luc cassette and removes the stuffer sequence, thereby creating
a functional luciferase gene (Figure 5C). To conduct this assay,
cells were first transduced with the tet-responsive vector
carrying the MyoD variant of interest and selected in
puromycin to obtain a pure population. This cell population
was divided and transduced with either LV-Cre or LV-Floxed
Luc. The cells were remixed, plated, and induced with
doxycycline. After 10 days of induction, cells were assayed for
the relative levels of luciferase activity (Figure 5B). Further
corroborating the immunofluorescence staining, the engineered
MyoD variants induce enhanced cell fusion compared to
WTMyoD in both cell types (Figure 5D-E). Once again, the
effects were similar for each variant in the ADSCs, whereas

Figure 3. Dose-dependence of myogenic gene expression on levels of WTMyoD and VP64MyoD. ADSCs and dermal fibroblasts were transduced with
lentivirus that expresses either WTMyoD or VP64MyoD, selected with puromycin, and then treated with the indicated dose of doxycycline. After 10
days of induction, ADSCs (A) and fibroblasts (B) were assessed for MyoD and myogenin expression by qRT-PCR. Expression levels were
normalized to untransduced fibroblasts and the β-actin house-keeping gene. n = 3 independent experiments. The transduced ADSCs (C) and
fibroblasts (D) were also assayed for MyoD and myogenin protein expression by Western blot.

ACS Synthetic Biology Letter

DOI: 10.1021/sb500322u
ACS Synth. Biol. 2015, 4, 689−699

692

http://dx.doi.org/10.1021/sb500322u


VP64MyoD had the greatest effect in the dermal fibroblasts.
Additionally, human MyoD showed similar enhancements with
the addition of VP64 (Supporting Information Figure 3).
Next we evaluated the relative effects of WTMyoD and

VP64MyoD on gene expression across the transcriptome. We
performed RNA-seq analysis on human dermal fibroblasts in
which WTMyoD or VP64MyoD was induced for 10 days.
Genome-wide gene expression levels were compared to
untreated control cells. Of the 30 053 transcripts included in
the analysis, 4763 were significantly altered by WTMyoD
overexpression (false discovery rate (FDR) < 10−6). Of these,
3135 (∼66%) were also significantly changed by VP64MyoD
(FDR < 10−6), although VP64MyoD overexpression led to
changes in an additional 3559 genes that were not significantly
affected by WTMyoD (FDR < 10−6), further demonstrating the
enhanced activity of the engineered transcription factor in
global reprogramming of cellular gene networks (Figure 6A).
The majority of differentially expressed genes were upregulated,
consistent with the role of MyoD as a transcriptional activator
(Figure 6B). The downregulated genes are likely secondary
effects of global reprogramming and transdifferentiation from
the fibroblastic lineage. Of the genes that were differentially
expressed in both WTMyoD- and VP64MyoD-treated samples
compared to untreated controls, we observed that VP64MyoD
generally induced a greater effect as indicated by a best fit line
with a slope greater than one (Figure 6B). VP64MyoD had about
a 2-fold greater effect than WTMyoD (Figure 6C). The RNA-

seq analysis also showed that specific myogenic markers were
induced to a greater extent by VP64MyoD compared to
WTMyoD (Figure 6D), confirming the qRT-PCR results
(Figure 2).
To characterize the roles of each of group of differentially

expressed genes, we performed functional annotation clustering
using the Database for Annotation, Visualization, and
Integrated Discovery tool (DAVID).64,65 We found that the
top four gene clusters differentially expressed by both WTMyoD
and VP64MyoD were involved in key processes important for
myogenesis including cell cycle regulation, extracellular matrix
proteins, contractile proteins, and cytoskeletal proteins
(Supporting Information Table 1). The top functional clusters
found differentially expressed only in WTMyoD-treated cells
were genes involved in translation, vascularization, cell
adhesion, and extracellular matrix production (Supporting
Information Table 2). The top functional clusters found
differentially expressed only in VP64MyoD treated cells were
nucleotide binding proteins, pleckstrin proteins, and metabolic
proteins involved in degradation processes (Supporting
Information Table 3). Additional studies are necessary to
elucidate the differential regulation of these gene groups.
Proteins containing pleckstrin homology domains associate
with transmembrane proteins such as G proteins and
phosphatidylinositol. These proteins recruit factors to the
cellular membrane and facilitate signal transduction pathways.66

Therefore, this cluster of proteins may be involved with cell

Figure 4. Cell differentiation and fusion induced by MyoD-mediated cell reprogramming. Following 10 days of transgene expression, cell fusion and
expression of skeletal myosin heavy chain (MHC, green) was assessed by immunofluorescence staining in ADSCs (A and B) and dermal fibroblasts
(C and D). Nuclei are shown in blue (DAPI) and dsRed2-Express indicates the relative levels of MyoD transgene expression.
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signaling pathways important for cell fusion and differ-
entiation.67 Ubiquitination of the VP16 monomer of VP64 is
necessary for transcriptional activation68 and also serves as a
mechanism to prime transcription factors and promote
transcriptional elongation.69 This is consistent with our
observations that VP64MyoD stimulates expression of gene
clusters associated with proteolysis and is expressed at lower
levels compared to WTMyoD.
Our results demonstrate that VP64MyoD orchestrates

myogenic differentiation in vitro more effectively than the
wild-type protein. Time course experiments suggest that the
elevated levels of myogenic gene expression induced by
VP64MyoD promotes a faster rate of myogenic reprogramming
compared to cells treated with WTMyoD (Supporting
Information Figures 4 and 5). This is an important finding
for drug screening,70 disease modeling,71 muscle tissue
engineering,72 and regenerative medicine73 as genetic reprog-
ramming with VP64MyoD may provide new avenues for
generating sources of myogenic cells. This study complements
previous work in engineering Oct4 and MyoD variants with
potent transcriptional activation domains to enhance cell
reprogramming efficiencies.50,52,53 Therefore, the addition of
potent activation domains to wild-type transcription factors is a
generalizable approach for increasing transcriptional activity.
Currently, most reprogramming protocols require extended

transcription factor expression. The most effective method for

extended transgene expression is lentiviral transduction, but
there are concerns regarding the stable integration of
expression factor cassettes in the cellular genome. For this
reason, reprogramming cells with nonintegrating transient
expression methods such as plasmid DNA transfection,74−77

mRNA transfection,78 or the delivery of cell-permeable
proteins79 are being widely explored. However, the resulting
reprogramming efficiencies are much lower and these methods
are technically challenging requiring repeated dosing over
extended time periods. As our results demonstrate upregulation
of the myogenic gene network in only 10 days to levels
requiring 30 days of WTMyoD expression (Supporting
Information Figures 4 and 5), the use of engineered
transcription factors in conjunction with transient delivery
methods such as DNA and RNA transfection may prove
advantageous. Therefore, synthetic transcription factors that
induce fast and efficient remodeling of gene networks may
enable widespread applications of genetic reprogramming in
many areas of biotechnology.

