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Non-viral, tumor-free induction of transient cell reprogramming in mouse skeletal muscle to
enhance tissue regeneration
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Abstract

Overexpression of Oct3/4, Klf4, Sox2 and c-Myc (OKSM) transcription factors can de-differentiate
adult cells in vivo. While sustained OKSM expression triggers tumorigenesis through uncontrolled
proliferation of toti- and pluripotent cells, transient reprogramming induces pluripotency-like
features and proliferation only temporarily, without teratomas. We sought to transiently reprogram
cells within mouse skeletal muscle with a localized injection of plasmid DNA encoding OKSM
(pOKSM) and hypothesized that the generation of proliferative intermediates would enhance tissue
regeneration after injury. Intramuscular pPOKSM administration rapidly upregulated pluripotency
(Nanog, Ecatl, Rex1) and early myogenesis genes (Pax3) in the healthy gastrocnemius of various
strains. Mononucleated cells expressing such markers appeared in clusters among myofibers,
proliferated only transiently and did not lead to dysplasia or tumorigenesis for at least 120 days.
Nanog was also upregulated in the gastrocnemius when pOKSM was administered 7 days after
surgically sectioning its medial head. Enhanced tissue regeneration after reprogramming was
manifested by the accelerated appearance of centro-nucleated myofibers and reduced fibrosis. These
results suggest that transient in vivo reprogramming could develop into a novel strategy towards the
acceleration of tissue regeneration after injury, based on the induction of transiently-proliferative,
pluripotent-like cells in situ. Further research to achieve clinically meaningful functional

regeneration is warranted.
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Introduction

Forced expression of Oct3/4, Klf4, Sox2 and cMyc transcription factors, dubbed ‘Yamanaka’
or ‘OKSM’ reprogramming factors, reverts a wide variety of differentiated cell types to
pluripotency, albeit with differing efficiencies'. Such conversion cannot only be triggered in vitro
but also within living organisms**2. In vivo cell reprogramming to pluripotency has been described
in a variety of transgenic and wild-type (WT) animal models, in spite of pro-differentiation signals
present in the tissue microenvironment, but with outcomes that vary depending on the pattern of
OKSM overexpression®3. Ubiquitous and/or sustained expression of reprogramming factors leads to
uncontrolled proliferation of toti- and pluripotent cells and widespread tumorigenesis®**. On the
contrary, transient OKSM expression generates pluripotent intermediates that proliferate only
temporarily, preventing dysplasia and teratoma formation* > 712, We proved this effect in WT
mouse liver, using a non-viral approach based on hydrodynamic tail vein (HTV) injection of
plasmid DNA (pDNA) encoding OKSM (pOKSM)® *2. In vivo reprogrammed cells, also known as
in vivo induced pluripotent stem (iPS) cells, demonstrated all main hallmarks of functional
pluripotency®*. Interestingly, other studies have shown that the frequency and duration of OKSM
overexpression can be tuned to halt cell reprogramming at a proliferative but non-pluripotent stage
that also avoids tumorigenesis® 6.

In the adult mammalian organism, muscle repair relies mainly on the self-renewal and
myogenic potential of resident stem cells, primarily satellite cells'’. The number and regenerative
capacity of such cells varies across species and dramatically decreases with age'® °, hence it can be
exhausted if the injury is severe or repeated, or occurs in elderly muscle. In such scenario, various

resident cell types differentiate into myofibroblasts that generate a fibrotic scar unable to meet the



contractile requirements of the tissue, thus impeding the complete functional rehabilitation of the
injured muscle®® 2L,

Different strategies are currently being explored to enhance muscle regeneration after severe
injuries, including surgical suturing? or administration of anti-fibrotic drugs?® 21:232° growth
factors?®, replacement cells?’2°, combinations of these3°-3? and miRNAs involved in muscle
development®3. However, none of these approaches has yet reached routine clinical practice and the
treatment and management of major muscle injuries continues to be primarily conservative3* ®. At
the same time, the skeletal muscle offers an excellent platform for the expression of foreign genes in
vivo, given the capacity of myofibers and interstitial cells to uptake naked pDNA after a simple
intramuscular (i.m.) administration®®: %

We have previously hypothesized that the generation of pluripotent or pluripotent-like cells
in vivo, that are able to transiently proliferate and eventually re-differentiate to the appropriate
phenotype within a damaged tissue, may assist its cellular repopulation boosting its capacity to
regenerate after a traumatic insult or injury®. In the present work, we aimed first to explore whether
transient, teratoma-free reprogramming could be achieved in mouse skeletal muscle via i.m.
administration of pPOKSM. We then interrogated whether cell reprogramming would enhance the

regenerative capacity of the muscle after a surgically-induced injury.

Results

Gene expression in mouse skeletal muscle after i.m. administration of reprogramming factors.
To test whether the expression of pluripotency-related genes could be induced by OKSM in mouse
skeletal muscle, we first administered BALB/c mice with 50 pg of a single pDNA cassette,

pOKSM, that encodes OKSM factors and a GFP reporter, in the gastrocnemius (GA). The



contralateral hind limb was injected with the same volume of saline solution and used as control
(Figure 1a). Changes in gene expression in the GA were investigated at different time points after
injection by real-time RT-qPCR (Figure 1b-d). 2 days after injection, Sox2 and c-Myc mRNAs
were significantly upregulated in muscles administered with pOKSM, compared to saline-injected
controls (p= 0.043 for Sox2, p=0.035 for cMyc). However, by day 4 we did not observe significant
differences between groups (Figure 1b). Oct3/4 and GFP expression was not detected in saline-
injected muscles, therefore relative expression was normalised to the values of pPOKSM-injected
muscles dissected on day 2. We observed a significant decrease in the levels of both mRNAs from
day 2 to day 4 after injection (p=0.003 for Oct3/4, p=0.042 for GFP) and none of such targets were
amplified at a later time point (day 8 after injection, Figure 1b).

Nanog, Ecatl and Rex1 are genes expressed in the pluripotent state but repressed in adult
tissues. Significant upregulation of these pluripotency markers was confirmed as early as 2 days
after pPOKSM administration (p=0.021 for Nanog, p=0.034 for Ecatl and p=0.04 for Rex1). Similar
to the trend observed in the expression of reprogramming factors, their mMRNA levels decreased
afterwards (Figure 1c). In addition, we investigated the expression of genes characteristically
expressed at different stages during myogenesis. Higher mRNA levels of Pax3 — expressed in
myogenic progenitors, but not in differentiated myofibers®® — were detected in the pPOKSM
injected group. On the contrary, MyoD1, that is expressed in more committed cells during skeletal
muscle development*® and is directly suppressed by Oct4 during myoblast-to-iPS cell
reprogramming*!, was expressed at lower levels compared to saline-injected controls (Figure 1d).
Again, these changes persisted only transiently.

