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SUMMARY

Inducible expression of PAX7 in differentiating pluripotent stem cells (PSCs) allows massively scalable generation of human myogenic
progenitors, which upon transplantation into dystrophic muscles give rise to donor-derived myofibers and satellite cells. Therefore, PSC-
derived PAX7* myogenic progenitors represent an attractive therapeutic approach to promote muscle regeneration. Work to date has used
lentiviral vectors (LVs) that randomly integrate inducible PAX7 transgenes. Here, we investigated whether equivalent induction of the
myogenic program could be achieved by targeting the PAX7 transgene into genomic safe harbor (GSH) sites. Across multiple PSC lines,
we find that this approach consistently generates expandable myogenic progenitors in vitro, although scalability of expansion is moder-
ately reduced compared with the LV approach. Importantly, transplantation of GSH-targeted myogenic progenitors produces robust
engraftment, comparable with LV counterparts. These findings provide proof of concept for the use of GSH targeting as a potential alter-
native approach to generate therapeutic PSC-derived myogenic progenitors for clinical applications.

INTRODUCTION

Muscular dystrophies (MDs) encompass more than 40
different genetic disorders characterized by progressive
skeletal muscle degeneration and weakness, which in se-
vere disorders result in paralysis and death (Emery, 2002).
Despite significant progress in understanding disease path-
ogenesis and in developing therapeutic strategies, there is
still no cure for MDs.

Much current effort is focused on the development of ad-
eno-associated virus (AAV)-mediated gene therapy ap-
proaches, which have advanced to the clinical trial stage
for the treatment of Duchenne MD (Bowles et al., 2012;
Mendell et al., 2010), among a few others (Crudele and
Chamberlain, 2019). However, safety and efficacy remain
major issues (Goswami et al., 2019). One significant chal-
lenge is the immune response against the AAV vector, al-
lowing only a single-dose delivery, which may not be suffi-
cient to provide long-term therapeutic benefit.

Another potential therapeutic strategy consists of replac-
ing diseased muscle by transplanting healthy muscle stem
cells. Major caveats here include the accessibility to suffi-
cient number of stem cells from a given donor without
damaging the muscle, and the reduction of engraftment po-
tential following their ex vivo expansion (Mendell et al.,
1995; Montarras et al., 2005). An alternative approach is to
utilize human pluripotent stem cells (hPSCs) to generate
transplantable muscle stem cells. PSCs are appealing for
therapeutic application as they can repeatedly produce large
amounts of differentiated tissue, providing an unlimited
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source of cells for therapy. However, a critical aspect for
translation is their controlled lineage-specific differentia-
tion, since transplantation of contaminating undifferenti-
ated PSCs can lead to tissue abnormalities or even give rise
to teratomas. There are several strategies for the derivation
of myogenic cells from PSCs, which include the use of
PAX7 or MYOD transgene overexpression (Albini et al.,
2013; Darabi et al., 2012; Goudenege et al., 2012; Tedesco
etal., 2012; Young et al., 2016) and transgene-free methods
(Barberi et al., 2007; Chal et al., 2016; Shelton et al., 2014; Xi
etal., 2017). Each strategy has unique advantages and disad-
vantages. Transgene-free methods are attractive, since these
do not involve genetic manipulation; however, there are sig-
nificant limitations in generating large numbers of thera-
peutically relevant myogenic cells. Moreover, these cultures
possess a higher probability of carrying non-myogenic cells,
including undifferentiated PSCs (Kim et al., 2017a), an issue
that can be minimized by the use of efficient purification
protocols (Hicks et al., 2018; Wu et al., 2018). Overexpres-
sion of transcription factors associated with the myogenic
hierarchy assures the muscle identity of in vitro generated
cells. In the case of PAX7, we have documented the genera-
tion of large numbers of early myogenic progenitors that
upon transplantation into dystrophic mice results in myo-
fiber and satellite cell engraftment (Darabi et al., 2012), sug-
gesting potential for future therapeutic application.
Because lentiviral vectors (LVs) deliver transgenes through
random integration, they convey some risk of insertional
mutagenesis. To bypass this, we previously investigated
the use of the integration-free minicircle vector to generate
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PSC-derived PAX7* myogenic progenitors (Kim et al.,
2017b). Although the minicircle strategy showed efficient
in vitro differentiation of hPSCs into myotubes, due to the
transient nature of the minicircle vector, multiple transfec-
tions were required to maintain PAX7 expression. Further-
more, this inefficiency in maintaining high levels of PAX7
expression resulted in heterogeneous cultures, which failed
to contribute to muscle engraftment (Kim et al., 2017b).

