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Abstract Human embryonic stem cells (hESCs) are a
potential source of material for cell therapy of muscle
diseases. To date, it has proven difficult to generate skeletal
muscle from hESCs in high yields and within a reasonable
timeframe. Further, a hESC-derived Pax3/7-positive skeletal
muscle progenitor population has not yet been described.
Previous studies have shown that Pax3/7-positive progenitor
cells can repopulate the satellite cell niche, indicating the
importance of this population for therapy. We sought to
optimize the differentiation of hESCs into skeletal muscle in
order to characterize myogenesis at a molecular level and
shorten the time course. We treated hESCs with retinoic acid
(RA) and found an enhancement of skeletal myogenesis, and
the expression of the myogenic regulatory factors (MRFs)
MyoD and myogenin by day 25. Furthermore, we found
that RA treatment expanded the muscle progenitor pool,
which occurred as a distinct Pax3 " population prior to
MRF expression. Non-skeletal muscle tissue types were
not significantly affected. Therefore, we have identified a
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differentiation pathway in hESCs that provides a skeletal
muscle progenitor population which can undergo myo-
genesis more efficiently. We propose that RA could fit into
a directed culture method for deriving skeletal muscle
from hESCs.
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Introduction

Human Embryonic Stem Cells (hESCs) present a promising
source for cell therapy of muscle diseases such as muscular
dystrophy. While hESC-derived skeletal muscle can be
stably engrafted into mice, the most significant barrier for
hESC-based therapy is the generation of a desirable amount
of muscle in a reasonable timeframe. Successful strategies
have included the use of a covalent chemical modifying
agent, S-azacytidine, or derivation of multipotent mesenchymal
precursors from hESCs, which give rise to a higher proportion
of skeletal myocytes than the parental line [1-3]. The latter
approach required a lengthy time course (>45 days), starting
with several weeks of low density monolayer culture to
generate mesenchymal precursor cells. Furthermore, it did not
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utilize embryoid body formation, nor did it follow an
embryonic pathway involving mesoderm induction followed
by the formation of a distinct Pax3/7 "¢ progenitor population
prior to expression of the myogenic regulatory factors
(MRFs). Such an embryonic pathway has been shown to
occur during skeletal myogenesis in P19 embryonal
carcinoma (EC) cells, mouse embryonic stem cells
(mESCs), and mouse induced pluripotent stem cells
(miPSCs) [4—6]. The formation of a Pax3/7""° progenitor
population would be valuable for therapeutic purposes, as
it can replenish the satellite cell niche [7, 8].

Skeletal muscle progenitor cells are marked by the
expression of Pax3, Pax7 and Meoxl [9-12]. While
Pax3-null mice exhibit a lack of limb and diaphragm
muscle, Pax7 is dispensable for normal embryonic myo-
genesis [13—17]. Compound Pax3/Pax7-null mice however,
exhibit a much more severe phenotype characterized by a
complete failure of skeletal myogenesis (with the exception
of early myotomal muscle), indicating that there is some
level of functional redundancy between these two factors [9].
Consistent with this, expression of a dominant-negative Pax3
protein, created by fusion to the repressor domain of
engrailed, resulted in a complete inhibition of myogenesis
in P19 EC cells and aberrant expression of MyoD and
myogenin in cultured satellite cells [12, 18]. These data
indicate that Pax activity is necessary for normal myo-
genesis. Conversely, forced expression of Pax3 is known
to induce MRF expression and myogenesis in embryonic
tissue and in various cell culture models, including P19
EC cells and mESCs [12, 19, 20]. Furthermore, Pax3
binds directly to a Myf5 enhancer region, activating its
expression in the hypaxial somite [21]. Taken together,
these data show that Pax3 is required for skeletal myogenesis,
upstream of the MRFs.