■ METHODS

Cells. HEK293T cells were obtained from the American
Tissue Collection Center (ATCC, Manassas, VA) through the
Duke University Cell Culture Facility and were maintained in
DMEM supplemented with 10% FBS and 1% penicillin
streptomycin. Primary human dermal fibroblasts (Catalog ID:

Figure 5. Quantitative analysis of cell fusion induced by MyoD-mediated cell reprogramming. (A) Two lentiviral vectors were constructed that
contain a constitutive Cre recombinase expression cassette (LV-Cre) or a luciferase cassette that is dependent on Cre recombinase activity for
expression (LV-Floxed Luc). (B) Cells transduced with each dox-inducible MyoD variant were separately transduced with either LV-Floxed Luc or
LV-Cre. These two cell populations were mixed at a ratio of 1:10 LV-Cre/LV-Floxed Luc. (C) As the two cell populations fuse to form a
multinucleated myotubes, Cre recombinase expressed from one nucleus enters neighboring nuclei harboring the Floxed Luc cassette. Cre removes
the stuffer sequence and induces expression of a functional luciferase gene. (D) ADSCs and (E) dermal fibroblasts were induced to express the
MyoD variant and were assayed for relative luciferase activity on Day 10. n = 3 or 4 independent experiments. All p values are compared to WT
MyoD (*p < 0.05).
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GM03348) were obtained from Coriell Institute (Camden,
New Jersey) and were maintained in DMEM supplemented
with 10% FBS and 1% penicillin streptomycin. Primary human
adipose derived stem cells (ADSCs) were isolated as described
previously80 and were cultured in growth media of DMEM/F12
supplemented with 10% FBS, 1% penicillin streptomycin, 5 ng/
mL human epidermal growth factor, 1 ng/mL human basic
fibroblast growth factor, and 0.25 ng/mL human transforming
growth factor-β. All cells were cultured at 37 °C with 5% CO2.
Viral Production and Transduction. All lentiviral vectors

used in this study are second generation. A lentivirus
production protocol was adapted from methods previously
described.81 Briefly, 3.5 million HEK293T cells were plated per
10 cm dish. The following day, cells were transfected with 20
μg of transfer vector, 6 μg of pMD2G, and 10 μg psPAX2 using
a calcium phosphate transfection. The media was changed 12−
14 h post-transfection. The viral supernatant was collected 24

and 48 h after this media change, pooled, and passed through a
0.45 μm filter. For transduction, the cell medium was replaced
with viral supernatant supplemented with 4 μg/mL Polybrene.
The viral supernatant was changed 24−48 h later.

MyoD-Directed Genetic Reprogramming. The tran-
scriptional activation domains VP16, VP64, and p65 were
genetically fused to the N-terminus of either the mouse or
human wild-type (WT) MyoD via a short flexible serine glycine
linker. The VP16 sequence was isolated from Addgene plasmid
11351. VP64 is a fusion of four copies of the minimal VP16
domain. p65 was isolated from Addgene plasmid 21966. Amino
acid sequences of all the activation domains are in Figure 1.
The MyoD variants were subcloned into a Tet-ON lentiviral
vector.61,62 In this vector, each MyoD variant is coexpressed
with dsRed-Express2, via a T2A ribosomal skipping peptide.82

All the Tet inducible lentiviral vectors are available on Addgene
(Addgene plasmids 60623−60629).

Figure 6. Genome-wide gene expression following reprogramming of dermal fibroblasts by WTMyoD or VP64MyoD. RNA-seq was performed on
untreated control fibroblasts and fibroblasts expressing either WTMyoD or VP64MyoD for 10 days (n = 2). Fold changes in expression of each gene
were calculated relative to the untreated control samples. The genes shown are those different than control with a false discovery rate (FDR) < 10−6.
(A and B) Many genes were differentially regulated by both WTMyoD and VP64MyoD compared to control (purple), while other genes were
exclusively regulated by only WTMyoD (red) or only VP64MyoD (yellow). Of the genes that were differentially expressed in samples treated with
WTMyoD or VP64MyoD, VP64MyoD generally induced a greater overall effect as indicated by a best-fit line with a slope greater than one. (C) For the
transcripts differentially expressed by both VP64MyoD and WTMyoD compared to control (purple data points in B), the effect of VP64MyoD was
generally greater. (D) The RNA-seq analysis also confirms the qRT-PCR results (Figure 2B). Specific myogenic genes assayed by qRT-PCR are
indicated in red and show greater activation by VP64MyoD than WTMyoD (line indicates y = x). This analysis also confirmed lower levels of MyoD
transgene in the VP64MyoD samples compared to WTMyoD.
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Human dermal fibroblasts and human ADSCs were
transduced with the Tet-ON LV carrying each MyoD variant.
Cells were selected in 1 μg/mL puromycin to obtain a pure
population of transduced cells. Cells were expanded in standard
growth medium supplemented with puromycin. Selected cells
were grown to confluence and MyoD transgene expression was
induced by supplementing the medium with 3 μg/mL,
doxycycline unless indicated otherwise. Cells were given fresh
media supplemented with doxycycline every 2 days. All
differentiation studies for the fibroblasts were conducted in
standard growth medium (DMEM supplemented with 10%
FBS and 1% penicillin streptomycin). For the ADSCs, cells
were seeded in plates coated with 1:10 poly-L-lysine and all
differentiation studies were conducted in standard growth
media without the growth factors (DMEM/F12 supplemented
with 10% FBS and 1% penicillin streptomycin). Control ADSC
samples were grown in standard growth media because
withdrawing the growth factors without inducing differentiation
causes cell death.
Quantitative Reverse Transcription PCR. RNA was

