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between muscle repair and reprogramming.

generation strategies.
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(Background: Non-viral generation of induced pluripotent stem cells (iPSCs) in vitro is generally of low efficiency.
Results: [n vivo expression of non-integrated transgenes Oct4, Sox2, and Klf4 efficiently reprograms muscle cells.
Conclusion: Reprogrammed, undifferentiated cells can be reliably and rapidly produced using naked DNA, exploiting synergy

Significance: In vivo approach throws light on the molecular networks underlying reprogramming, suggesting alternate iPSC
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Adult mammalian cells can be reprogrammed into induced
pluripotent stem cells (iPSCs) by a limited combination of tran-
scription factors. To date, most current iPSC generation proto-
cols rely on viral vector usage in vitro, using cells removed from
their physiological context. Such protocols are hindered by low
derivation efficiency and risks associated with genome modifi-
cations of reprogrammed cells. Here, we reprogrammed cells in
an in vivo context using non-viral somatic transgenesis in Xeno-
pus tadpole tail muscle, a setting that provides long term expres-
sion of non-integrated transgenes in vivo. Expression of mouse
mOct4, mSox2, and mKIf4 (OSK) led rapidly and reliably to for-
mation of proliferating cell clusters. These clusters displayed
the principal hallmarks of pluripotency: alkaline phosphatase
activity, up-regulation of key epigenetic and chromatin remod-
eling markers, and reexpression of endogenous pluripotent
markers. Furthermore, these clusters were capable of differen-
tiating into derivatives of the three germ layers in vitro and into
neurons and muscle fibers in vivo. As in situ reprogramming
occurs along with muscle tissue repair, the data provide a link
between these two processes and suggest that they act synergis-
tically. Notably, every OSK injection resulted in cluster forma-
tion. We conclude that reprogramming is achievable in an ana-
mniote model and propose that in vivo approaches could
provide rapid and efficient alternative for non-viral iPSC pro-
duction. The work opens new perspectives in basic stem cell
research and in the longer term prospect of regenerative medi-
cine protocols development.
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The ability to reprogram differentiated cells into induced
pluripotent stem cells (iPSCs)® via ectopic expression of the
four transcription factors Oct4, Sox2, c-Myc, and Klf4 has rev-
olutionized the concepts of pluripotency (1). Following this
groundbreaking discovery, iPSCs have been generated in a
number of mammalian species, from a wide range of different
cell types with efficiencies depending on the differentiation sta-
tus of the somatic cell source used (2, 3). To date, reprogram-
ming to iPSC mainly relies on the use of retroviral delivery
methods and is a gradual process occurring over 1-2 weeks in
vitro (1, 4 - 6). However, the use of integrative viral vectors and
c-Myc as a reprogramming factor is frequently associated with
tumor formation in iPSC-derived chimeric mice (7). Attempts
to overcome this problem, by elimination of c-Myc (8, 9) or by
replacement of retroviruses with non-integrative vectors,
including plasmids (2, 10-12), led to lower reprogramming
efficiencies (12, 13).

Reversing terminally differentiated cells to pluripotency
through reprogramming is not a new notion. It was first intro-
duced in amphibians half a century ago when Sir J. Gurdon and
his colleagues successfully cloned tadpoles from differentiated
Xenopus cell nuclei transplanted into the cytoplasm of unfertil-
ized eggs (14). Following this pioneering demonstration,
nuclear reprogramming by somatic nuclear transfer has been
achieved in many mammalian species (12, 15). More recently,
reprogramming of mammalian nuclei to a pluripotent-like sta-
tus by Xenopus oocyte cytoplasm demonstrated that the Xeno-
pus oocyte can override the stability of mammalian cell differ-
entiation (16). Nevertheless, whereas all vertebrates share
pluripotency, most data on reprogramming comes from mam-
malian systems, mainly human and mouse. Moreover, the in
vitro protocols used for iPSC generation do not take into
account contexts that might impact on the reprogramming
process and its efficiency at higher order levels (e.g. tissue,
organ, system). Therefore, reprogramming approaches to gen-

© The abbreviations used are: iPSC, induced pluripotent stem cell; AP, alkaline
phosphatase; dpi, days post-injection; OSK, mOct4, mSox2, and mKIf4;
PFA, paraformaldehyde.
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erate iPSCs in vivo, which remain poorly investigated, would
allow to explore the influence of the native environment of the
cells to be reprogrammed.