Our understanding of the role of Meox factors in skeletal
myogenesis is complicated by a high degree of redundancy
between Meox1 and Meox2. While Meox1-null mice
exhibit defects in sclerotomal derivatives, Meox2-null mice
have defects in limb muscle development [10, 22].
However, like the Pax3/7 compound mutant, Meox1/
Meox?2 double knockout mice exhibit a much more severe
phenotype characterized by an almost complete abrogation
of skeletal myogenesis [10]. Meox activity is also required
for myogenesis in P19 EC cells, where expression of a
dominant negative Meox 1-Engrailed fusion protein disrupts
expression of Pax3, Pax7, MyoD and myogenin [11]. In
addition to their important roles in myogenesis, the co-
expression of Pax3 and Meox1 serves as a good marker
for premyogenic mesoderm as the expression domains of
these two factors overlap in the paraxial mesoderm,
somite, and dermomyotome, while Meox1 is absent from
the dorsal neural tube, which has abundant Pax3
expression [23-25]. Therefore, strategies to produce a

distinct Pax3""/Meox1""® skeletal muscle progenitor
population and enhance skeletal myogenesis in a concise
time frame, ideally without genetic or covalent chemical
modification, would undoubtedly facilitate the application
of hESCs for cell therapy of muscle diseases.

Retinoic acid (RA) is a potent morphogen and is known
to direct differentiation of several tissue types in the embryo
and in ES cells [26, 27]. RA acts by activating its
downstream effectors, the retinoic acid receptors (RARs)
and the retinoid X receptors (RXRs), which bind to retinoic
acid response elements (RAREs) within regulatory regions
of RA-responsive genes. In the presence of RA, RARs and
RXRs act by recruiting co-activators that promote gene
transcription [28]. We have previously shown that RA
enhances skeletal myogenesis in mESCs and in P19 EC
cells [6]. In these systems, RA acted early in differentiation
to enhance the expression of the precursor genes Pax3 and
Meox1 by direct binding of RARs to regulatory regions of
these genes [6]. This ultimately resulted in enhanced MRF
expression and terminal differentiation.

Although many of the genetic networks controlling
pluripotency and differentiation in mESCs are conserved
in hESCs, there exist fundamental differences between the
two systems [29]. As such, pathways that have previously
been elucidated in the murine system bear a re-examination
in hESCs for their ability to drive tissue specific differen-
tiation with a view to therapeutic applications. Here, we
show that both myogenesis and the expression of skeletal
muscle genes were significantly enhanced by RA treatment
of hESCs. Importantly, RA treatment resulted in expansion
of a Pax3™" skeletal muscle progenitor population, which
appeared prior to MRF expression. Addition of RA had no
significant influence on the differentiation of other cell
types. Thus, RA might be useful as part of a directed
culture system designed to maximize the yield of muscle
progenitor cells from hESCs and/or human iPS cells.

Methods
Cell Culture

H9 hESCs were maintained on feeder layers as described with
the exception that feeders were mitotically inactivated with
10 pg/ml mitomycin C for 2 h [30]. Briefly, H9 hESCs were
maintained in Knock-out DMEM supplemented with 20%
Knock-out serum replacement, 1% non-essential amino
acids, 1 mM L-glutamine, penicillin-streptomycin (100 U/ml
and 100 ug/ml) and 0.1 mM beta-mercaptoethanol. Media
was also supplemented with 4 ng/ml basic fibroblast growth
factor. Cells were maintained on a mouse embryonic
fibroblast layer. Cells were differentiated by generating
embryoid bodies in suspension culture for 10 days and then
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transferred to adherent plates for a further 29 or 15 days.
The medium was changed every 2-3 days. Differentiation
medium was the same as the propagation medium
supplemented with 20% FBS in place of Knock-out
serum replacement. All-trans RA (Sigma-Aldrich, Oakville,
ON) was added to the culture medium at increasing
concentrations from Day 0 to Day 10 of differentiation.
Ethanol was used as the vehicle at a final concentration
of 0.01%. On day 35 or day 20 of differentiation, the
differentiation medium was replaced with D-MEM F12
containing N2 supplement (Invitrogen, Burlington, ON)
and Insulin/Transferrin/Selenium (Invitrogen, Burlington,
ON), termed N2-ITS medium, until the end point of the
experiment. D3 mESCs (ATCC#CRL-1934, Manassas,
VA) and P19 EC cells (ATCC#CRL-1825, Manassas VA)
were cultured as described [6].