isolated using the RNeasy Plus RNA isolation kit (Qiagen).
cDNA synthesis was performed using the SuperScript VILO
cDNA Synthesis Kit (Invitrogen). Real-time PCR using SsoFast
EvaGreen Supermix (Bio-Rad) was performed with the CFX96
Real-Time PCR Detection System (Bio-Rad). Oligonucleotide
primers and PCR conditions are reported in Supporting
Information Table 4. Primer specificity was confirmed by
agarose gel electrophoresis and melting curve analysis. Reaction
efficiencies over the appropriate dynamic range were calculated
to ensure linearity of the standard curve (Supporting
Information Figure 6). The results are expressed as fold-
increase mRNA expression normalized to β-actin expression
using the ΔΔCt method. Reported values are the mean and
SEM from two or three independent experiments performed on
different days (n = 2 or 3) where technical replicates were
averaged within each experiment.
Western Blot. Cells were lysed in RIPA buffer (Sigma)

supplemented with protease inhibitor cocktail (Sigma). Protein
concentration was measured using BCA protein assay reagent
(Thermo Scientific) and BioTek Synergy 2 Multi-Mode
Microplate Reader. Lysates were mixed with loading buffer
and boiled for 5 min; equal amounts of protein were run in
NuPage 10% Bis-Tris Gel polyacrylamide gels (Bio-Rad) and
transferred to nitrocellulose membranes. Nonspecific antibody
binding was blocked with TBST (50 mM Tris, 150 mM NaCl
and 0.1% Tween-20) with 5% nonfat milk for 1 h at room
temperature. The membranes were incubated with the
following primary antibodies: anti-MyoD (1:250 dilution,
Santa Cruz, Sc-32758) in 5% BSA in TBST overnight at 4
°C; anti-Myogenin (1:250 dilution, Santa Cruz, Sc-12732) in
5% BSA in TBST, overnight at 4 °C; anti-GAPDH (1:5,000
dilution, Cell Signaling, clone 14C10) in 5% milk in TBST 30
min at room temperature. The membranes were washed with
TBST for 15 min and incubated for 30 min with anti-rabbit
HRP-conjugated antibody (1:5000 dilution, Sigma, A6154) or
anti-mouse HRP-conjugated antibody (1:5000 dilution, Santa
Cruz, SC-2005) in 5% milk in TBST and subsequently washed
with TBST for 15 min. Membranes were visualized using the
ImmunStar WesternC Chemiluminescence Kit (Bio-Rad) and
images were captured using a ChemiDoc XRS+ System and
processed using ImageLab software (Bio-Rad).
Immunofluorescence Staining. Cells transduced with

Tet-On LV expressing each MyoD variant were plated on

autoclaved glass coverslips (1 mm, Thermo Scientific).
Fibroblasts were plated directly on coverslips while the
ADSCs were seeded on coverslips coated with 1:10 poly-L-
lysine. Following 0, 10, 20, or 30 days of transgene expression,
cells were fixed in 4% PFA and prepared for immunofluor-
escence staining. Samples were permeabilized in blocking buffer
(PBS supplemented with 5% BSA, 0.2% Triton X-100, and 2%
goat serum) for 1 h at room temperature. Samples were
incubated with MF20 supernatant primary antibody (1:200
dilution, Hybridoma Bank) in blocking buffer overnight at 4
°C, and rinsed for 15 min in PBS. Samples were incubated with
anti-mouse fluorescein-conjugated antibody (1:200, Invitrogen
A10683) for 1 h at room temperature. Cells were incubated
with DAPI diluted 1:5000 in PBS for 5 min and washed with
PBS for 15 min. Coverslips were mounted with ProLong Gold
Antifade Reagent (Invitrogen) and imaged using a Leica SP5
inverted confocal microscope.

Quantitative Cell Fusion Assay. To conduct the fusion
assay, either the fibroblasts or ADSCs were transduced with the
respective Tet-ON MyoD lentivirus and selected using
puromycin. Each pure cell population was subsequently divided
and transduced with either LV-Cre (Addgene plasmid 30205)83

or LV-Floxed Luc (Addgene plasmid 60622). Following
transduction, these cell populations were mixed and plated in
a ratio of one part LV-Cre transduced cells to ten parts LV-
Floxed Luc cells in 24 well plates. Once grown to confluence,
the cells were induced to express the MyoD variant with 3 μg/
mL doxycycline. Medium containing fresh doxycycline was
replenished every 2 days. Cells were harvested after 10 days of
MyoD expression and assayed for luciferase expression. Cells
were pelleted and washed with PBS. Pellets were resuspended
in 100 μL of lysis buffer (100 mM KH2PO4 + 0.2% Triton-X,
pH 7.8) and incubated at room temperature for 10 min. The
cell debris was pelleted and 30 μL of the supernatant from each
sample was transferred to an opaque 96-well plate. Each sample
was mixed with 30 μL of Bright-Glo reagent (Bright-Glo
Luciferase Assay System, Promega). Luminescence was
measured by a BioTek Synergy 2 Multi-Mode Microplate
Reader with 1-s scan time. Each MyoD variant had a matched
set of samples that only received the LV-Floxed Luc vector to
serve as control. All luciferase data is presented as a fold
increase over background from the matched Luc only samples.
Reported values are the mean and SEM from three or four
independent experiments performed on different days (n = 3 or
4) where technical replicates were averaged within each
experiment.