We exploited the experimental advantages of the Xenopus
model to explore the ability to reprogram Xenopus differenti-
ated cells in vivo. We used in vivo non-viral somatic transgen-
esis that allows long lasting gene expression in live tadpoles (17,
18). We showed that combined transfection of mouse mQOct4,
mSox2, and mKIf4 (OSK) into Xenopus tadpole tail muscle led
to proliferative cell clusters formation. Cells in these clusters
expressed typical hallmarks of pluripotency, such as reactiva-
tion of endogenous pluripotent markers, and showed the
capacity to differentiate into derivatives of all three germ layers.
In vivo reprogramming occurred in every tadpole transfected,
probably being facilitated by simultaneous muscle repair. We
conclude that reprogramming can be efficiently obtained by
non-viral methods in vivo and that Xenopus reprogrammed
cells share properties with mammalian iPSCs.

EXPERIMENTAL PROCEDURES

Animals—Xenopus laevis tadpoles were raised as described
(18) and staged according to Nieuwkoop and Faber (19). Sacri-
fices and animal studies were conducted according to the prin-
ciples and procedures described in Guidelines for Care and Use
of Experimental Animals.

Plasmid Injections—Somatic gene transfer was carried out
as described previously using perchlorated tadpoles at stage
NF55 (18). In brief, 1 ul of different plasmid mixes was injected
intramuscularly at the concentrations indicated in the text.
DNA constructs used were: peGFP-C1 (CMV-GFP) and
pDsRed2-N1 (CMV-RFP) (Clontech); pGL3 (CMV-LUC)
(Invitrogen); CMV-mOct4 and CMV-mSox2; SV40-LUC.
Mouse Kif4 ¢cDNA was PCR-amplified and cloned in the
pCMV-3XFLAG plasmid (Sigma), giving CMV-mKIf4. Plas-
mids were purified using the QiaFilter kit (Qiagen). pCMV-
3XFLAG was used as an empty vector to equalize the DNA
amount for each injection.

Immunohistochemistry—In toto GFP reporter expression
was monitored on living tadpoles before further analyses.
Before being processed for immunohistochemical analyses, cell
cultures were PFA-fixed (4% in PBS for 10 min at 4 °C), and
injected tail muscles were dissected, PFA-fixed (4% in PBS for
3 h at 4°C), and sectioned using a cryostat (14 wm). Immuno-
detection was carried out as described previously (20) on
sections or fixed cell cultures, using the following primary
antibodies: rabbit anti-phosphohistone H3 (1:300; Upstate Bio-
technology), rabbit anti-active caspase 3 (1:250; BD Biosciences
Pharmigen), rabbit anti-B-tubulin III (1:300; Sigma), mouse
anti-MZ15 (1:500; DSHB), mouse anti-NCAM (1:300; DSHB),
rabbit anti-mKIf4 (1:150; Santa Cruz Biotechnology), rabbit
anti-mOct4 (1:400; Abcam), mouse anti-HA (1:100; Sigma),
mouse anti-Pax7 (1:300; DSHB), rabbit anti-GFP (1:300; Invit-
rogen), and the appropriate secondary fluorescent antibodies
(1:1500). 5-Bromo-2'-deoxyuridine (BrdU) labeling was carried
out using BrdU Labeling and Detection kit I (Roche Applied
Science) following intraperitoneal injection of 2 ul of BrdU (1
mg/ml) in NF55 perchlorated tadpoles every 2 days after trans-
fection. Alkaline phosphatase activity was revealed using the
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AMO0100-1KT kit (Sigma). All sections were DAPI (4',6-di-
amidino-2-phenylindole)-counterstained and mounted in
Moviol (Calbiochem) before observation under light and fluo-
rescent microscopy.