To confirm that the above changes in pluripotency and myogenesis markers were indeed

triggered by OKSM and not by the injection of pDNA itself, we also administered BALB/c mice



with 50 ug pGFP. This cassette encoded a GFP reporter, but no OKSM factors (Figure S1a). As
expected, Oct3/4 mRNA was not amplified by real-time RT-gPCR and Sox2 and cMyc were
expressed at the same levels as saline-injected controls (Figure S1b). In addition, the expression of
pluripotency (Figure S1c) and myogenesis-related genes remained unaltered (Figure S1d). GFP
MRNA levels remained stable for the duration of the study (8 days, Figure Sle).

Taken together, the changes in gene expression observed in pPOKSM-injected tissues were
compatible with a transient reprogramming event, whereby forced OKSM expression could activate
an embryonic-like gene expression program, inducing the expression of pluripotency but also early

myogenesis markers, in a subset of cells within the tissue.

Identification of reprogrammed cells within muscle tissue. The analysis of MRNA from bulk
tissue did not allow to determine whether the changes in the transcripts described above occurred in
the same cells, nor to identify the specific cell subsets within the tissue that undertook
reprogramming. Besides, the rapid decline in transgene mRNA levels upon pOKSM injection
contrasted with the stable and long-term foreign gene expression that is normally observed after the
uptake of pDNA in post-mitotic myofibers*?. To clarify this, and to overcome the limitations of bulk
tissue RNA analysis, we obtained muscle tissue sections 2 and 4 days after pDNA administration
and identified transfected cells based on the expression of the GFP reporter (Figure 1e). Nanog is
considered the archetypic marker of pluripotency*® and was significantly upregulated in pOKSM-
injected muscles (Figure 1c), thus we utilized an anti-NANOG antibody to distinguish
reprogrammed cells within the skeletal muscle tissue. Interestingly, green fluorescence was found in
both myofibers (Figure S2b) and interstitial mononucleated cells located among muscle fibers

(Figure 1e), but we observed significant differences between pOKSM and pGFP-injected tissues. In



pOKSMe-injected muscles, 2 days after injection, some of such GFP™ interstitial cells were located
in large cell clusters that stained positively for NANOG (Figure 1e). However, the overall number
of GFP* cell clusters (Figure 1f) and, especially, that of NANOG*GFP* double positive cell
clusters, decreased significantly by day 4 in this group (p=0.03 and p=0.0002, respectively, Figure
1e-g). The number of GFP* cell clusters in pGFP-injected tissues did not change in such time frame
(p=0.62). This observation agrees with our mMRNA data on transgene and pluripotency marker
expression (Figure 1b-c and Figure S2e) and could be explained if transient reprogramming
induced cell division with the consequent loss of the transfected plasmid. Of note, this vector is
known to remain mainly as an episome*4,

NANOG was only found in pOKSM-injected tissues, always within clusters of GFP*
mononucleated cells among myofibers (Figure 1e). This observation further confirmed that the
upregulation of the pluripotency marker was triggered by OKSM overexpression. It is to note that
not all GFP* cells within NANOG*GFP~* clusters expressed NANOG, and that some GFP* cell
clusters in pOKSM injected tissues contained no NANOG® cells at all (Figure 1e-g). Considering
the well-known low efficiency of cell reprogramming, even under more controlled in vitro
conditions*, this result was expected. Figure S3 shows further details of representative
NANOG*GFP* cell clusters found on pOKSM-injected tissues, including orthogonal views that
confirm NANOG*GFP™ co-localisation. The expression of NANOG was cytoplasmic, instead of its
most common localization in the cell nucleus. However, such event has been previously described
by others* %6, NANOG was not detected from day 4 after i.m. injection (Figure 1e and 1f), which
supported our observations at the mRNA level and confirmed that de-differentiation to a

pluripotent-like state occurred only transiently.



The expression of a GFP gene product can trigger a mild immune cell reaction, albeit
significant differences have been found among mouse strains and depending on the route of
administration*’. We aimed to rule out the possibility that the large NANOG*GFP* cell clusters
observed in pPOKSM-injected tissues corresponded in fact to the recruitment of immune cells around
the needle tract left by the i.m. injection. First, we confirmed that no NANOG expression was
detected around the needle tract in saline-injected and pGFP-injected muscles (Figure S2c). In
addition, we found an average 8.5 = 0.7 NANOG*/GFP* cell clusters per GA and those were
distributed in proximal and distal areas from the injection site (Figure 1g). We also ruled out the
possibility that pPOKSM resulted more immunogenic than pGFP or saline injection comparing
MRNA levels of Cd11b — a leucocyte marker — among saline, pGFP and pOKSM-injected
muscles. We did not find significant differences among such groups (Figure S2d). Staining
pOKSM-injected tissues with an anti-CD11b antibody confirmed that a number of CD11b* cells
were present within NANOG*GFP” cell clusters, however CD11b and NANOG expression did not
co-localize in the same cells (Figure S2e). This may indicate that immune cells are recruited to the
sites of NANOG*GFP™ cell clusters but confirms that their identity is different from that of

reprogrammed cells.

In vivo reprogramming in Nanog-GFP and Pax3-GFP transgenic mice skeletal muscle. Sv129-
Tg(Nanog-GFP) transgenic mice, referred to as Nanog-GFP for simplicity, have the reporter GFP
sequence inserted in the Nanog locus®®. They were used to identify cells exhibiting pluripotency-
like features in the tissue, thanks to the emission of green fluorescence. pOKS and pM plasmids,
containing the OKSM reprogramming factors in two separate cassettes, were used instead of

pOKSM to avoid overlap with the GFP reporter encoded in the latter (Figure 2a). Prior to any



histological analysis, we confirmed that the expression of reprogramming factors, endogenous
pluripotency genes and myogenesis-related markers on days 2, 4 and 8 after i.m. injection was
comparable to that observed in WT mice (Figure 2b-d). As in the BALB/c strain, gene expression
changes in Nanog-GFP mice GA suggested the reprogramming of a subset of cells within the
muscle towards an embryonic-like state (Figure 2c-d).

In addition, we aimed to clarify the input of pericytes and satellite cells, since they are
present in the skeletal muscle and have myogenic potential'” . Especially, satellite cells express
Pax3 in certain muscles®. Therefore, it was of particular importance to rule out the contribution of a
hypothetical satellite cell proliferative response, which could be triggered by the injection trauma,
towards the elevated mRNA levels of such transcription factor. With that aim, we investigated the
expression of other satellite cell-specific markers (Pax7, Caveolinl, Integrin-a7, Jaggedl) and
pericyte markers (TN-AP, Pdgfif5, Rgs5). A significant reduction of their mRNA levels was found in
pOKSM-injected specimens compared to controls (Figure 2 e-f), which ruled out an injection-
induced proliferation of such cell types but rather pointed at them as potential targets of
reprogramming.