Targeted integration of a PAX7 transgene into a genomic
safe harbor (GSH) locus, such as the AAVS]1, represents an
attractive alternative approach. This locus is widely recog-
nized as a potential ideal site for transgene insertion for
gene therapy applications (Papapetrou and Schambach,
2016; Smith et al., 2008). Dual GSH targeting, an improved
inducible GSH system that utilizes two different GSH loci,
has been recently developed (Pawlowski et al., 2017). Ad-
vantages of this system include bypassing the promoter
interference of two transgenes (Baron and Bujard, 2000)
and providing the flexibility of transgene design as a result
of targeting two different GSH loci.

Here, we used the dual GSH targeting approach to generate
a highly expandable population of PAX7* myogenic progen-
itors from hPSCs that upon transplantation contribute to
in vivo muscle regeneration. These findings demonstrate
the feasibility for the potential future use of transgene target-
ing into GSH loci as an approach for generating therapeutic
hPSC-derived PAX7* myogenic progenitors.

RESULTS

Targeting of PAX7 and rtTA Transgenes into GSH Sites
As outlined in Figure 1A, we inserted the doxycycline (dox)-
inducible PAX7 transgene into the AAVS1 locus and the rtTA
(tetracycline-responsive transcriptional activator) transgene
into the ROSA26 locus using the dual GSH targeting
approach (Pawlowski etal., 2017). We confirmed integration
of PAX7 and 1tTA transgenes into respective GSH loci by
knockin-specific PCR (Figures 1B and S1A) and sequencing
(Figure S1B). We confirmed protein expression of both
PAX7 and rtTA by western blot and immunofluorescence
staining following 1 day of dox treatment (Figures 1C, 1D,
and S1C). LV hPSC counterparts for each respective line
served as positive controls. We confirmed that the integra-
tion of PAX7 and rtTA into both GSH sites did not affect
the karyotype of genome engineered PSCs (Figure S1D).
Next, we performed Southern blots to verify targeted inte-
gration. Our results show specific integration of rtTA and
PAX7 transgenes at the ROSA26 and AAVS1 loci, respectively
(yellow arrow), while this was not the case for the LV
approach (Figure 1E). Since the PAX7 probe can hybridize
into endogenous exons 4 and 5, two probed bands are de-
tected for PAX7 in all samples (black arrows, Figure 1E).

Generation of GSH Myogenic Progenitors
GSH and LV iPAX7 hPSCs were differentiated into
embryoid bodies (EBs), and dox treatment began on day
5, as previously described (Selvaraj et al., 2019b). Day-4
EBs showed similar expression of the early mesodermal
marker T (Figure 2A), and no differences were observed
for the somitic mesodermal genes FOXC2, PAX3, and
TCF15 in day-6 EBs (Figure 2A). We detected lower expres-
sion levels of PAX7 and MEOX1 in GSH EBs compared with
LVs (Figure 2A). This noticeably reduced expression of
PAX7 1 day after the start of dox induction may be due to
the lower copy number of the PAX7 transgene in the GSH
approach (Figure 2A), which then likely directly affects
the expression levels of the PAX7 target, MEOX1. On day
15, PAX7" myogenic progenitors were purified based on
the expression of CDS54 and Syndecan2 (SDC2), as
described by Magli et al. (2017). We observed no differences
in the frequency of CD54*SDC2" myogenic progenitors
between GSH and LV approaches (Figure 2B). Next, we as-
sessed PAX7 expression in expanding myogenic progeni-
tors. qRT-PCR results show that LV myogenic progenitors
display higher expression levels of total and exogenous
(transgene) PAX7 than GSH myogenic progenitors (Fig-
ure 2C). No differences were found in the expression levels
of endogenous PAX7, which were low in both LV and GSH
myogenic progenitors (Figure 2C), indicating that PAX7
expression in these cells is virtually exclusively from the
PAX7 transgene. Comparable PAX7 protein expression
was observed in GSH and LV myogenic progenitors by
western blot (Figure S2A), fluorescence-activated cell sort-
ing (FACS) (Figures 2D and S2B), and immunofluorescence
(Figures 2F and S2C) staining. The only difference noted
was the intensity of PAX7 expression in the FACS plots,
as evidenced by the geometric mean value, which was
found to be higher in LV myogenic progenitors (Figure 2E).
One of the major characteristics of the LV conditional
expression system is the remarkable expansion potential.
Therefore, we evaluated whether GSH-generated PAX7*
myogenic progenitors would have comparable expansion
capacity compared with LV counterparts. Overall, GSH
myogenic progenitors generated from all three PSC lines
showed significant expansion potential (Figures 2G and
S2D), but the LV-generated myogenic progenitors displayed
a clear advantage in scalability, in particular in two of the
three PSC lines evaluated (hiPSC-TC1133 and hESC-1).
This resulted in greater than an order of magnitude more
myogenic progenitor cells at the end of the 3-week expan-
sion period. We then performed cell-cycle analyses by
combining bromodeoxyuridine incorporation with propi-
dium iodide staining (Figures 2H and S2E). Our results
show that a lower proportion of GSH myogenic progenitors
were in S phase compared with LV myogenic progenitors
(p < 0.05), whereas the opposite was true for the G; phase
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(C) Western blots show PAX7 and rtTA
expression. WT and LV iPSCs were used as
negative and positive controls, respectively.
B-Tubulin (TUBB) and B-actin (ACTB) were
used as loading controls.