Gene Expression Analysis

Total RNA was harvested from hESCs using RNeasy Micro
and Mini kits as per the manufacturer’s instructions
(Qiagen, Mississauga, ON). cDNA synthesis was performed
using the Quantitect Reverse Transcription Kit (Qiagen,
Mississauga, ON) followed by quantitative polymerase chain
reaction (QPCR) with either the FastStart SYBR Green
Master Mix kit (Roche, Laval, QC) or GoTaq qPCR Master
Mix (Promega Madison, WI). QPCR reactions were
performed and analyzed on the ABI 7300 or 7500
systems using the SDS analysis software or on the
Eppendorf Realplex2 using the Realplex software for
analysis. GAPDH was used as a reference for all QPCR
reactions and expression changes were quantified relative
to Day 0 levels. Unless otherwise stated, error bars
represent the standard error of the mean. Statistical
analysis was performed using Student’s 7 test.

Immunofluorescence

For myosin heavy chain (MyHC) and Tujl labelling, cells
were fixed with methanol and labelled with MF20 (pan-
MyHC) or Tujl-specific antibodies (Sigma-Aldrich, Oakvile,
Ontario). MyHC staining was performed as previously
described [6]. For alpha smooth muscle actin labelling, cells
were fixed with 4% paraformaldehyde and permeabilized
for 15 min with PBS containing 0.5% TritonX-100. Cells
were then blocked for 1 h with PBS containing 0.1%
bovine serum albumin, 0.1% TritonX-100 and 10%
donkey serum. The alpha smooth muscle actin antibody
was obtained from Abcam (Cambridge, MA). Pax3/MyoD,
Pax3/Meox1 and Pax3/7/myogenin labelling was performed
as described with the exception that cells were fixed with 4%
paraformaldehyde for Pax3/MyoD labelling [31]. Pax3
antibodies were obtained from R&D Systems (Minneapolis,
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MN) while Meox1 and Pax3/7 were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Myogenin labelling was
performed with the F5D hybridoma and MyoD antibodies
were obtained from BD Biosciences (Franklin Lakes,
NJ). Cy3-, Alexa488- and DyLight488-conjugated secondary
antibodies were used for detection as appropriate
(Jackson ImmunoResearch, West Grove, PA and Invitrogen,
Burlington, ON). Confocal images were captured using a
Zeiss LSM 510 microscope and processed with Zen software
(Zeiss). Epifluorescent images were captured on a Zeiss
Axioskop. All images were processed in Canvasl1.

Results
Retinoic Acid Enhances Skeletal Myogenesis in hESCs

We have previously shown that treatment with low levels of
RA can enhance skeletal myocyte formation in both P19 EC
cells and in mESCs [6]. However, since mechanisms are not
always conserved between mESCs and hESCs, it is
important to determine whether or not RA would enhance
skeletal myogenesis in hESCs [29]. Here, we treated
differentiating hESCs with increasing concentrations of RA
from Day 0 to Day 10 during embryoid body formation,
after which the embryoid bodies were plated into tissue
culture dishes until day 35. Subsequently, the medium was
changed on day 35 to N2-ITS medium and the presence of
skeletal myocytes was examined on day 39 by immunoflu-
orescence with an anti-MyHC antibody. We found that
treatment with 3nM RA resulted in the presence of abundant
hESC-derived skeletal myocytes (Fig. |A&B). RA-treated
hESCs differentiated into skeletal myocytes (Fig. 1A) and
multinucleated myotubes (Fig. 1B). Quantification revealed
that RA treatment resulted in a significant increase in
MyHC-positive nuclei, from approximately 1 to 4% of total
cells (Fig. 1C).