At the histological level (Figure 3), H&E staining revealed the presence of dense clusters of
mononucleated cells among the myofibers in Nanog-GFP mice administered with OKSM. The
bright green fluorescence observed 2 days after injection (Figure 3b) that confirmed the expression
of Nanog and hence the pluripotent-like identity of such cells, was not detected at later time points
(data not shown), which further confirmed the transiency of reprogramming. An average of 6.3 =
1.3 GFP* clusters were identified per GA, in agreement with the number of NANOG™ clusters
quantified in the BALB/c study (Figure 1g). In addition, GFP co-localised with the expression of

several other pluripotency and embryonic stem cell specific markers identified by IHC (NANOG,



OCT4, AP and SSEA1) (Figure 3c). The number of cell clusters positive for such markers is shown
in Figure S4 and was in a similar order. No GFP signal or immunoreactivity for any of the
pluripotency markers tested was found in saline-injected controls, excluding alkaline phosphatase
(AP), which is also expressed by pericytes (Figure S5b and d).

We also found cells staining positively for satellite cell and pericyte markers (PAX7 and
PDGFrB, respectively) within GFP* cell clusters. However, similar to what we observed when we
investigated the presence of immune cells in reprogrammed tissues, such cells did not express the
green fluorescence characteristic of reprogrammed cells (Figure S5c). This observation confirmed
that the appearance of large clusters of mononucleated cells within reprogrammed tissues was not
due to proliferation of satellite cells or pericytes, at least in the absence of a prior reprogramming
event.

We then used the CBA-Tg(Pax3-GFP) transgenic mouse strain®®, shortened as Pax3-GFP, to
confirm the upregulation of the early myogenesis marker Pax3. 2 days after the injection of pOKS
and pM, we found and average of 7 + 1.4 GFP* cell clusters per GA, similar to the number of GFP*
cell clusters observed in Nanog-GFP mouse tissues from the same treatment group (Figure 3b).
Green fluorescence did not appear in saline-injected controls (Figures S5b). In addition, the
staining of an anti-NANOG antibody in OKSM-injected tissues co-localised with the green
fluorescence signal triggered by PAX3 expression (Figure 3d). This finding confirmed that
reprogrammed cells expressing NANOG also expressed PAX3.

Overall, these data suggested that cells reprogrammed within the skeletal muscle tissue grew
in clusters among myofibers and expressed pluripotency and early myogenic progenitor markers.
While not all cells within the clusters in Nanog-GFP and Pax3-GFP specimens expressed the green

reporter, this heterogeneity may again be explained by the limited efficiency of the reprogramming

10



process. Taking also into account the transiency of the reprogramming event, we cannot rule out
that some of such cells were already re-differentiating at the time point investigated (day 2). The
occurrence of partial reprogramming events that do not reach the de-differentiation status of

NANOG*PAX3* cells may also be considered.

Short and long-term effects of in vivo reprogramming in healthy skeletal muscle. We next
focused on the outcome of OKSM-mediated reprogramming in healthy BALB/c GA with an
emphasis on signs of cell proliferation and of the potential appearance of dysplastic lesions or
teratomas. Both short and long time points after reprogramming — from day 2 to 120 after pPOKSM
injection — were studied (Figure 4a-b). We first sought to obtain more stringent evidence of cell
proliferation within the reprogrammed cell clusters, given that cell division is known as a distinct
and indispensable step in the somatic-to-pluripotent conversion®® °!, 18 h after i.m. administration of
50 pg pOKSM or saline control, BALB/c mice were i.p. injected with 5-Bromo-2’deoxyuridine
(BrdU), which can be incorporated in the DNA of proliferating cells®?. Tissues were collected 6 h
later for histological examination (Figure 4a). GA tissue sections were stained with an anti-BrdU
antibody, while the eGFP reporter in pPOKSM was used to identify the cells transfected with
reprogramming factors. We found co-localisation of the two signals in cell clusters within the GA
tissue in pPOKSM-injected mice, which were morphologically identical to those observed in our
previous studies. This finding confirmed that in vivo reprogrammed cells not only acquired an
embryonic-like gene expression profile, but also proliferated actively.

We then followed the evolution of such clusters in the reprogrammed tissues (Figure 4b).
While they were very densely populated by small mononucleated cells on day 2 after injection, from

day 4, small calibre, desmin-positive, centronucleated myofibers (characteristic features of
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regenerating, immature myofibers® %) started to predominate instead. By day 8, only few desmin-
positive, centronucleated myofibers remained, and none were noted at later time points (Figure 4c-
d). Lower magnification images of these observations are shown in Figure S6b. Very importantly,
no teratomas or any signs of tissue abnormality were observed for the duration of the study (120
days). This observation, together with the progressive disappearance of cell clusters, suggests that
the proliferative state confirmed by BrdU incorporation (Figure 4a) was only transient.

TUNEL staining indicated the presence of limited numbers of apoptotic nuclei in the GA
tissue. However, those were only found at the earliest time points after injection (day 2) and in both
conditions (saline and pOKSM injection); hence their occurrence was attributed to the mild tissue
damage caused by the injection along the needle tract (Figure S6c). The absence of significant cell
death constitutes a first indication that in vivo reprogrammed cells could successfully re-integrate
into the muscle tissue. In the absence of an appropriate lineage tracing system, we next performed
morphometric analyses to indirectly follow the fate of reprogrammed cells. The distribution of
myofiber diameter shifted to larger calibers compared to saline-injected controls (Figure 4e),
whereas the average number of myofibers per cross-sectional area remained unaltered (Figure 4f).
These data could indicate that reprogrammed cells proliferate in clusters to then fuse with existing
myofibers, enlarging their diameter, but do not form de novo fibers. If confirmed, this course of
events would recapitulate those that occur during post-natal myogenesis®. Nonetheless, ad hoc

lineage tracing studies must in the future be employed to confirm these findings.

Enhancement of regeneration in a surgically-induced model of skeletal muscle injury. The
capacity of in vivo reprogramming to enhance regeneration was interrogated in a clinically relevant

model of skeletal muscle injury. The medial head of the left GA of BALB/c mice was surgically
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sectioned in the transverse plane (as represented in Figure S7a) and pOKSM was i.m. administered
in the injured hind limb at the time of injury, 5 or 7 days later. We chose such timings so that
significant endogenous regeneration would have not yet taken place, thus to explore if in vivo
reprogramming would accelerate the process, and to look for differences in the induction of
reprogramming at different stages of muscle degeneration. Control mice bearing the same injury
were injected with 0.9% saline solution alone and the contralateral (right) leg of each mouse was
left intact (uninjured and uninjected) as internal control. The analysis of Nanog mRNA levels in the
tissue 2 days after administration of pPOKSM revealed that maximum upregulation of the
pluripotency marker was achieved when the Yamanaka factors were administered 7 days after
injury (Figure S7b). We thus selected such dose regime for further studies, whereby muscle
regeneration was investigated 9 and 14 days after injury (2 and 7 days after administration of
reprogramming factors or saline control) (Figure 5a). The uptake and expression of the
reprogramming pDNA, evidenced by Oct3/4 expression, was confirmed on day 9. mRNA levels of
the transgene were significantly higher in the lateral head of the GA compared to the directly
injured medial head (p=0.027), possibly due to the abundance of necrotic myofibers at the injury
site. Similarly, the higher mRNA levels of Nanog were detected in the lateral head of the GA
(p=0.010 compared to saline control, Figure 5b).