(D) Immunofluorescence staining shows
PAX7 expression (in red) upon 1 day of dox
induction. DAPI in blue stains nuclei. WT and
LV iPSCs were used as negative and positive
controls, respectively. Scale bar, 100 pm.
(E) Southern blot shows integration of PAX7
and rtTA transgenes. PAX7 and rtTA probes
and digestion sites of XmnI and BstXI en-
zymes are indicated in the diagram (upper
panel). Yellow arrows indicate specific inte-
gration of PAX7 and rtTA transgenes in
respective GSHs. Black arrows indicate
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(more of GSH progenitors were in G; phase), confirming
that GSH myogenic progenitors proliferate more slowly
than LV myogenic progenitors. This was reflected in the
doubling time, as the average + SEM for LV and GSH
myogenic progenitors (all three PSC lines) was 30.8 + 3.1
and 47.2 + 1.6 h, respectively. Thus, taken together these re-
sults indicate that LV myogenic progenitors were endowed
with greater expansion potential than GSH myogenic pro-
genitors due to the attribution of increased proliferation.

In Vitro Terminal Differentiation of GSH PAX7*
Myogenic Progenitors

Next, we differentiated GSH- and LV-generated myogenic
progenitors into myotubes. We observed comparable
gene-expression levels for MYOG and several MYH isoforms
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between the two approaches (Figures 3A and S3A). Quanti-
fication of myosin heavy chain (MHC) protein levels re-
vealed no differences between GSH and LV myotubes (Fig-
ures 3B, 3D, S3B, and S3D). Moreover, comparable fusion
indices were observed (Figures 3C and S3C). These data
indicate that GSH-generated myogenic progenitors can
efficiently give rise to MHC* myotubes in vitro.

Transplantation of GSH-Generated PAX7" Myogenic
Progenitors

To determine the in vivo regenerative potential of GSH-
generated PAX7* myogenic progenitors, we transplanted
these cells into cardiotoxin pre-injured tibialis anterior
(TA) muscles of NSG mice. Assessment of injected muscles
2 months later revealed the presence of donor-derived
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Figure 2. Characterization of GSH PAX7* Myogenic Progenitors

(A) Bar graphs show expression analysis of paraxial mesoderm (7) at day 4, and somite (FOXC2, MEOX1, PAX3, and TCF15) genes as well as
PAX7 at day 6 of EB differentiation for GSH and LV PAX7-induced iPSCs. Data are shown as mean + SEM of six independent replicates. *p <
0.05, ***p < 0.001. ns, not significant.

(B) Representative FACS plots show the frequency of CD54"SDC2* myogenic progenitors in GSH and LV PAX7-induced iPSC-derived EBs at day 15 of
differentiation (left), and respective quantification (right). Data are shown as the mean + SEM of three independent replicates. ns, not significant.

(legend continued on next page)
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myofibers, as shown by immunofluorescence staining us-
ing human DYSTROPHIN and human LAMIN A/C specific
antibodies, thus confirming engraftment in recipients
transplanted with GSH-generated PAX7* myogenic pro-
genitors (Figure 4A). No staining was detected in PBS-in-
jected controls (Figure 4A, left). Importantly, quantifica-
tion of human donor-derived DYSTROPHIN® fibers
showed that GSH- and LV-generated PAX7* myogenic pro-
genitors have similar engraftment potential (Figure 4B).