Cell Culture—Cell cultures were derived from tadpole mus-
clesat7 or 12 days after transfection according to the previously
reported protocol (21). Cells were cultured at 20 °C in 70% Lei-
bovitz L-15 medium (Invitrogen) with 5X serum replacement
(Sigma) supplemented with antibiotic (Invitrogen). Treatments
(3 or 5 days) were carried out with retinoic acid (1 um), recom-
binant mouse FGF-8b (50 ng/ml), recombinant mouse Nog-
gin/Fc chimera (50 ng/ml), recombinant human/mouse/rat
activin A (5, 50, or 100 ng/ml). All molecules were from R&D
Systems, except retinoic acid (Sigma). Cultured cells were fixed
with 4% PFA in PBS for 30 min at 4 °C, rinsed in PBS, and
immunostained with corresponding antibodies, as described
above.

Real-time Quantitative PCR Analyses—For each point mon-
itored, RNA extractions were performed on three pooled mus-
cle samples or trypsinized cell cultures. The protocol, primers,
graphical representations, and statistical analyses are detailed
in supplemental Experimental Procedures and supplemental
Table S1.

Beads Transplanted in Muscle—Heparin-acrylic beads
(Sigma) were incubated for 2.5 h at room temperature with
FGF-8 (10 ug/ml), Noggin (10 ug/ml), or BSA 0.1% (Sigma),
then washed in PBS. For each factor, one bead was implanted
subcutaneously at 12 days post-injection (dpi) in each trans-
fected myomere (see Fig. 1). After 5 days, muscles were fixed
with 4% PFA in PBS for 3h at 4 °C, rinsed in PBS, then sectioned
and immunostained with anti-B-tubulin III (1:300).

Xenopus Transgenic Lines—Transgenic animals were ob-
tained according to the modified Kroll and Amaya protocol
(22). In the pNanog-GFP transgenic line, GFP reporter expres-
sion is placed under the control of the promoter sequence
[—332/+50] of the mouse pluripotency gene mNanog (23). In
the pCar-GFP transgenic line, GFP reporter expression is
placed under the control of the actin cardiac promoter, leading
to a specific GFP expression in cardiac and skeletal muscle (24).

Graft Transplant—OSK injection was performed in perchlo-
rated NF55-staged pCar-GFP transgenic tadpoles. At 10 dpi,
injected muscles were dissected and placed in cold filtered PBS
(pH 7.5). The muscle region containing clusters were dissected
into 0.4 mm?-faced cubes and placed in cold L-15 medium, with
1X serum replacement supplemented with antibiotic. Cubes
were transplanted intramuscularly into perchlorated WT tad-
poles at the same developmental stage (NF55). Two months
later, tail muscles were fixed with 4% PFA in PBS for 3hat 4 °C,
rinsed in PBS, then cryosectioned (120 wm), and floating sec-
tions were immunostained with rabbit anti-GFP (1:300) and
mounted in Moviol before observation under fluorescent
microscopy.

RESULTS

Clusters of Small Cells Appear in Tadpole Tail Muscle follow-
ing Somatic Injection of Mouse OSK Factors—Non-integrative,
non-viral, and non-replicative expression vectors encoding
mouse OSK and/or GFP, all under the transcriptional control of
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FIGURE 1. Expression of mouse OSK factors in tadpole muscle leads to GFP loss and cell mass appearance. A, somatic transgenesis in tadpole tail muscle
of a GFP-reporter construct == mouse OSK (200 ng/ul per plasmid). GFP expression was monitored at 3, 7, 14, and 21 dpi, increasing in controls (upper panels)
but decreasing at 7 dpi in OSK-injected muscles (lower panels; arrowheads indicate the same myomeric units). Experiments were performed =5 times (n >10
for each time point), providing similar results. B, 200-um-thick slice from OSK muscle at 11 dpi revealing a large, dense cell mass. C, residual GFP-positive fiber