H&E staining confirmed the loss of normal muscle tissue architecture and its replacement by
granulation tissue with high degree of cellularity — most likely composed of interspersed
inflammatory cells, among others — in the vicinity of the injury. Signs of mineralization (deeply
basophilic deposits) and neovascularization were also observed. All such histological aberrations
were evident in both groups on day 9 after injury but diminished considerably by day 14 in

reprogrammed tissues (Figure 5¢). Laminin/DAPI staining allowed the quantification of
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centronucleated myofibers (Figure 5d). On day 9, a higher percentage of myofibers surrounding the
injured site were regenerating in the reprogrammed group (56.0 + 23.4%) — as evidenced by the
centralised position of the nucleus — compared to saline controls (33.9 £+ 12.9%), p= 0.005. In the
saline-injected group, the percentage of centronucleated myofibers continued to increase (45.6 +
14.6% on day 14), an indication that the regeneration process was still ongoing. On the contrary, the
number of regenerating fibers decreased significantly by day 14 in in vivo reprogrammed tissues
(18.2 £ 7.7% 14, p=0.0001 compared to day 9). The formation of a fibrotic scar is one of the
hallmarks of muscle remodelling after injury that prevents the functional rehabilitation of the
tissue?® 2L, We investigated whether the administration of reprogramming factors would have any
effect on the deposition of collagen after injury and found that collagen-positive areas (detected by
picrosirius red/fast green staining) on day 9 were more extensive in the tissues from saline-control
animals (p=0.029), such difference being more significant on day 14 (p=0.0001). Between these two
time points, the fibrotic area (calculated as a percentage of the total area in the cross-section) in the
vicinity of the injury increased only slightly (12.3 £ 5.1% to 15.5 + 6.5%, p=0.012) in the OKSM-
injected group. In contrast, the area of fibrotic tissue increased significantly, from 15.4 + 5.2% on
day 9 to 22.6 + 6.7% on day 14, in mice that received saline only (p=0.000, Figure 5e).

Finally, we tested whether the improvements observed at the histological level would
translate into a significant improvement in muscle function in the sectioned GA. The recovery of
muscle force was measured by in vivo myography 9 and 14 days after injury (Figure S8a). In brief,
the GA and sciatic nerve were exposed in terminally anaesthetized mice and connected to a
myograph as shown in Figure S8b, so that muscle force under twitch and tetanus contractions was
measured upon direct stimulation of the nerve. Fast-twitch was produced by a single stimulation at

optimal voltage and length, and isometric tensile strength was recorded (Figure S8c). Tetanus
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contraction was produced by a series of stimulations repeated with a frequency of 150 Hz (Figure
S8d). 7 days after i.m. administration of reprogramming pDNA (14 days after injury), treated
animals recovered a higher percentage of the force of the contralateral (intact) leg as compared to
saline-injected controls, when both fast twitch (50.4 + 12.3% for saline, 80.2 + 18.2% for OKSM
injected animals) and tetanus (49.9 + 19.2% for saline, 56.6 + 20.9% for OKSM injected animals)
contractions were investigated. However, none of such differences were statistically significant

(Figure S8e-f).

Discussion

This study demonstrates that the induction of transient cell reprogramming within the
skeletal muscle tissue — accompanied by likewise transient proliferation — accelerates
regeneration at the histological level in a model of severe muscle injury. Our laboratory was first to
report in vivo cell reprogramming to pluripotency in an adult mammalian tissue (liver) via forced
expression of OKSM factors® 12 14, Here, transient expression of the same factors in healthy adult
skeletal muscle also rapidly triggered the upregulation of pluripotency markers that are otherwise
repressed in adult tissues (Figure 1c and Figure 2c). With the data obtained here we cannot confirm
whether reprogrammed cells within the skeletal muscle reached a state of functional pluripotency,
as we found in our previous work*, hence we have referred to them as “reprogrammed” or
“pluripotent-like” cells. In fact, co-expression of PAX3, a marker of myogenic precursors, in the
same cells that expressed the pluripotency marker NANOG suggests that OKSM overexpression
could have induced a partial reprogramming event in this tissue (Figure 3d). A recent work by
Ocampo et al also described the induction of partial reprogramming when OKSM expression was

not sustained for long periods of time*®. In such study, reprogrammed cells did not activate the
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expression of pluripotency-related genes, such as Nanog, but they did proliferate. As in our study,
proliferation was only transient and no teratomas were found within reprogrammed tissues. We
have previously pointed at the duration of OKSM expression as a critical factor to avoid
tumorigenesis upon in vivo reprogramming and therefore to preserve the potential of this technology
to develop into a therapeutic strategy*®. The observations that we have made in the present study
support our previous claims® *? and Ocampo’s®® that teratoma-free in vivo cell reprogramming can
be achieved when OKSM expression is limited in time.

Intramuscular injection of pPDNA has been previously reported to result in long-term
transgene expression that can last for 2 months and reach peak levels 14 days after injection, based
on the post-mitotic status of muscle fibers*2. This contrasted with the rapid decrease in the
expression of the transfected reprogramming factors observed in our study (Figure 1b and Figure
2b), which we explain by the proliferative status of pPOKSM-transfected cells evidenced by BrdU
labelling (Figure 4a) and by the predominantly episomal state of the pDNA vectors utilised in this
stud, which can thus be lost with cell division**. BrdU incorporation was found within GFP* cell
clusters in reprogrammed tissues but not in saline-injected controls and therefore proliferation was
attributed to the reprogramming event. Indeed, active cell division is an early and mandatory step in
the differentiated-to-pluripotent conversion®!. This finding also suggested that in vivo
reprogramming could enhance the cellular repopulation of a tissue after injury, precisely by
increased cell proliferation. In addition, our histological observations of the evolution of the
reprogrammed cell clusters over time suggested that, after the proliferative phase, reprogrammed
cells re-differentiated and successfully re-integrated in the muscle tissue (Figure 4b-f and Figure
S4). This was supported by the gradual disappearance of mononucleated cell clusters, the rapid

decrease in the expression of pluripotency markers, together with the emergence of desmin-positive
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centronucleated myofibers from days 4 to 8 after injection, enlargement of myofiber diameter and
the absence of pronounced apoptosis and of dysplastic lesions or teratomas. Nonetheless, despite the
consistency among these observations, specific lineage tracing studies that allow permanent
labelling of in vivo reprogrammed cells must be pursued in the future to confirm this hypothesis and
confidently determine the fate of reprogrammed cells within the tissue. We also noted that
centralised nuclei persisted only for up to 8 days after injection, which differs from classic
regeneration where such feature is observed for longer periods of time?’.