Since satellite cell engraftment is critical to ensure long-
term muscle regeneration, we investigated the ability of
transplanted myogenic progenitors to give rise to satellite
cells. For this, we stained muscle sections with antibodies
to the satellite cell marker PAX7, human LAMIN A/C, and
laminin-«2 (LM). Immunofluorescence staining showed
that GSH-generated PAX7* myogenic progenitors were
able to seed the satellite cell compartment of transplanted
muscles (Figure 4C, lower panel). Quantification revealed
approximately 3% human donor contribution to the
satellite cell pool, and no differences between the two ap-
proaches (Figure 4D). This level of engraftment is in agree-
ment with our previous xenograft studies (Darabi et al.,
2012). Of note, much higher numbers of donor-derived
satellite cells were detected in our mouse-to-mouse trans-
plantation studies in the presence or absence of pre-condi-
tioning (Azzag et al., 2020; Incitti et al., 2019).

The in vivo engraftment potential of GSH-generated PAX7*
myogenic progenitors was also validated in immunodefi-
cient mouse models of DMD (Arpke et al., 2013) and limb
girdle muscular dystrophy type 2A (Selvaraj et al., 2019a).
Comparable engraftment for LV and GSH myogenic progen-
itors (Figures 4E and 4F) was observed in both models, as
shown by the presence of donor-derived myofibers express-
ing human DYSTROPHIN and human LAMIN A/C.

DISCUSSION

Conditional expression of PAX7 allows for the derivation
of therapeutically relevant human myogenic progenitors

(Darabi etal., 2012; Kim et al., 2017a; Magli et al., 2017; Sel-
varaj et al., 2019a). However, these studies have used an LV-
based approach to deliver the PAX7 transgene, which re-
quires consideration of risks of integrational mutagenesis.
On the other hand, GSH sites allow for the insertion of
exogenous DNA material with robust expression at specific
sites within the host genome, reducing the risk of inser-
tional mutations (Papapetrou and Schambach, 2016).
Several studies have reported the targeting of GSH sites in
patient-specific induced PSCs to insert wild-type sequences
for the correction of monogenic diseases, including X-linked
chronic granulomatous disease and hemophilia B (De Ravin
etal., 2016; Lyu et al., 2018; Zou et al., 2011). To date, only
Pawlowski et al. (2017) have applied this strategy to induce
the in vitro differentiation of hPSCs into specific lineages, but
these studies were solely in vitro. Here we report the targeting
of GSH sites to generate engraftable hPSC-derived PAX7*
myogenic progenitors, as shown by their ability to
contribute to myofibers and satellite cells in vivo, in a
manner equivalent to their LV-generated counterparts.
One aspect in which the two approaches differed was the
in vitro expansion potential, as GSH myogenic progenitors
presented slower proliferation rates than LV-generated
myogenic progenitors (doubling time of 47.2 + 1.6 and
30.8 + 3.1 h, respectively), which concurred with our cell-
cycle assessment. One potential hypothesis for this
difference may be the presence of fewer copies of the
PAX7 transgene in the GSH compared with the LV
approach. Our results show increased PAX7 gene expres-
sion (total and exogenous) in LV myogenic progenitors
(Figure 2C), but this did not result in significant differences
in PAX7 protein expression (Figures 2D, 2F, and S2A-S2C),
although we noted higher PAX7 intensity by FACS in LV
myogenic progenitors (Figure 2E). Collins et al. (2009)
have shown that constitutive expression of PAX7 in satel-
lite cells and C2C12 myoblasts leads to enhanced prolifer-
ative rate, and this also applied to fibroblasts upon PAX7
ectopic expression. We have reported similar results in
differentiating mouse and human PSCs (Darabi et al.,
2011; Kim et al., 2017b). Therefore, these studies suggest

(C) Bar graphs show expression analysis of total, exogenous, and endogenous PAX7 in LV and GSH myogenic progenitors. Data are shown as
mean = S.E.M. of three independent replicates. *p < 0.05, **p < 0.01. ns, not significant.

(D and E) FACS for PAX7. Bar graphs show the quantification of PAX7 expression (D) and the mean fluorescence intensity (MFI), also known
as geometric mean (E) in LV and GSH myogenic progenitors. Data are shown as the mean + SEM of three independent biological replicates

performed in triplicate. *p < 0.05. ns, not significant.