RNA-seq. RNA-seq libraries were constructed as previously
described.84 Briefly, first-strand cDNA was synthesized from
oligo(dT) Dynabead-captured mRNA using SuperScript VILO
cDNA Synthesis Kit (Invitrogen). Second-strand cDNA was
synthesized using DNA polymerase I (New England Biolabs).
cDNA was purified using Agencourt AMPure XP beads
(Beckman Coulter). Nextera transposase (Illumina; 5 min at
55 °C) was used to simultaneously fragment and insert
sequencing primers into the double-stranded cDNA. Trans-
position reactions were halted using QG buffer (Qiagen) and
fragmented cDNA was purified on AMPure XP beads. Indexed
sequencing libraries were generated by six cycles of PCR.
Libraries were sequenced using 50-bp paired-end reads on one
lane of an Illumina HiSeq 2000 instrument at the Duke
Genome Sequencing and Analysis Core Resource. Reads were
aligned to human RefSeq transcripts using Bowtie.85 The
significance of differential expression of WTMyoD and
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VP64MyoD treated samples compared to untreated control
samples, including correction for multiple hypothesis testing,
was calculated using DESeq.86 Sequencing data has been
deposited to the Gene Expression Omnibus, Accession code:
GSE62448.
Statistical Analysis. At least two independent experiments

were compiled as means and standard errors of the mean.
Effects were evaluated with multivariate ANOVA and

Dunnett’s post hoc test using JMP 10 Pro.

■ ASSOCIATED CONTENT
*S Supporting Information
Supporting Figures S1−S6 and Tables S1−S4. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*Phone: 919-613-2147. Fax: 919-668-0795. E-mail: charles.
gersbach@duke.edu.
Author Contributions
A.M.K. conducted all experiments. A.M.K., P.I.T., C.M.V.,
T.M.G., D.G.O., F.G., T.E.R., and C.A.G. contributed to
experimental design and data analysis. A.M.K. and C.A.G. wrote
the manuscript with editing and approval by all authors.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by a US National Institutes of Health
(NIH) Director’s New Innovator Award (DP2OD008586),
National Science Foundation (NSF) Faculty Early Career
Development (CAREER) Award (CBET-1151035), NIH
R01DA036865, NIH UH3TR000505, the Muscular Dystrophy
Association (MDA277360), a Hartwell Foundation Individual
Biomedical Research Award, a Basil O’Connor Starter Scholar
Award from the March of Dimes Foundation, and an American
Heart Assoc ia t ion Sc ient i s t Deve lopment Grant
(10SDG3060033). P.I.T. was supported by a National Science
Foundation Graduate Research Fellowship and P.I.T. and
D.G.O. were both supported by American Heart Association
Mid-Atlantic Affiliate Predoctoral Fellowships.

■ REFERENCES
(1) Graf, T., and Enver, T. (2009) Forcing cells to change lineages.
Nature 462, 587−594.
(2) Takahashi, K., and Yamanaka, S. (2006) Induction of pluripotent
stem cells from mouse embryonic and adult fibroblast cultures by
defined factors. Cell 126, 663−676.
(3) Weintraub, H., Tapscott, S. J., Davis, R. L., Thayer, M. J., Adam,
M. A., Lassar, A. B., and Miller, A. D. (1989) Activation of muscle-
specific genes in pigment, nerve, fat, liver, and fibroblast cell lines by
forced expression of MyoD. Proc. Natl. Acad. Sci. U.S.A. 86, 5434−
5438.
(4) Davis, R. L., Weintraub, H., and Lassar, A. B. (1987) Expression
of a single transfected cDNA converts fibroblasts to myoblasts. Cell 51,
987−1000.
(5) Ieda, M., Fu, J. D., Delgado-Olguin, P., Vedantham, V., Hayashi,
Y., Bruneau, B. G., and Srivastava, D. (2010) Direct reprogramming of
fibroblasts into functional cardiomyocytes by defined factors. Cell 142,
375−386.
(6) Vierbuchen, T., Ostermeier, A., Pang, Z. P., Kokubu, Y., Sudhof,
T. C., and Wernig, M. (2010) Direct conversion of fibroblasts to
functional neurons by defined factors. Nature 463, 1035−1041.