One of the caveats in our study remains the elucidation of the specific cell types that are
reprogrammed within the skeletal muscle tissue, a limitation that affects most of the in vivo
reprogramming studies published to date, regardless of the target tissue>" ' 1°, The multinucleated
and post-mitotic status of muscle fibers would require cell fission and cell cycle re-entry to achieve
successful reprogramming towards a pluripotent-like state. While myofibers of urodele amphibians
de-differentiate and cleave into mononucleated progenitors during regeneration®, there is currently
no evidence that mammalian myofibers can undergo such processes. Recent studies attempted to
achieve mammalian myofiber de-differentiation and fission via ectopic expression of transcription
factors that mediate such processes in amphibians®-*° or via muscle injury®® ¢!, However, they also
lacked robust lineage tracing tools that could confirm the origin of the resulting mononucleated
cells. Here, we confirmed the expression of the GFP reporter encoded in pOKSM in both myofibers
and mononucleated interstitial cells, but NANOG was only co-expressed in the latter (Figure 1le and
Figure S2b). This observation suggests that OKSM expression may not be able to induce cell
reprogramming in differentiated myofibers. Myoblasts have however been successfully de-
differentiated into iPS cells in vitro via Oct4-mediated MyoD1 downregulation** 62, Interestingly,

we consistently observed a decrease in MyoD1 mRNA levels in the reprogrammed groups
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throughout our study (Figure 1d and Figure 2d). We also confirmed downregulation of markers
specific to satellite cells. In vitro, these cells have shown to be more efficiently reprogrammed than
other more committed cell types®. In addition, a report from Chiche et al that also explored the in
vivo induction of pluripotency in the mouse skeletal muscle, identified PAX7" satellite cells as the
major cell of origin of reprogrammed cells within such tissue. However, the contribution of other
cell types was not investigated®. In our study, given the probably random incorporation of pDNA in
a variety of cells and the absence of cell type-specific promoters in the cassettes, it is conceivable
that different interstitial cells were reprogrammed rather than a specific cell type, all down-
regulating their differentiated markers.

We have previously hypothesized that generation of transiently proliferative, pluripotent-like
cells in the context of an injured tissue might help its cellular repopulation and overall
regeneration®®, Indeed, there are notorious limitations in the management of major skeletal muscle
injuries, for which the clinically-established treatment continues to be conservative and the often
lack of complete recovery leads to fibrosis and loss of muscle contractility®3. In our study, the
administration of pDNA encoding Yamanaka factors 7 days after severe muscle injury not only
accelerated the recovery towards normal muscle architecture (Figure 5c) and the appearance of
centronucleated myofibers (Figure 5d), but also induced a moderate decrease of collagen deposition
compared to the control group (Figure 5e). During the peer-review process of this manuscript,
Doeser and colleagues found similar observations upon induction of transient reprogramming with
OKSM factors in cutaneous wounds. In vivo reprogramming reduced the levels of profibrotic
markers (Tgfp-1, Collagen I and Vegf) and resulted in reduced scar formation at the wound site. a-
Sma expression, associated to myofibroblast proliferation, was also significantly diminished in

comparison to control (non-reprogrammed) wounds®®. It is thus conceivable that the reduced
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fibrosis observed in Doeser’s and our own study is, at least partly, due to an OKSM-induced
decrease in post-injury fibroblast-to-myofibroblast transdifferentiation.

In our hands, the histological improvements above did not translate into significant
differences in the recovery of muscle force (Figure S8). In fact, only the administration of anti-
fibrotic drugs has demonstrated significant functional rehabilitation in mouse injury models of
comparable severity?® 23, Other strategies, including administration of adipose-derived stem cells
and surgical suturing, reported improvements at the histological level only®?, similar to us, or
utilized milder injury models?> 3L, Thus, future work is warranted to identify optimal gene transfer
vectors and dosage regimes that grant clinically-relevant, functional rehabilitation upon in vivo
reprogramming. Indeed, transfection efficiency following i.m. administration of pDNA is relatively
low and highly variable®* and, in vitro, use of naked pDNA to force OKSM overexpression has
shown lower reprogramming efficiency compared to other alternatives, especially viral vectors®®.
This agrees with our observation that not all pPOKSM-transfected cells within reprogrammed tissues
expressed NANOG (Figure le and Figure S3). Other strategies in the current literature may have
achieved higher in vivo reprogramming efficiencies but lack clinical relevance based on the use of
transgenic mouse models® ° or retroviral vectors that cause genomic integration of OKSM
transgenes, followed by sustained reprogramming and tumorigenesis®. We thus foresee that the
search of appropriate gene transfer vectors that boost the efficiency of in vivo reprogramming
without compromising the safety of the approach (i.e. preserving the transiency of reprogramming)
will be a main priority for the field.

The teratoma-free approach that we have postulated in this work may also offer advantages
to other reprogramming-based strategies. First, it bypasses the need for ex vivo manipulation and

transplantation, and their associated risks, encountered by the in vitro generation of induced
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pluripotent stem (iPS) cells. Such limitations have been exhaustively reviewed by others®® 7. The
presence of a transient proliferative stage (Figure 4a) offers a possibility for cellular expansion and
repopulation that in vivo transdifferentiation strategies described to date (i.e. direct reprogramming
between two differentiated cell types, avoiding pluripotent intermediates and active cell division)
lack®®7®. In addition, transdifferentiation strategies require the identification of specific
reprogramming factors to mediate each particular cell type conversion, while pluripotency can be
induced in a variety of starting cell types with the defined OKSM cocktail 2 7,

Abundant necrosis and neutrophil infiltration occurs rapidly (1-2 days) after muscle injury
and is followed by prominent macrophage recruitment and secretion of cytokines and damage
signals, among them I1L-6, for up to approximately the first week after injury 8. An interesting
finding in our work is that Nanog upregulation was significantly higher when pOKSM was
administered 7 days after injury, compared to earlier interventions (Figure S7b). This observation
agrees with recent findings by Mosteiro et al.** and Chiche et al.°, which demonstrated that signals
of tissue damage and senescence, among which IL-6 plays a key role, promote reprogramming by
boosting cell plasticity. Ocampo et al. also found that the efficiency or reprogramming increased in
senescent tissues™®. Thus, it is conceivable that in our study reprograming was compromised at the
very early time points after injury, given the abundance of cells becoming necrotic, but on the
contrary was favoured by the later peak of inflammation and release of IL-6 by day 7 after injury.
Regardless of the mechanism, this observation adds a further advantage to the potential use of in
Vvivo reprogramming to enhance tissue regeneration, as reprogramming appears to be favoured
within injured and/or aged tissues. Besides, the synergy between damage and reprogramming in this
time-frame circumvents the need for a rapid post-injury intervention. This is indeed a caveat of

many muscle regeneration experimental strategies, especially of cell based therapies that are
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administered at the time of injury, while the time required to achieve sufficient cell numbers for
implantation can reach several weeks?" 283132

We have proposed here a transient reprogramming strategy to generate pluripotent-like
intermediates in situ that can assist cellular repopulation of an injured tissue while circumventing
the challenges faced by cell transplantation — including cell isolation, extensive culturing and the
inherent risk of genomic aberrations, delivery and engraftment. We hypothesize that this strategy
could benefit from the presence of differentiation cues in the tissue microenvironment able to re-
differentiate the in vivo reprogrammed cells to the appropriate phenotypes. The transient character
of this approach has proved critical to avoid tumorigenesis, a burden that keeps other in vivo

reprogramming to pluripotency strategies far from the road into the clinic.