To compare the myocytes generated from hESCs with
those derived from mESCs and P19 EC cells, we differenti-
ated the latter two cell lines and examined their morphology
by immunofluorescence. D3 mESCs were differentiated by
the formation of embryoid bodies for 7 days, followed by
plating onto tissue culture plates and examining cultures on
day 15. The embryoid bodies were treated with RA from days
2-7 of differentiation [6]. P19 EC cells were differentiated by
aggregation of cells for 4 days in the presence of RA and 1%
DMSO, after which cells were plated in tissue culture plates
in the absence of drug and examined on day 9 of
differentiation [6]. hESCs differentiated into bipolar myo-
cytes with a morphology similar to those derived from either
D3 mESCs or P19 EC cells, however, some hESC-derived
myocytes appeared thicker and displayed additional cellular
projections (Fig. 1A).
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Fig. 1 Human Embryonic stem cells differentiate into skeletal muscle
in response to retinoic acid. H9 hESCs were differentiated for 10 days
in the presence of increasing concentrations of RA or vehicle control,
followed by growth on adherent plates. Cultures were fixed with
methanol for immunofluorescence or harvested for RNA on day 39.
A) hESC, P19EC, or mESC aggregates were labelled with a pan-
MyHC antibody and Hoechst dye to detect nuclei. P19 cell aggregates
were fixed on Day 9, while mESC aggregates were fixed on day 15

To determine if changes in gene expression correlated with
the observed changes in cell morphology, cultures were
examined for transcript levels of the MRFs myogenin, MyoD,
and Myf5 by Q-PCR (Fig. 1D). hESC cultures treated with
increasing amounts of RA (from 1nM to 10nM) were
differentiated as described above and total RNA was
harvested on day 39. Whereas treatment with 1nM RA did
not significantly affect the levels of MRF expression relative
to vehicle control, treatment with 3nM RA resulted in a
significant enhancement of myogenin and MyoD expression
levels (Fig. 1D). Notably, treatment of differentiating cells
with 10nM RA did not result in increased MRF expression,
indicating that RA-mediated enhancement did not follow a
dose-response pattern. Unlike MyoD and myogenin, the
expression of Myf5 was not significantly upregulated by
treatment with RA (Fig. 1D). Although Myf5 expression
showed a trend toward upregulation at InM RA, this was not
statistically significant. Thus, 3nM RA enhanced skeletal
myogenesis, upregulated the expression of MyoD and
myogenin and was used in our subsequent experiments.

EtOH

1nM RA 3nM RA 10nM RA

(scale bar represents 10 um). B) hESC derived muscle formed
multinucleated myotubes(scale bar represents 10 pum). C) Skeletal
myogenesis was quantified by counting MyHC™* cells with a bipolar
morphology. A minimum of 20,000 nuclei were quantified for each
treatment across 30 fields of view *p<0.05. D) RNA was analyzed by
QPCR for expression of the genes indicated (n=4-5; *p<0.05) and
expressed as a percent of maximum for each independent experiment

Treatment with RA Results in Expansion of the Skeletal
Muscle Progenitor Population