(7) Pang, Z. P., Yang, N., Vierbuchen, T., Ostermeier, A., Fuentes, D.
R., Yang, T. Q., Citri, A., Sebastiano, V., Marro, S., Sudhof, T. C., and
Wernig, M. (2011) Induction of human neuronal cells by defined
transcription factors. Nature 476, 220−223.
(8) Caiazzo, M., Dell’Anno, M. T., Dvoretskova, E., Lazarevic, D.,
Taverna, S., Leo, D., Sotnikova, T. D., Menegon, A., Roncaglia, P.,
Colciago, G., Russo, G., Carninci, P., Pezzoli, G., Gainetdinov, R. R.,
Gustincich, S., Dityatev, A., and Broccoli, V. (2011) Direct generation
of functional dopaminergic neurons from mouse and human
fibroblasts. Nature 476, 224−227.
(9) Huang, P., He, Z., Ji, S., Sun, H., Xiang, D., Liu, C., Hu, Y., Wang,
X., and Hui, L. (2011) Induction of functional hepatocyte-like cells
from mouse fibroblasts by defined factors. Nature 475, 386−389.
(10) Sekiya, S., and Suzuki, A. (2011) Direct conversion of mouse
fibroblasts to hepatocyte-like cells by defined factors. Nature 475,
390−393.
(11) Cherry, A. B., and Daley, G. Q. (2012) Reprogramming cellular
identity for regenerative medicine. Cell 148, 1110−1122.
(12) Kim, K., Doi, A., Wen, B., Ng, K., Zhao, R., Cahan, P., Kim, J.,
Aryee, M. J., Ji, H., Ehrlich, L. I., Yabuuchi, A., Takeuchi, A., Cunniff,
K. C., Hongguang, H., McKinney-Freeman, S., Naveiras, O., Yoon, T.
J., Irizarry, R. A., Jung, N., Seita, J., Hanna, J., Murakami, P., Jaenisch,
R., Weissleder, R., Orkin, S. H., Weissman, I. L., Feinberg, A. P., and
Daley, G. Q. (2010) Epigenetic memory in induced pluripotent stem
cells. Nature 467, 285−290.
(13) Lister, R., Pelizzola, M., Kida, Y. S., Hawkins, R. D., Nery, J. R.,
Hon, G., Antosiewicz-Bourget, J., O’Malley, R., Castanon, R.,
Klugman, S., Downes, M., Yu, R., Stewart, R., Ren, B., Thomson, J.
A., Evans, R. M., and Ecker, J. R. (2011) Hotspots of aberrant
epigenomic reprogramming in human induced pluripotent stem cells.
Nature 471, 68−73.
(14) Wernig, M., Lengner, C. J., Hanna, J., Lodato, M. A., Steine, E.,
Foreman, R., Staerk, J., Markoulaki, S., and Jaenisch, R. (2008) A drug-
inducible transgenic system for direct reprogramming of multiple
somatic cell types. Nat. Biotechnol. 26, 916−924.
(15) Hanna, J., Saha, K., Pando, B., van Zon, J., Lengner, C. J.,
Creyghton, M. P., van Oudenaarden, A., and Jaenisch, R. (2009)
Direct cell reprogramming is a stochastic process amenable to
acceleration. Nature 462, 595−601.
(16) Carey, B. W., Markoulaki, S., Hanna, J. H., Faddah, D. A.,
Buganim, Y., Kim, J., Ganz, K., Steine, E. J., Cassady, J. P., Creyghton,
M. P., Welstead, G. G., Gao, Q., and Jaenisch, R. (2011)
Reprogramming factor stoichiometry influences the epigenetic state
and biological properties of induced pluripotent stem cells. Cell Stem
Cell 9, 588−598.
(17) Slusarczyk, A. L., Lin, A., and Weiss, R. (2012) Foundations for
the design and implementation of synthetic genetic circuits. Nat. Rev.
Genet 13, 406−420.
(18) Gersbach, C. A., and Perez-Pinera, P. (2014) Activating human
genes with zinc finger proteins, transcription activator-like effectors
and CRISPR/Cas9 for gene therapy and regenerative medicine. Expert
Opin. Ther. Targets 18, 835−839.
(19) Gersbach, C. A., Gaj, T., and Barbas, C. F., 3rd (2014) Synthetic
zinc finger proteins: The advent of targeted gene regulation and
genome modification technologies. Acc. Chem. Res. 47 (8), 2309−
2318.
(20) Kabadi, A. M., and Gersbach, C. A. (2014) Engineering
synthetic TALE and CRISPR/Cas9 transcription factors for regulating
gene expression. Methods 69 (2), 188−197.
(21) Zhang, F., Cong, L., Lodato, S., Kosuri, S., Church, G. M., and
Arlotta, P. (2011) Efficient construction of sequence-specific TAL
effectors for modulating mammalian transcription. Nat. Biotechnol. 29,
149−153.
(22) Miller, J. C., Tan, S., Qiao, G., Barlow, K. A., Wang, J., Xia, D. F.,
Meng, X., Paschon, D. E., Leung, E., Hinkley, S. J., Dulay, G. P., Hua,
K. L., Ankoudinova, I., Cost, G. J., Urnov, F. D., Zhang, H. S., Holmes,
M. C., Zhang, L., Gregory, P. D., and Rebar, E. J. (2011) A TALE
nuclease architecture for efficient genome editing. Nat. Biotechnol. 29,
143−148.

ACS Synthetic Biology Letter

DOI: 10.1021/sb500322u
ACS Synth. Biol. 2015, 4, 689−699

697

http://pubs.acs.org
mailto:charles.gersbach@duke.edu
mailto:charles.gersbach@duke.edu
http://dx.doi.org/10.1021/sb500322u