(*) near the mass (arrowhead). Scale bars, 500 pm.

the CMV promoter, were injected in Xenopus pre-metamor-
phic tadpole tail muscles at various doses (see “Experimental
Procedures,” Fig. 14, and supplemental Fig. S1 for optimization
experiments). This “naked” DNA-based gene delivery method
is known to specifically transfect muscle fibers without integra-
tion (25) and, in that way, is used for human vaccination (26).
The conditions used in somatic injection experiments yielded
an average of 25 transfected muscle fibers per injected tadpole
as estimated by GFP expression (data not shown). Three dpi,
GFP was detectable only in differentiated muscle fibers of both
OSK-injected and control animals. However, the GFP-express-
ing fibers were rapidly lost in OSK-transfected muscles con-
comitantly with the appearance of large, dense cell clusters (Fig.
1,Band C).

Clusters occurred at all tested plasmid concentrations (100,
200, and 400 ng/ ul; Fig. 2, A—-C and E-G), many filling the space
previously occupied by a lost GFP-expressing fiber (supple-
mental Fig. 2, A—C). OSK-injected tadpoles frequently showed
several clusters in the transfected area (Fig. 2, A-C and clearly
seen in supplemental Fig. S2A4). Furthermore, nuclei in the area
surrounding the site of OSK injection were disorganized, con-
trasting with the regular nuclear distribution of GFP-injected
control muscles (compare Fig. 2D and supplemental Fig. S2D).
This disorganized nuclear distribution also clearly differed
from that of apoptotic muscle fibers (supplemental Fig. S2, E
and F), frequently seen following somatic transfection in mus-
cle (18). Nuclei morphology also differed, with large nuclei
present in intact fibers (Fig. 2H) and 2—3 times smaller nuclei in
clusters (Fig. 21). Using 200 ng/ul plasmid-injected concentra-
tion, the clusters were observed in 30% of OSK-transfected tad-
poles at 3 dpi and in 100% at 7 dpi (Fig. 2/); at 21 dpi, smaller
clusters were still observable in 20% of injected animals. Clus-
ters never formed in control GFP-injected tadpoles (Fig. 2, D
and J). Notably, cell clusters were also observed in muscles
injected with individual transcription factors (O, S, or K alone);
however, clusters were fewer than with OSK injection (supple-
mental Fig. S3). As 200 ng/ul OSK injection gave optimal clus-
ter formation (Fig. 2J), this plasmid concentration was used in
all following experiments.

Expression of the Three Mouse Factors OSK Decreases Over
Time—Given that mouse transcription factors were used, their
expression can be followed unambiguously, unhampered by
putative endogenous expression of the Xenopus homologues.
Expression of exogenous reprogramming factors in OSK-trans-
fected tadpoles was high at 3 and 7 dpi, then decreased strongly
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FIGURE 2. Cell cluster formation is dose- and time-dependent. A-D, nuclei,
observed by DAPI-staining, are grouped in OSK clusters at 7 dpi (A, 100 ng/pul;
B, 200 ng/ul; C, 400 ng/ul for each plasmid), whereas muscle fibers show
normal peripheral nuclear organization in GFP-controls (D). E-G, representa-
tive clusters surround neighboring muscle fibers at 7, 14, and 21 dpi for the
200 ng/ul condition. H and /, magnifications show large nuclei in control
fibers (H), whereas nuclei in OSK clusters are smaller (/). J, kinetics of cluster
occurrence for GFP-controls and OSK-injected muscles shown at the 3 con-
centrations. For each point, independent 4 = n =< 9 samples were pooled and
the percentage of cluster-containing muscles calculated. Scale bars, 100 wm
(A-G), 20 um (H-).