We have previously shown that RA enhances myogenesis in
mESCs and P19 EC cells by expanding the premyogenic
progenitor population [6]. We sought to determine whether
the enhancement of myogenesis by RA in hESCs occurred
at the same stage of differentiation. We first analyzed the
expression levels of the mesodermal markers BrachyuryT,
Mespl and Mesp2 in the presence and absence of RA by
QPCR at day 3 of embryoid body formation. We found that
the expression levels of these three markers remained
unaffected by RA treatment, suggesting that RA does not
enhance myogenesis through mesoderm induction (Fig. 2A).
We next examined control and RA-treated cultures for the
expression of premyogenic progenitor markers. The expres-
sion levels of Meox1 were analyzed by QPCR on day 8 of
embryoid body formation and were found to be increased in
RA-treated samples (Fig. 2B). The premyogenic progenitor
population is also marked by the expression of Pax3. In
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Fig. 2 RA Treatment expands the skeletal muscle progenitor popula-
tion A) RNA was harvested from Day 3 cultures and analyzed for
expression levels of BrachyuryT, Mespl and Mesp2. The change in
expression is quantified relative to Day 0 levels. Data are from one
representative experiment. Error bars represent standard deviation. B)
RNA was harvested from Day 8 cultures and analyzed for expression
of Meoxl by QPCR (n=4; *p<0.05). The change in Meoxl
expression levels as a result of RA treatment is expressed relative to

order to determine whether RA treatment resulted in an
expansion of this Pax3"™® population, we quantified the
number of Pax3™° cells in control and RA-treated cultures.
hESCs were differentiated by forming embryoid bodies for
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vehicle (EtOH) treatment. C) Differentiating cultures were fixed on
Day 15 and labelled with an anti-Pax3 antibody and Hoechst dye to
detect nuclei (scale bar represents 10 wm). D) The number of Pax3-
positive cells was quantified by counting at least 600 cells over 20
fields of view (¥*p<0.05). E) Differentiating cultures were fixed on
Day 15 and labelled with anti-Pax3 and anti-Meox1 antibodies and
stained with Hoechst dye to detect nuclei (scale bar represents 10 pm)

10 days with and without 3nM RA and then plated into tissue
culture plates and fixed on day 15. Cultures were labelled
with a Pax3-specific antibody and quantified in control and
RA-treated cultures. RA treatment increased the number of
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Pax3"® cells by approximately 3-fold (Fig. 2C&D). Co-
staining with antibodies specific to Pax3 and Meoxl
identified a population of Pax3"" cells that were also positive
for Meox1 expression, demonstrating the existence of a
Pax3"V“/Meox1 "™ muscle progenitor population in hESCs
(Fig. 2E). Importantly, co-staining of Pax3 with either MyoD-
or myogenin-specific antibodies at Day 15, showed that
Pax3™° cells were negative for myogenin and MyoD
expression (data not shown), in agreement with the lack of
MyoD or myogenin transcripts present at this time (Fig. 3,
see below). These results suggest that RA acts after
mesoderm induction to upregulate muscle precursor gene
expression, resulting in an expansion of the Pax3™ muscle
progenitor population, leading to enhanced myogenesis.

Skeletal Muscle Gene Expression is Temporally Regulated
During RA-Induced Myogenesis

Studies in mESCs, miPSCs and in P19 EC cells have
revealed that skeletal myogenesis in these systems proceeds
via a temporal pattern of gene expression that is reminiscent
of muscle formation in the embryo [4-6]. The temporal
pattern of gene expression was examined by QPCR using a
time course of hESC differentiation. hESCs were differenti-
ated in the presence of RA by forming embryoid bodies for
10 days as described above. Total RNA was harvested on days
0, 8, 15, 28, and 39. In RA-treated hESCs, the expression of
the premyogenic mesoderm markers Meox1, Pax7 and Pax3
peaked at Day 8 of differentiation (Fig. 3A—C). There was a
trend for an increase in Pax3 expression at day 39 but this
was not significant. The expression of Myf5, MyoD and
myogenin was not significantly upregulated until Day 39
(Fig. 3D-F), 4 days after the switch from serum-containing
differentiation medium to N2-ITS medium. Interestingly,
there was a trend for increases in Myf-5 expression at earlier
stages, coinciding with the premyogenic mesoderm
factors, but this was not significant. Thus, myogenesis
proceeded via an embryonic pathway, resulting in a
progenitor to myoblast transition.