(F) Representative images show immunofluorescence staining for PAX7 (red) in GSH and LV CD54*SDC2" myogenic progenitors (left
panels). DAPI (blue) stains nuclei. Scale bar, 100 um. Right panel shows the ratio of percent PAX7-stained area to percent DAPI area in GSH
and LV myogenic progenitors. Data are shown as the mean + SEM of three independent replicates. ns, not significant.

(G) Growth curves of GSH and LV CD54"SDC2* myogenic progenitors. Cells were counted every 3 days. Data are shown as the mean + SEM of
three independent biological replicates. *p < 0.05. ns, not significant.

(H) Bar graphs show the percentage distribution of LV and GSH myogenic progenitors in different stages of the cell cycle. Data are shown as
the mean + SEM of three independent biological replicates. *p < 0.05. ns, not significant.
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Figure 3. Terminal Differentiation of GSH Myogenic Progenitors into Myotubes

(A) Bar graphs show gene expression of MYOGENIN (MYOG) and MYOSIN-HEAVY-CHAIN (MYH) isoforms in GSH and LV iPSC-derived myotubes.
Data are shown as the mean + SEM of six independent replicates. **p < 0.01. ns, not significant.

(B) Representative images show immunofluorescence staining for MHC (red) in GSH and LV myotubes (left panels). DAPI (blue) stains
nuclei. Scale bar, 100 um. Right panel shows the ratio of percent MHC-stained area to percent DAPI area. Data are shown as the mean + SEM

of three independent replicates. ns, not significant.

(C) Fusion index quantification of LV and GSH myotubes. Data are shown as the mean + SEM of three independent replicates. ns, not

significant.
(D) Western blot for MHC. B-Actin was used as a loading control.

a positive correlation between PAX7 expression and prolif-
eration rate. In any case, since GSH-generated myogenic
progenitors double approximately every 2 days (47.2 =
1.6 h), it should be feasible to obtain large numbers of
GSH PAX7* myogenic progenitors for transplantation.
Taken together, our findings demonstrate feasibility for the
use of GSH sites as an alternative approach to generate thera-
peutically relevant PSC-derived PAX7* myogenic progenitors.

EXPERIMENTAL PROCEDURES

Generation of PAX7 rtTA* GSH PSC Lines

hROSA26 gRNA/Cas9n and AAVS1 ZEN expression plasmids, as
well as pR26_CAG-rtTA and pAAVS1_TRE targeting plasmids,
were kindly provided by Dr. Mark Kotter from the University Cam-
bridge, UK (Pawlowski et al., 2017). We used Spel/EcoRI sites to
clone PAX7 (Darabi et al., 2012) into the pAAVS1_TRE targeting
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plasmid. hROSA26 gRNA/Cas9n expression plasmids and
PR26_CAG-rtTA targeting plasmid were delivered to hPSCs by nu-
cleofection (Lonza), as previously described (Pawlowski et al.,
2017). The detailed description is provided in Supplemental Exper-
imental Procedures.

hPSC Maintenance and Myogenic Differentiation

PSCs were maintained in mTeSR1 medium (STEMCELL Technolo-
gies) on Matrigel-coated plates. Myogenic differentiation was per-
formed as previously described (Selvaraj et al., 2019b). The detailed
description is provided in Supplemental Experimental Procedures.

FACS Analysis, Cell Cycle, and Sorting
A detailed description is provided in Supplemental Experimental
Procedures.

Transplantation Studies

Animal experiments were carried out according to protocols
approved by the University of Minnesota Institutional Animal
Care and Use Committee. TA muscles of 6- to 8-week-old NSG
(Jackson), and 10- to 12-week-old NSG-mdx*®¥ and NSG-C3KO
mice were pre-injured with cardiotoxin and injected with 1 million
myogenic progenitors. The detailed description is provided in Sup-
plemental Experimental Procedures.

qRT-PCR
A detailed description is provided in Supplemental Experimental
Procedures.

Immunofluorescence Staining and Western Blot
Analysis

A detailed description is provided in Supplemental Experimental
Procedures.

Southern Blot Analysis
A detailed description is provided in Supplemental Experimental
Procedures.

Statistical Analysis

Differences between the two samples were assessed by using the
Student’s t test for independent samples. p values lower than
0.05 were considered significant. Statistical analyses were per-
formed using Prism 7 software (GraphPad).

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2020.11.001.
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section from TA muscles of NSG-mdx*“ (n = 5 mice per group) and NSG-C3KO (n = 8 mice per group). Error bars represent mean = SEM. ns,
not significant.
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