(23) Perez-Pinera, P., Ousterout, D. G., Brunger, J. M., Farin, A. M.,
Glass, K. A., Guilak, F., Crawford, G. E., Hartemink, A. J., and
Gersbach, C. A. (2013) Synergistic and tunable human gene activation
by combinations of synthetic transcription factors. Nat. Methods 10,
239−242.
(24) Maeder, M. L., Linder, S. J., Reyon, D., Angstman, J. F., Fu, Y.,
Sander, J. D., and Joung, J. K. (2013) Robust, synergistic regulation of
human gene expression using TALE activators. Nat. Methods 10, 243−
245.
(25) Gilbert, L. A., Larson, M. H., Morsut, L., Liu, Z., Brar, G. A.,
Torres, S. E., Stern-Ginossar, N., Brandman, O., Whitehead, E. H.,
Doudna, J. A., Lim, W. A., Weissman, J. S., and Qi, L. S. (2013)
CRISPR-mediated modular RNA-guided regulation of transcription in
eukaryotes. Cell 154, 442−451.
(26) Perez-Pinera, P., Kocak, D. D., Vockley, C. M., Adler, A. F.,
Kabadi, A. M., Polstein, L. R., Thakore, P. I., Glass, K. A., Ousterout,
D. G., Leong, K. W., Guilak, F., Crawford, G. E., Reddy, T. E., and
Gersbach, C. A. (2013) RNA-guided gene activation by CRISPR-Cas9-
based transcription factors. Nat. Methods 10, 973−976.
(27) Maeder, M. L., Linder, S. J., Cascio, V. M., Fu, Y., Ho, Q. H., and
Joung, J. K. (2013) CRISPR RNA-guided activation of endogenous
human genes. Nat. Methods 10, 977−979.
(28) Seipel, K., Georgiev, O., and Schaffner, W. (1994) A minimal
transcription activation domain consisting of a specific array of aspartic
acid and leucine residues. Biol. Chem. Hoppe Seyler 375, 463−470.
(29) Beerli, R. R., Dreier, B., and Barbas, C. F., 3rd (2000) Positive
and negative regulation of endogenous genes by designed transcription
factors. Proc. Natl. Acad. Sci. U.S.A. 97, 1495−1500.
(30) Beerli, R. R., Segal, D. J., Dreier, B., and Barbas, C. F., 3rd.
(1998) Toward controlling gene expression at will: Specific regulation
of the erbB-2/HER-2 promoter by using polydactyl zinc finger
proteins constructed from modular building blocks. Proc. Natl. Acad.
Sci. U.S.A. 95, 14628−14633.
(31) Ballard, D. W., Dixon, E. P., Peffer, N. J., Bogerd, H., Doerre, S.,
Stein, B., and Greene, W. C. (1992) The 65-kDa subunit of human
NF-κ B functions as a potent transcriptional activator and a target for
v-Rel-mediated repression. Proc. Natl. Acad. Sci. U.S.A. 89, 1875−1879.
(32) Blancafort, P., Chen, E. I., Gonzalez, B., Bergquist, S., Zijlstra, A.,
Guthy, D., Brachat, A., Brakenhoff, R. H., Quigley, J. P., Erdmann, D.,
and Barbas, C. F., 3rd (2005) Genetic reprogramming of tumor cells
by zinc finger transcription factors. Proc. Natl. Acad. Sci. U.S.A. 102,
11716−11721.
(33) Blancafort, P., Magnenat, L., and Barbas, C. F., 3rd. (2003)
Scanning the human genome with combinatorial transcription factor
libraries. Nat. Biotechnol. 21, 269−274.
(34) Park, K. S., Lee, D. K., Lee, H., Lee, Y., Jang, Y. S., Kim, Y. H.,
Yang, H. Y., Lee, S. I., Seol, W., and Kim, J. S. (2003) Phenotypic
alteration of eukaryotic cells using randomized libraries of artificial
transcription factors. Nat. Biotechnol. 21, 1208−1214.
(35) Rebar, E. J., Huang, Y., Hickey, R., Nath, A. K., Meoli, D., Nath,
S., Chen, B., Xu, L., Liang, Y., Jamieson, A. C., Zhang, L., Spratt, S. K.,
Case, C. C., Wolffe, A., and Giordano, F. J. (2002) Induction of
angiogenesis in a mouse model using engineered transcription factors.
Nat. Med. 8, 1427−1432.
(36) Price, S. A., Dent, C., Duran-Jimenez, B., Liang, Y., Zhang, L.,
Rebar, E. J., Case, C. C., Gregory, P. D., Martin, T. J., Spratt, S. K., and
Tomlinson, D. R. (2006) Gene transfer of an engineered transcription
factor promoting expression of VEGF-A protects against experimental
diabetic neuropathy. Diabetes 55, 1847−1854.
(37) Dai, Q., Huang, J., Klitzman, B., Dong, C., Goldschmidt-
Clermont, P. J., March, K. L., Rokovich, J., Johnstone, B., Rebar, E. J.,
Spratt, S. K., Case, C. C., Kontos, C. D., and Annex, B. H. (2004)
Engineered zinc finger-activating vascular endothelial growth factor
transcription factor plasmid DNA induces therapeutic angiogenesis in
rabbits with hindlimb ischemia. Circulation 110, 2467−2475.
(38) Wilber, A., Tschulena, U., Hargrove, P. W., Kim, Y. S., Persons,
D. A., Barbas, C. F., 3rd, and Nienhuis, A. W. (2010) A zinc-finger
transcriptional activator designed to interact with the γ-globin gene

promoters enhances fetal hemoglobin production in primary human
adult erythroblasts. Blood 115, 3033−3041.
(39) Graslund, T., Li, X., Magnenat, L., Popkov, M., and Barbas, C.
F., 3rd. (2005) Exploring strategies for the design of artificial
transcription factors: Targeting sites proximal to known regulatory
regions for the induction of γ-globin expression and the treatment of
sickle cell disease. J. Biol. Chem. 280, 3707−3714.
(40) Strimpakos, G., Corbi, N., Pisani, C., Di Certo, M. G., Onori, A.,
Luvisetto, S., Severini, C., Gabanella, F., Monaco, L., Mattei, E., and
Passananti, C. (2014) Novel adeno-associated viral vector delivering
the utrophin gene regulator jazz counteracts dystrophic pathology in
mdx mice. J. Cell Physiol. 229, 1283−1291.
(41) Khalil, A. S., Lu, T. K., Bashor, C. J., Ramirez, C. L., Pyenson, N.
C., Joung, J. K., and Collins, J. J. (2012) A synthetic biology framework
for programming eukaryotic transcription functions. Cell 150, 647−
658.
(42) Garg, A., Lohmueller, J. J., Silver, P. A., and Armel, T. Z. (2012)
Engineering synthetic TAL effectors with orthogonal target sites.
Nucleic Acids Res. 40, 7584−7595.
(43) Li, Y., Moore, R., Guinn, M., and Bleris, L. (2012) Transcription
activator-like effector hybrids for conditional control and rewiring of
chromosomal transgene expression. Sci. Rep. 2, 897.
(44) Zaret, K. S., and Carroll, J. S. (2011) Pioneer transcription
factors: Establishing competence for gene expression. Genes Dev. 25,
2227−2241.
(45) Gossen, M., and Bujard, H. (1992) Tight control of gene
expression in mammalian cells by tetracycline-responsive promoters.
Proc. Natl. Acad. Sci. U.S.A. 89, 5547−5551.
(46) Haynes, K. A., and Silver, P. A. (2011) Synthetic reversal of
epigenetic silencing. J. Biol. Chem. 286, 27176−27182.
(47) Vincent, K. A., Shyu, K. G., Luo, Y., Magner, M., Tio, R. A.,
Jiang, C., Goldberg, M. A., Akita, G. Y., Gregory, R. J., and Isner, J. M.
(2000) Angiogenesis is induced in a rabbit model of hindlimb ischemia
by naked DNA encoding an HIF-1α/VP16 hybrid transcription factor.
Circulation 102, 2255−2261.
(48) Kontos, C. D., and Annex, B. H. (2007) Engineered
transcription factors for therapeutic angiogenesis. Curr. Opin. Mol.
Ther. 9, 145−152.
(49) Rajagopalan, S., Olin, J., Deitcher, S., Pieczek, A., Laird, J.,
Grossman, P. M., Goldman, C. K., McEllin, K., Kelly, R., and Chronos,
N. (2007) Use of a constitutively active hypoxia-inducible factor-1α
transgene as a therapeutic strategy in no-option critical limb ischemia
patients: Phase I dose-escalation experience. Circulation 115, 1234−
1243.
(50) Wang, Y., Chen, J., Hu, J. L., Wei, X. X., Qin, D., Gao, J., Zhang,
L., Jiang, J., Li, J. S., Liu, J., Lai, K. Y., Kuang, X., Zhang, J., Pei, D., and
Xu, G. L. (2011) Reprogramming of mouse and human somatic cells
by high-performance engineered factors. EMBO Rep. 12, 373−378.
(51) Horb, M. E., Shen, C. N., Tosh, D., and Slack, J. M. (2003)
Experimental conversion of liver to pancreas. Curr. Biol. 13, 105−115.
(52) Hirai, H., Tani, T., Katoku-Kikyo, N., Kellner, S., Karian, P.,
Firpo, M., and Kikyo, N. (2011) Radical acceleration of nuclear
reprogramming by chromatin remodeling with the transactivation
domain of MyoD. Stem Cells 29, 1349−1361.
(53) Goncalves, M. A., Janssen, J. M., Nguyen, Q. G.,
Athanasopoulos, T., Hauschka, S. D., Dickson, G., and de Vries, A.
A. (2011) Transcription factor rational design improves directed
differentiation of human mesenchymal stem cells into skeletal
myocytes. Mol. Ther. 19, 1331−1341.
(54) Fong, A. P., and Tapscott, S. J. (2013) Skeletal muscle
programming and re-programming. Curr. Opin. Genet. Dev. 23, 568−
573.
(55) Kimura, E., Han, J. J., Li, S., Fall, B., Ra, J., Haraguchi, M.,
Tapscott, S. J., and Chamberlain, J. S. (2008) Cell-lineage regulated
myogenesis for dystrophin replacement: A novel therapeutic approach
for treatment of muscular dystrophy. Hum. Mol. Genet. 17, 2507−
2517.
(56) Goudenege, S., Pisani, D. F., Wdziekonski, B., Di Santo, J. P.,
Bagnis, C., Dani, C., and Dechesne, C. A. (2009) Enhancement of