The Differentiation Timecourse of Skeletal Myogenesis
in hESCs Can Be Shortened to 25 Days

Given that P19 EC cells and mESCs require 5 and 8 days
respectively to form myoblasts from premyogenic mesoderm
(Fig. 6), we speculated that our identification of 31 days for
hESCs could be shortened. We therefore sought to determine
whether skeletal muscle could be derived from hESCs at an
earlier timepoint by lowering the serum in the differentiation
medium prior to Day 35. Indeed we found that the serum
could be lowered as early as Day 20 of RA-directed
differentiation and that skeletal myocytes were formed by
Day 25, as shown by the presence of MyHC™® myocytes by

immunofluorescence (Fig. 4A). We analyzed the day 25
transcript levels of myogenin by QPCR and found that they
were significantly upregulated relative to day 0 levels
(Fig. 4B). Therefore, skeletal muscle can be derived from
hESCs in a 25 day time course, which is significantly shorter
than previously published protocols [1]. To determine if
Pax3™° cells were able to become myoblasts, we also
labelled these Day 25 cultures for Pax3 and MyoD. Most
MyoD ™ cells at day 25 were negative for Pax3 expression
which is likely due to the significant downregulation of Pax3
expression at this timepoint (Fig. 3A). We did however
observe some Pax3"/MyoD ™* cells, indicating that at least
part of the Pax3™° progenitor population does give rise to
myoblasts during hESC differentiation (Fig. 4C). Therefore,
hESCs can be differentiated into skeletal muscle via an
embryonic pathway that can be as short as 25 days.

Low Levels of RA Have Little Effect on the Differentiation
of Non-skeletal Muscle Lineages

RA is known to induce or enhance the formation of many
cell types during stem cell differentiation, including smooth
muscle, bone, cardiac muscle and neurons, although, at
least in the case of smooth muscle and neurons, this
enhancement occurs at higher (M) concentrations of RA
[32-35]. We therefore examined our RA-treated hESC
cultures for differentiation into these other cell types. We
assessed cardiomyogenesis by QPCR analysis of the
genetic markers Nkx2.5 and Tbx5 and found no significant
difference in expression levels of these two genes between
control and RA cultures (Fig. 5A). We also quantified the
number of MyHC™® cardiomyocytes in both control and
RA-treated conditions, and found that these cells accounted
for approximately 8% of total cells in each context
(Fig. SE&G). We analyzed expression levels of the smooth
muscle markers VEGFR2 and MyHCI11 and found that RA
treatment did not significantly enhance the expression of
these two genes, nor did it result in an increase in the
number of alpha-smooth muscle actin (alpha-SMA)™®
smooth muscle cells (SMCs), which accounted for approx-
imately 6% of total cells in both control and RA-treated
cultures (Fig. 5D, F&H). We also examined the expression of
neurogenic (NeuroD1, Neurogeninl/Ngnl) and osteogenic
(Osteopontin/OSP and Osteocalcin/OSC) markers and we did
not observe a significant increase in the expression of these
genes in RA-treated cultures (Fig. SB&C). We were able to
visualize very few Tujl+ neurons in our differentiated
cultures and thus the extent of terminal neurogenesis was
negligible (<1% of total cells, data not shown), despite the
presence of neurogenic transcripts. We were unable to detect
any mature osteoblasts by Alizarin Red staining (data not
shown). The majority of the cells in our cultures appeared to
have a mesenchyme-like morphology (Fig. 5I), which is
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Fig. 4 The timecourse of
skeletal myogenesis in hESCs
can be shortened to 25 days. A)
Differentiating hESC cultures
were fixed with methanol on
Day 25 and labelled with
antibodies against MyHC and
with Hoechst dye to detect
nuclei (scale bar represents

10 um). B) RNA was harvested
from Day 0 and Day 25

RA- treated cultures and
analyzed for the expression of
myogenin. Day 25 expression
levels are quantified relative to
Day 0. C) Differentiating cul-
tures were fixed on Day 25 and
labelled with antibodies against
Pax3 and MyoD and with
Hoechst dye to detect nuclei.
Scale bar represents 10 pm

MyHC/Hoechst

difficult to identify by specific genetic markers [36].
Therefore, the effects of RA were limited to the myogenic
lineage and had no significant impact on the differentiation
of the other cell types examined here.