Materials and Methods

DNA plasmids (pDNA). pCX-OKS-2A (pOKS), encoding Oct3/4, KIf4, Sox2; pCX-cMyc (pM),
encoding cMyc, and pCAG-GFP (pGFP), encoding GFP, all under control of the constitutive CAG
promoter, were purchased as bacterial stabs from Addgene (USA). pLenti-llI-EF1la-mYamanaka
(pOKSM), encoding Oct3/4, KIf4, Sox2, cMyc and GFP under control of the constitutive EFla
promoter, was purchased from Applied Biological Materials (USA). Research grade plasmid

production was performed in Plasmid Factory (Germany).

Animals. All experiments were performed with prior approval from the UK Home Office under a
project license (PPL 70/7763) and in strict compliance with the Guidance on the Operation of the

Animals (Scientific Procedures) Act 1986. BALB/c mice were purchased from Harlan (UK).
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Sv129-Tg(Nanog-GFP) mice, which carry the GFP reporter inserted into the Nanog locus 3, were a
kind gift from the Wellcome Trust Centre for Stem Cell Research, University of Cambridge (UK)
and bred in heterozygosity and genotyped at the University of Manchester. CBA-Tg(Pax3-GFP), in
which GFP replaces the Pax3 coding sequence of exon 1 *°, were bred and genotyped at the
University of Manchester. All mice used in this work were female of 7 weeks of age. Mice were

allowed one week to acclimatize to the animal facilities prior to any procedure.

Intramuscular (i.m.) administration of pDNA. Mice were anesthetised with isofluorane and the
left gastrocnemius (GA) was injected with either 50 pg pOKSM, 50 pug pGFP or 50 pug pOKS and
50 pg pM in 50 pl 0.9% saline solution. The contralateral (right) leg was injected with 50 ul 0.9%
saline solution alone as internal control. Mice were culled at different time points, including 2, 4, 8,

12, 24, 50 and 120 days after i.m. injection, as specified in each particular study.

RNA isolation and real-time RT-gPCR analysis. Aurum Fatty and Fibrous Kit (Bio-rad, UK) was
used to isolate total RNA from muscle tissue. cDNA synthesis from 1 pg of RNA sample was
performed with iScript cONA synthesis kit (Bio-Rad, UK) according to manufacturer’s instructions.
2 ul of each cDNA sample were used to perform real-time RT-qPCR reactions with iQ SYBR
Green Supermix (Bio-Rad, UK). Primer sequences are shown in Supplementary Table 1.
Experimental duplicates were run on CFX-96 Real Time System (Bio-Rad, UK) with the following
protocol: 95°C for 3 min, 1 cycle; 95°C for 10 sec, 60°C for 30 sec, — repeated for 40 cycles. g-actin
was used as a housekeeping gene and gene expression levels were normalised to saline-injected
controls, unless otherwise specified, following the Livak (224" method. RT-qPCR data is
presented as median 2™*CT + propagation of the error from Ct values. ACt values were used for

statistical analysis.
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Immunohistochemistry (IHC) of BALB/c muscle tissue sections. GA were dissected 2 and 4
days after i.m. injection with pOKSM, pGFP, or saline control and immediately frozen in
isopentane, pre-cooled in liquid nitrogen. 10 um-thick sections (in the transverse plane) were
prepared on a cryostat (Leica, CM3050S) and air-dried for 1 h at room temperature (RT) prior to
storage at -80°C. Before staining, muscle sections were post-fixed with methanol, pre-cooled at -
20°C, for 10 min, air-dried for 15 min and finally washed twice with PBS for 5 min. Sections were
then incubated for 1 h in blocking buffer (5% goat serum-0.1% Triton in PBS pH 7.3) at RT,
followed by two washing steps with PBS (1 %BSA- 0.1% Triton, pH 7.3) and overnight incubation
at +4°C with primary antibodies: rabbit pAb anti-NANOG (ab80892, 1/200, Abcam, UK) and
chicken pAb anti-GFP (ab13970, 1/1000, Abcam, UK). The next day, sections were washed twice
(5 min each) with PBS and incubated (1.5 h, RT) with secondary antibodies: goat polyclonal anti-
rabbit IgG labeled with Cy3 (1/250, Jackson ImmunoResearch Laboratories.) and goat polyclonal
anti-chicken IgY labeled withAlexa-647 (1/500, ab150171, Abcam, UK). After two washes in PBS,
slides were mounted with ProLong® Gold anti-fade DAPI containing medium (Life Technologies,
UK). Whole muscle sections were imaged with a 3D Histech Pannoramic 250 Flash slide scanner.
The number of GFP* and NANOG*GFP* cell clusters and the number of GFP* muscle fibers was
counted in n=2 GA, 3 sections per muscle. Representative images were taken at 20X magnification
with Pannoramic Viewer software. Z stacks and orthogonal views (Figure S2e and Figure S3) were

obtained at 100X magnification with a Leica TCS SP5 AOBS inverted confocal microscope.

Characterisation of GFP* cell clusters in Nanog-GFP and Pax3-GFP transgenic mice. To
characterize the clusters of reprogrammed cells in Nanog-GFP and Pax3-GFP mice, GA were
administered with pOKS and pM vectors, to avoid overlapping of the GFP reporter in pPOKSM, and

sacrificed 2 and 4 days after injection. To observe the GFP signal, frozen tissue sections obtained as
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described before were simply mounted with ProLong® Gold anti-fade DAPI containing mountant
(Life Technologies, UK) after fixation and imaged with 3D Histech Pannoramic 250 Flash slide
scanner. The number of GFP™ clusters was counted from n=4 GA. Representative images (100X)
were taken with Panoramic Viewer. To investigate co-localisation of the GFP signal with the
expression of different markers, tissue sections were processed for IHC as described above. Rabbit
pAb anti-OCT4 (ab19857,3 pug/ml, Abcam, UK), rabbit pAb anti-NANOG (ab80892, 1 pg/ml,
Abcam, UK), rabbit pAb anti-AP (ab95462, 1:200, Abcam, UK), mouse mAb anti-SSEA1
(ab16285, 20 pg/ml, Abcam, UK), rabbit pAb anti-Pax7 (pab0435, 1:200, Covalab, France), and
rabbit mAb anti-PDGFrf (3169, 1:100, Cell Signalling) were used as primary antibodies. Anti-
PDGFrp was a kind gift from Prof. Cossu’s lab (University of Manchester). Goat pAb anti-rabbit
IgG labeled with Cy3 and goat pAb anti-mouse I1gG labeled with Cy5 (1/250, Jackson
ImmunoResearch Laboratories) were used as secondary antibodies. Images were taken at 100X

magnification with a Leica TCS SP5 AOBS inverted confocal microscope.