ACS Synthetic Biology Letter

DOI: 10.1021/sb500322u
ACS Synth. Biol. 2015, 4, 689−699

698

http://dx.doi.org/10.1021/sb500322u


myogenic and muscle repair capacities of human adipose-derived stem
cells with forced expression of MyoD. Mol. Ther 17, 1064−1072.
(57) Chaouch, S., Mouly, V., Goyenvalle, A., Vulin, A., Mamchaoui,
K., Negroni, E., Di Santo, J., Butler-Browne, G., Torrente, Y., Garcia,
L., and Furling, D. (2009) Immortalized skin fibroblasts expressing
conditional MyoD as a renewable and reliable source of converted
human muscle cells to assess therapeutic strategies for muscular
dystrophies: validation of an exon-skipping approach to restore
dystrophin in duchenne muscular dystrophy cells. Hum. Gene Ther. 20,
784−790.
(58) Ousterout, D. G., Perez-Pinera, P., Thakore, P. I., Kabadi, A. M.,
Brown, M. T., Qin, X., Fedrigo, O., Mouly, V., Tremblay, J. P., and
Gersbach, C. A. (2013) Reading frame correction by targeted genome
editing restores dystrophin expression in cells from Duchenne
muscular dystrophy patients. Mol. Ther 21, 1718−1726.
(59) Tedesco, F. S., Gerli, M. F., Perani, L., Benedetti, S., Ungaro, F.,
Cassano, M., Antonini, S., Tagliafico, E., Artusi, V., Longa, E.,
Tonlorenzi, R., Ragazzi, M., Calderazzi, G., Hoshiya, H., Cappellari, O.,
Mora, M., Schoser, B., Schneiderat, P., Oshimura, M., Bottinelli, R.,
Sampaolesi, M., Torrente, Y., Broccoli, V., and Cossu, G. (2012)
Transplantation of genetically corrected human iPSC-derived
progenitors in mice with limb-girdle muscular dystrophy. Sci. Transl.
Med. 4, 140ra189.
(60) Lattanzi, L., Salvatori, G., Coletta, M., Sonnino, C., Cusella De
Angelis, M. G., Gioglio, L., Murry, C. E., Kelly, R., Ferrari, G.,
Molinaro, M., Crescenzi, M., Mavilio, F., and Cossu, G. (1998) High
efficiency myogenic conversion of human fibroblasts by adenoviral
vector-mediated MyoD gene transfer. An alternative strategy for ex
vivo gene therapy of primary myopathies. J. Clin. Invest. 101, 2119−
2128.
(61) Barde, I., Zanta-Boussif, M. A., Paisant, S., Leboeuf, M., Rameau,
P., Delenda, C., and Danos, O. (2006) Efficient control of gene
expression in the hematopoietic system using a single Tet-on inducible
lentiviral vector. Mol. Ther 13, 382−390.
(62) Glass, K. A., Link, J. M., Brunger, J. M., Moutos, F. T., Gersbach,
C. A., and Guilak, F. (2014) Tissue-engineered cartilage with inducible
and tunable immunomodulatory properties. Biomaterials 35, 5921−
5931.
(63) Gimble, J. M., Bunnell, B. A., and Guilak, F. (2012) Human
adipose-derived cells: An update on the transition to clinical
translation. Regen Med. 7, 225−235.
(64) Huang da, W., Sherman, B. T., and Lempicki, R. A. (2009)
Systematic and integrative analysis of large gene lists using DAVID
bioinformatics resources. Nat. Protoc. 4, 44−57.
(65) Huang da, W., Sherman, B. T., and Lempicki, R. A. (2009)
Bioinformatics enrichment tools: Paths toward the comprehensive
functional analysis of large gene lists. Nucleic Acids Res. 37, 1−13.
(66) Stahelin, R. V., Scott, J. L., and Frick, C. T. (2014) Cellular and
molecular interactions of phosphoinositides and peripheral proteins.
Chem. Phys. Lipids 182, 3−18.
(67) Safi, A., Vandromme, M., Caussanel, S., Valdacci, L., Baas, D.,
Vidal, M., Brun, G., Schaeffer, L., and Goillot, E. (2004) Role for the
pleckstrin homology domain-containing protein CKIP-1 in phospha-
tidylinositol 3-kinase-regulated muscle differentiation. Mol. Cell. Biol.
24, 1245−1255.
(68) Salghetti, S. E., Caudy, A. A., Chenoweth, J. G., and Tansey, W.
P. (2001) Regulation of transcriptional activation domain function by
ubiquitin. Science 293, 1651−1653.
(69) Kurosu, T., and Peterlin, B. M. (2004) VP16 and ubiquitin;
binding of P-TEFb via its activation domain and ubiquitin facilitates
elongation of transcription of target genes. Curr. Biol. 14, 1112−1116.
(70) Truskey, G. A., Achneck, H. E., Bursac, N., Chan, H., Cheng, C.
S., Fernandez, C., Hong, S., Jung, Y., Koves, T., Kraus, W. E., Leong,
K., Madden, L., Reichert, W. M., and Zhao, X. (2013) Design
considerations for an integrated microphysiological muscle tissue for
drug and tissue toxicity testing. Stem Cell Res. Ther. 4 (Suppl 1), S10.
(71) Albini, S., Coutinho, P., Malecova, B., Giordani, L., Savchenko,
A., Forcales, S. V., and Puri, P. L. (2013) Epigenetic reprogramming of