Discussion

hESCs represent a promising source of material for cell
replacement therapy of muscle diseases. In this study, we
have shown that the treatment of differentiating hESCs with
RA resulted in the enhancement of skeletal myogenesis and
the upregulation of expression of the MRFs MyoD and
myogenin (Fig. 1). Furthermore, RA functioned after
mesoderm induction by expanding the muscle progenitor
population, shown by the upregulation of Meox1 transcript
levels and an increase in the proportion of cells expressing
Pax3 (Fig. 2). The identification of muscle progenitor cells
expressing both Pax3 and Meox1, and not MyoD or
myogenin demonstrated that hESCs can be induced to form
muscle via an embryonic pathway. The muscle progenitor
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.
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Day 25

cells could differentiate into skeletal myoblasts, as shown
by the presence of Pax3"™“MyoD™ cells on day 25 of
differentiation. Thus, this study represents the first clear
demonstration of skeletal myogenesis from hESCs that
utilizes an embryonic pathway, involving the formation of a
Pax3""/Meox1"® skeletal muscle progenitor population
generated prior to MyoD and myogenin expression. Finally,
we have shown that our method does not significantly
affect the differentiation of non-muscle tissue types that are
known to be enhanced by RA.

The identification of an embryonic pathway for
skeletal myogenesis in hESCs allows for a comparison
of the timeline of expression of mesodermal, premyo-
genic, and myogenic genes during skeletal myogenesis in
P19 EC, mESC, and hESCs (Fig. 6). In P19 EC cells, the
expression of the mesodermal marker BrachyuryT is
initiated on Day 1 of differentiation and maintained until
Day 3 while in mESCs it is expressed from Day 2 to Day 4
[11, 37]. This is followed by the expression of the
premyogenic mesoderm markers Meox1 and Pax3 on
Days 4 and 7 in P19 EC cells and mESCs, respectively
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Fig. 5 Retinoic Acid does not affect the differentiation of non-skeletal
muscle lineages. A-D) RNA was harvested from Day 39 hESC
cultures and analyzed by QPCR for the markers indicated (n=5-7;
*p<0.05). Changes in gene expression are expressed relative to
undifferentiated cells (Day 0). E&F) Differentiated hESCs were fixed
on Day 25 (xSMA, Panel F) or on Day 39 (MyHC, Panel E) and
labelled with the antibodies indicated. Hoechst dye was used to detect

[6, 11]. While P19 EC cells begin to express MRF genes
on days 7-9 of differentiation and undergo terminal
differentiation by day 9, mESCs do not form skeletal
myocytes until Day 15 of differentiation, in response to
low-serum conditions [6, 11]. Interestingly, hESCs follow
a similar, albeit lengthened, pattern of expression during
early differentiation (Fig. 6). The mesoderm markers
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BrachyuryT, Mespl and Mesp2 are expressed on Day 3
of differentiation (Figs. 2A and 6), followed by the
expression of Pax3 and Meox1 on Day 8 (Figs. 3 and 6)
[38]. Finally, MRF expression is initiated at Day 25, in
response to low serum conditions. Thus, the three systems
utilize a comparable embryonic pathway to achieve
skeletal myogenesis and show a similar enhancement by
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Fig. 6 A timeline for myogenic differentiation. P19 cells, mESCs and
hESCs share common pathways during myogenic differentiation,
although the timelines are distinct. Pluripotent cells are specified to the
mesodermal lineage and express Brachyury T. These cells are

RA of premyogenic mesoderm, leading to augmentation
of the myoblast or myocyte populations [6].