Histological evaluation of muscle tissue. BALB/c GA were dissected on days 2, 4, 8, 15, 50 and
120 after i.m. injection with pOKSM or saline control, frozen and sectioned as previously described.
H&E staining was performed following a standard protocol. Tissue sections were imaged with a 3D
Histech Pannoramic 250 Flash slide scanner and representative images at 40X and 100X
magnification were taken with Pannoramic Viewer software. The minimum myofiber diameter and
number of myofibers/cross-sectional area were analysed from 5 sections per muscle (n=3 GA per

condition and time point), with ImageJ 1.48 software.

Desmin/laminin/DAPI staining. 10 um-thick cryosections were stained following the IHC protocol
previously described, using rabbit pAb anti-laminin (ab11575, 1:200, Abcam, UK) and mouse mAb

anti-desmin (ab6322, 1:200, Abcam, UK) as primary antibodies. Goat pAb anti-rabbit IgG labeled
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with Cy3 (1/250, Jackson ImmunoResearch Laboratories) and goat pAb anti-mouse 1gG labeled
with Cy5 (1/250, Jackson ImmunoResearch Laboratories) were used as secondary antibodies. 40X

images were obtained with a Zeiss Axio Observer epi-Fluorescence microscope.

BrdU labelling and detection of proliferating cells. BrdU assay was used to label proliferating
cells in vivo, as previously described ’°. BALB/c mice were intraperitoneally (i.p.) administered
with 500mg/kg of 5-Bromo-2’-deoxyuridine (BrdU, B5002, Sigma, UK) in 0.9% saline 18 h after
i.m. injection with pOKSM or saline control. 6 h later, GA were dissected and processed for IHC as
described above. Treatment with 2 N HCI (10 min at 37°C) after fixation was performed to denature
the DNA. Mouse mAb anti-BrdU (B8434, 1:100, Sigma, UK) and goat pAb anti-mouse IgG labeled
with Cy5 (1/250, Jackson ImmunoResearch Laboratories) were used.100X images were captured

with a Leica TCS SP5 AOBS inverted confocal microscope.

Surgically-induced skeletal muscle injury model and in vivo reprogramming to pluripotency.
BALB/c mice were anesthetised with isoflurane and the left hind limb was shaved and prepared for
surgery. 0.05 mg/kg buprenorphine was subcutaneously (s.c.) administered at the start of the
intervention. A vertical skin incision (6 mm long) was made overlying the posterior compartment of
the calf with a scalpel number 11 and the fascia was exposed and incised with fine scissors at the
level of mid-gastrocnemius to release the muscle belly. The medial head of the GA was blunt
dissected (i.e. carefully separated from the lateral head and remaining fascia without cutting or
damaging the tissue) and sectioned at its mid-point with a single incision, performed with a scalpel
number 11, in the transverse plane. The medial head was sectioned in its full width and depth, as
described in Figure S7a. The sural nerve and lateral head of the GA were preserved. The skin was
sutured with 5 interrupted stitches (Vicryl 6-0 absorbable suture, Ethicon, UK) and mice were

allowed to recover in a warm chamber. The contralateral (right) leg was left intact for internal
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control. 7 days after surgery 100 pg pPOKSM in 40 pl 0.9% saline or 40 pl 0.9% saline alone were
i.m. administered in the injured (left) leg. The contralateral (right) leg was left uninjected. Mice

were sacrificed at days 9 and 14 after injury (2 and 7 days after pPOKSM or saline administration)
for histological and electromechanical investigations (n=4). A group of animals was also culled at

day 9 (day 2 after i.m. injection) for gene expression analysis.

Laminin/DAPI staining and analysis of % of centronucleated myofibers. 10 um-thick
cryosections were obtained 9 and 14 days after surgical transection and IHC stained following the
protocol previously described using rabbit pAb anti-laminin (ab11575, 1:200, Abcam, UK) and goat
pAb anti-rabbit 1gG labeled with Cy3 (1/250, Jackson ImmunoResearch Laboratories) antibodies.
Whole muscle sections were imaged with 3D Histech Pannoramic 250 Flash slide scanner and 63X
captures of random fields were collected with Pannoramic Viewer Software. The number of
centronucleated myofibers and total number of fibers per cross-sectional area were quantified using
ImageJ 1.48 software from 3 randomly selected fields per section. The data for each mouse were
calculated from 2 sections (one from each half of the transected GA, close to the site of injury) and
we observed 4 mice in each group. Measurements and calculations were conducted in a blinded

manner.

Picrosirius red-fast green staining and analysis of fibrotic area. GA were dissected 9 and 14
days after injury and fixed in 10% buffered formalin solution (Sigma, UK). Tissues were embedded
in paraffin wax and 5 um thick sagittal and transverse sections obtained with a microtome (Leica
RM2255) were left to dry overnight at 37°C prior to the staining procedure. Tissue sections were
de-paraffinized following a standard protocol and stained for 1 h in picrosirius red/fast green
staining solution (0.1% Sirius red, 0.1% fast green in a saturated aqueous solution of picric acid).

Tissue sections were then quickly immersed in 0.5% acetic acid for 6 s, dehydrated in 100% ethanol
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and xylene to be finally mounted with DPX (Sigma, UK). Sections were imaged on a 3D Histech
Pannoramic 250 Flash slide scanner and 40X images were obtained with Pannoramic Viewer
Software. The percentage of collagen-positive areas was quantified with ImageJ 1.48 software in 5
randomly selected fields per section. The data for each mouse were calculated from 2 sections (one
from each half of the transected GA, close to the site of injury) and 4 mice were included per group.

Measurements and calculations were conducted in a blinded manner.

Sample size calculations. Sample size for gene expression studies was determined based on
differences in Nanog expression in prelimary studies, given its hallmark role in cell reprogramming.
We calculated sample size taking into account the means and standard deviations of Nanog ACt for
control and OKSM-treated mice, power = 80% and Type | error =0.05, and considering a one-way
ANOVA comparison between the means. We also utilised the results observed in a previous work
from our group®, which explored the in vivo induction of pluripotency in mouse liver via the same
episomal plasmid system, to inform the design and sample size determination of the studies in this

work.

Statistical analysis. N numbers were specified for each particular study. Statistical analysis was
performed first by Levene’s test to assess homogeneity of variance. When no significant differences
were found in the variances of the different groups, statistical analysis was followed by one-way
ANOVA and Tukey's post-hoc test. When variances were unequal, the analysis was followed with
Welch ANOVA and Games-Howell’s post-hoc test. Probability values <0.05 were regarded as

significant. SPSS software version 20.0 was used to perform this analysis.
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Figure Captions

Figure 1. Changes is gene and protein expression after i.m. administration of reprogramming
pDNA in mouse GA. (a) BALB/c mice were i.m. injected in the GA with 50 ug pPOKSM or pGFP
in 50 pl 0.9% saline, or with 50 pl saline alone. GA were dissected 2, 4 and 8 days after injection
with pOKSM or saline and real-time RT-qPCR was performed to determine changes in gene
expression of (b) reprogramming factors and GFP transgene encoded in pOKSM, (¢) endogenous
pluripotency markers and (d) genes involved in myogenesis. Gene expression levels were
normalised to day 2 for Oct3/4 and GFP mRNA. **p<0.01 and *p<0.05 indicate statistically
significant differences between day 2 and day 4 p.i., assessed by one-way ANOVA, n.a. indicates no
amplification of the target. Expression levels of other transcripts were normalised to saline-injected
controls and *p<0.05 indicates statistically significant differences in gene expression between
pOKSM and saline-injected groups, assessed by one-way ANOVA or Welch ANOVA. Data are
presented as 2"-AACt + propagated error, n=3. (e) 10 pm-thick GA sections obtained 2 or 4 days
after saline, pPOKSM or pGFP injection were stained with anti-NANOG and anti-GFP antibodies.