human embryonic stem cells into skeletal muscle cells and generation
of contractile myospheres. Cell Rep. 3, 661−670.
(72) Juhas, M., and Bursac, N. (2013) Engineering skeletal muscle
repair. Curr. Opin. Biotechnol. 24, 880−886.
(73) Peault, B., Rudnicki, M., Torrente, Y., Cossu, G., Tremblay, J. P.,
Partridge, T., Gussoni, E., Kunkel, L. M., and Huard, J. (2007) Stem
and progenitor cells in skeletal muscle development, maintenance, and
therapy. Mol. Ther 15, 867−877.
(74) Adler, A. F., Grigsby, C. L., Kulangara, K., Wang, H., Yasuda, R.,
and Leong, K. W. (2012) Nonviral direct conversion of primary mouse
embryonic fibroblasts to neuronal cells. Mol. Ther Nucleic Acids 1, e32.
(75) Jia, F., Wilson, K. D., Sun, N., Gupta, D. M., Huang, M., Li, Z.,
Panetta, N. J., Chen, Z. Y., Robbins, R. C., Kay, M. A., Longaker, M. T.,
and Wu, J. C. (2010) A nonviral minicircle vector for deriving human
iPS cells. Nat. Methods 7, 197−199.
(76) Okita, K., Hong, H., Takahashi, K., and Yamanaka, S. (2010)
Generation of mouse-induced pluripotent stem cells with plasmid
vectors. Nat. Protoc 5, 418−428.
(77) Yu, J., Hu, K., Smuga-Otto, K., Tian, S., Stewart, R., Slukvin, I. I.,
and Thomson, J. A. (2009) Human induced pluripotent stem cells free
of vector and transgene sequences. Science 324, 797−801.
(78) Warren, L., Manos, P. D., Ahfeldt, T., Loh, Y. H., Li, H., Lau, F.,
Ebina, W., Mandal, P. K., Smith, Z. D., Meissner, A., Daley, G. Q.,
Brack, A. S., Collins, J. J., Cowan, C., Schlaeger, T. M., and Rossi, D. J.
(2010) Highly efficient reprogramming to pluripotency and directed
differentiation of human cells with synthetic modified mRNA. Cell
Stem Cell 7, 618−630.
(79) Zhou, H., Wu, S., Joo, J. Y., Zhu, S., Han, D. W., Lin, T.,
Trauger, S., Bien, G., Yao, S., Zhu, Y., Siuzdak, G., Scholer, H. R.,
Duan, L., and Ding, S. (2009) Generation of induced pluripotent stem
cells using recombinant proteins. Cell Stem Cell 4, 381−384.
(80) Estes, B. T., Diekman, B. O., Gimble, J. M., and Guilak, F.
(2010) Isolation of adipose-derived stem cells and their induction to a
chondrogenic phenotype. Nat. Protoc. 5, 1294−1311.
(81) Salmon, P., Trono, D. (2006) Production and titration of
lentiviral vectors, Current Protocols in Neuroscience, Chapter 4, Unit
4.21, Wiley, New York.
(82) Szymczak, A. L., Workman, C. J., Wang, Y., Vignali, K. M.,
Dilioglou, S., Vanin, E. F., and Vignali, D. A. (2004) Correction of
multi-gene deficiency in vivo using a single ‘self-cleaving’ 2A peptide-
based retroviral vector. Nat. Biotechnol. 22, 589−594.
(83) Somers, A., Jean, J. C., Sommer, C. A., Omari, A., Ford, C. C.,
Mills, J. A., Ying, L., Sommer, A. G., Jean, J. M., Smith, B. W., Lafyatis,
R., Demierre, M. F., Weiss, D. J., French, D. L., Gadue, P., Murphy, G.
J., Mostoslavsky, G., and Kotton, D. N. (2010) Generation of
transgene-free lung disease-specific human induced pluripotent stem
cells using a single excisable lentiviral stem cell cassette. Stem Cells 28,
1728−1740.
(84) Gertz, J., Varley, K. E., Davis, N. S., Baas, B. J., Goryshin, I. Y.,
Vaidyanathan, R., Kuersten, S., and Myers, R. M. (2012) Transposase
mediated construction of RNA-seq libraries. Genome Res. 22, 134−141.
(85) Langmead, B., Trapnell, C., Pop, M., and Salzberg, S. L. (2009)
Ultrafast and memory-efficient alignment of short DNA sequences to
the human genome. Genome Biol. 10, R25.
(86) Anders, S., and Huber, W. (2010) Differential expression
analysis for sequence count data. Genome Biol. 11, R106.

ACS Synthetic Biology Letter

DOI: 10.1021/sb500322u
ACS Synth. Biol. 2015, 4, 689−699

699

http://dx.doi.org/10.1021/sb500322u