The consistency observed between P19 EC cells, mESCs
and hESCs supports the validity of these first two systems
as models for the study of molecular mechanisms that
contribute to tissue-specific differentiation of hESCs. This
comparison illustrates the conservation of the pattern of
gene expression during differentiation in all of these
systems. In addition, it clearly shows that the similarity to
embryonic myogenesis can be exploited to identify future
methods to enhance myogenesis in ES systems. Finally, the
differences in the timing can be explained in part by
differences in the embryonic stages represented by each
stem cell and are reflective of the different times of
gestation between mouse and human [39-41]. Future
studies will determine if lowering the serum earlier than
day 20 will result in a further reduction in the time course
of myogenesis from hESCs.

Interestingly, the enhancement of myogenesis in
hESCs by RA did not show a standard dose—response
pattern (Fig. 1D). This has been observed previously
during osteogenesis from mesenchymal stem cells and
myogenesis from mESCs [42, 43]. This property of RA is
poorly understood but may represent a negative feedback
mechanism that is activated at high RA concentrations.
Alternatively, it may indicate the activation of different
subsets of differentiation pathways for each concentration
of RA, changing the presence of various progenitor
populations. This is supported by the morphogenic nature
of RA signalling in the embryo. In the developing embryo,
RA is present in an anterior-posterior gradient which
provides positional information that contributes to cell fate
specification [44]. Therefore it is not surprising that
specific RA concentrations exert differential effects during
stem cell differentiation.

The ability of RA to expand a Pax3™° muscle
progenitor population is particularly important with regard
to the use of hESCs for cell therapy, as it may facilitate
purification of progenitor cells with the capacity to
repopulate the satellite cell niche [7, 8, 45]. It appears
that as MRF expression is increased, the ability to

committed to premyogenic progenitor cells expressing Meox1, Pax3
and Pax7 which undergo terminal differentiation into skeletal muscle,
expressing the MRFs MyoD and myogenin

replenish the stem cell niche decreases [8]. Previous
studies by others have not shown the formation of a
Pax3"¢ or Pax7""° population formed prior to expression
during skeletal myogenesis in hESCs [1].

We showed that low levels of RA did not greatly affect
the development of other cell types examined in this
system, including cardiac and smooth muscle, bone and
neurons. Although the differentiation of these cell types is
known to be enhanced by RA treatment in various systems,
it is not surprising that we did not observe an increase,
since RA-directed differentiation is heavily dependent on
concentration as well as on timing of addition and
withdrawal [46]. For example, neurogenic differentiation
in hESCs requires RA concentrations in the range of
100nM to 1 uM, while we are treating cultures at 3nM
[35]. Enhancement of smooth muscle differentiation by RA
requires treatment of monolayer hESCs with a concentra-
tion of 10 uM, which is orders of magnitude higher than
the levels used here [32]. The low RA concentrations used
to induce skeletal myogenesis can also promote cardiomyo-
genesis in mESCs, however, the timing of treatment
required is different [42]. It was shown previously that
while skeletal muscle differentiation is enhanced by early
exposure of ES cells to RA at the onset of embryoid
body formation (Day 0), cardiomyogenesis is inhibited
by early exposure to RA and enhanced by later treatment
(Day 5-7) [42]. As we were treating our cultures from
embryoid body formation at Day 0, we did not expect to
see any enhancement. However, we did not observe
inhibition of cardiomyogenesis by RA, which may be
due to fundamental differences in the timing of origin
between mESCs and hESCs [39].

In conclusion, we have devised a method that employs
RA to enhance the formation of myogenic progenitor cells,
and consequently, of skeletal muscle from hESCs without
genetic or covalent chemical modification. This method has
little effect on other lineages known to be enhanced by RA.
Furthermore, the time required is shorter than that previously
reported and the ability to distinguish embryonic stages is
unique. We propose that RA can promote skeletal myogenesis
for the purposes of cell therapy.
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