Images were taken with a slide scanner at 20X magnification, scale bars represent S0um. (f)
Number of GFP" cell clusters per GA. *p<0.05 and **p<0.01 indicate statistically significant

differences in the number of GFP" clusters compared to saline-injected controls and “p<0.05
indicates statistically significant differences between 2 and 4 days after pOKSM injection, assessed

by one-way ANOVA and Tukey test, (n=2 GA, 3 (whole) sections/muscle). (g) Number of
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NANOG'/GFP" cell clusters per GA. ***p<0.001 indicates statistically significant differences in

the number of NANOG'/GFP" clusters between pOKSM injected muscles (2 days p.i.) and the rest

of the groups, assessed by one-way ANOVA and Tukey’s test, (n=2 GA, 3 whole sections/muscle).

Figure 2. Changes in gene expression after i.m. administration of reprogramming pDNA in
Nanog-GFP mice. (a) Nanog-GFP transgenics were i.m. administered 50 ug pOKS and 50 pg pM
in 50 pl 0.9% saline, or 50 pl saline alone, in the GA. 2, 4 and 8 days p.i. GA tissues were dissected,
and real-time RT-qPCR was performed to determine the relative gene expression of (b)
reprogramming factors, (¢) endogenous pluripotency markers, (d) genes involved in myogenesis, (€)
satellite cell markers and (f) pericyte markers. Relative expression was normalised to day 2 values
(Oct3/4 and GFP mRNAs) or to saline-injected controls (other genes). *p<0.05 and **p<0.01
indicate statistically significant differences in gene expression between pDNA and saline-injected
groups, assessed by one-way ANOVA or Welch ANOVA. Data are presented as 2"-AACt +

propagated error, n=4.

Figure 3. Characterisation of in vivo reprogrammed cell clusters in the GA of Nanog-GFP and
Pax3-GFP mice. (a) Nanog-GFP and Pax3-GFP transgenics were administered 50 pg pOKS and 50
pg pM in 50 pl 0.9% saline in the GA, dissected 2 days p.i. for histological analysis. (b) Clusters of
reprogrammed cells were identified by H&E and the green fluorescence resulting from either Nanog
or Pax3 upregulation (100X, scale bars represent 50 um). Bright field and fluorescence images
show the same region within the tissue. *p<0.05 and ***p<0.001 indicate statistically significant
differences in the number of GFP" clusters found in reprogrammed tissues, compared to saline-

injected controls, assessed by one-way ANOVA, n=4 (Nanog-GFP mice) and n=2 (PAX3-GFP
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mice). (¢) IHC for the expression of pluripotency markers in Nanog-GFP GA administered with
reprogramming pDNA, (100X, scale bars represent 50 um). (d) IHC for NANOG expression in

Pax3-GFP GA administered with reprogramming pDNA, (100X, scale bars represent 50 um).

*p<0.05 indicates statistically significant differences in the number of NANOG /PAX3" clusters
found in reprogrammed tissues, compared to saline-injected controls, one-way ANOVA, n=2, 5

whole sections/muscle.

Figure 4. The effect of in vivo reprogramming towards pluripotency on healthy skeletal
muscle. (a) BALB/c mice were administered 50 pg pOKSM in 50 pl 0.9% saline or 50 pl saline
alone in the GA. 18 h later, BALB/c mice were administered 500mg/kg BrdU, i.p. GA were
dissected 24 h after pDNA injection. 10 um-thick tissue sections were stained with anti-BrdU
antibody. Green fluorescence corresponds to the GFP reporter encoded in the pDNA. Images were
captured with a confocal microscope (100X). Scale bar represents 50 um. (b) BALB/c mice were
administered 50 pg pOKSM in 50 pl 0.9% saline or 50 pl saline alone in the GA. Muscles were
dissected 2, 4, 8, 12, 50 and 120 days p.i., sectioned and stained with (¢) H&E (100X, scale bar
represents 50 um) and (d) anti-desmin and anti-laminin antibodies (40X, scale bar represents 50
um). (e) Fiber size distribution. *p<0.05 indicates statistically significant differences in the
frequency of 70 um fibers between pOKSM and saline-injected groups, analysed by one-way
ANOVA, n=3, data are presented as mean = SD. (f) Number of myofibers per cross section. No
statistically significant differences were found between pOKSM and saline-injected animals,

analysed by one-way ANOVA, n=3, data are presented as mean + SD.
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Figure 5. The effect of in vivo reprogramming towards pluripotency after laceration of the
medial head of the GA. (a) The medial head of the GA of BALB/c mice was surgically transected
and 100 pg pOKSM in 40 pl 0.9% saline, or 40 pl saline alone, were i.m. administered 7 days after
surgery. GA muscles were dissected 9 and 14 days after injury. (b) Oct3/4 and Nanog gene
expression was normalised to saline-injected controls. *p<0.05 indicates statistically significant
differences between Oct3/4 expression in the medial and lateral heads of the GA of pDNA injected
mice and in the Nanog expression between the lateral head of the GA of pDNA and saline-injected
animals, assessed by one-way ANOVA and Tukey’s test, n=4. (¢) H&E staining (40X, scale bar
represents 100pum). Orange arrowheads point at sites of likely neovascularization. Green arrowheads
point at areas of likely mineralization. Black dash-lines delineated areas of randomly organized
regenerating myofibers. (d) Laminin/DAPI staining (63X, scale bar represents 50 pm) and
quantification of % centronucleated myofibers. **p<0.01 and ***p<0.001 indicate statistically
significant differences between pDNA and saline-injected groups and different time points, assessed
by Welch ANOVA and Games Howell’s test, (n=4 GA per group, 2 sections per muscle, 3 random
fields per section). All data are presented as mean = SD and numerical values are provided in Table
S2. (e) Picrosirius red — fast green staining (40X, scale bar represents 100 pm) and measurement of
areas with collagen deposition. *p<0.05 and ***p<0.001 indicate statistically significant differences
between pDNA and saline-injected groups and different time points, assessed by one-way ANOVA
and Tukey’s test (n=4 GA per group, 2 sections per muscle, 5 random fields per section). All data

are presented as mean + SD and numerical values are provided in Table S3.
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Figure 3
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Figure 4
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Figure 5
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