between 7 and 14 dpi, and was virtually undetectable by 21 dpi
(supplemental Fig. S4A4). Immunodetection revealed that, in
OSK-transfected tadpoles, mouse proteins were detected in
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FIGURE 3. Cell clusters are prollferatlve and express endogenous pluripotency markers. Using PH3-antibody (A and B) and BrdU labeling (C" and D’), cell
proliferation was compared at 14 dpi between GFP (A) or RFP (Cand C’) controls and OSK-injected muscles (B, D, and D’). PH3-positive cells (B) and strong BrdU
labeling (D) occurred in OSK clusters, but not in controls (A and C’). Note that BrdU labeling shows similar proliferative status of epidermis (Ep) in both
conditions. Apoptosis was followed using active caspase 3 antibody in OSK-transfected muscles at 14 dpi (E and F) and 21 dpi (G), showing an increase of
apoptotic cells in clusters. AP activity was strong in OSK-injected muscles at 14 dpi and co-localized with DAPI-positive clusters (/ and /', arrows), whereas
GFP-controls (G and G’) showed no AP labeling except in blood vessels (bv). Each labeling was performed =3 times. Scale bars, 100 um (A-E and H-I"); 50 um
(Fand G). J, expression of xtert, brg1, and gadd45a (epigenetic and chromatin-remodeling markers) and nr5a2, xoct91, gdf3, xsox3, xsox2, and xventx2 (pluripo-
tency factors)at 3,7, 14,and 21 dpi in GFP-controls (green boxes) and OSK-transfected muscles (red boxes), using real-time quantitative PCR. For each gene, basal
levels in non-injected muscles are indicated (WT, black boxes) and absence of transcript noted as ®. Samples were from independent experiments, with three
muscles pooled per sample (4 = n = 8 samples per group). MRNA levels were expressed as relative to WT except when expression was not detected, then
mMRNA levels were expressed as relative to the first value observed for OSK. Boxes represent minimum and maximum values around the median. Non-
parametric Mann-Whitney U test was used to assess statistical differences versus WT, except when indicated by black bars: **,p < 0.01; *, p < 0.05. K, schematic
representation of the protocol used in reprogramming experiment performed with the pNanog-GFP transgenic tadpoles. L and M, GFP immunolabeling of a
pNanog-GFP transgenic Xenopus tadpole injected with OSK shows a strong and specific GFP expression in clusters (c/) at 7 dpi, whereas muscle fibers (m and
*) are GFP-negative. Scale bars, 100 um (K-L).

nuclei of GFP-positive fibers at 7 dpi, but not in cluster cells
nuclei (supplemental Fig. S4, B—F). Furthermore, all mOct4-
positive nuclei were Pax7-negative, implying that satellite cells
are not transfected following OSK injection (supplemental Fig.
S4G).
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Cell Clusters Are Proliferative and Reexpress Pluripotent
Marker Alkaline Phosphatase—The proliferative status of clus-
ters was analyzed using the mitotic marker PH3 and BrdU
labeling. At 14 dpi, clusters contained numerous PH3-positive
cells (Fig. 3B) whereas no PH3 signal was seen in GFP-controls
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(Fig. 3A) or in non-injected tadpole muscle (data not shown).
BrdU labeling showed high numbers of labeled cells in clusters
at 14 dpi (Fig. 3, D and D’), confirming their proliferative
nature. In GFP-controls, only rare BrdU-positive cells were
detected in the injected area (Fig. 3, C and C’). As expected,
epidermal BrdU incorporation was similar in OSK and GFP-
control tadpoles (Fig. 3, C’' and D’). Clusters proliferated up to
14 dpi. At 21 dpi, when cluster size decreased, PH3 labeling was
lost concomitantly with an increase of caspase 3-positive cells,
suggesting that apoptosis might be involved in cluster reduc-
tion (Fig. 3, E-G).

Alkaline phosphatase (AP) activity, routinely used as a pluri-
potency marker for embryonic stem cells (ESCs) and iPSCs
(27), was strongly detected in OSK clusters (Fig. 3, /and I'). No
AP activity was observed in GFP-controls (Fig. 3, H and H’),
except in blood vessels, which are known to be AP-positive (28).
AP expression suggests a return to an undifferentiated state. To
assess further this possibility, reactivation of a pluripotency
program in OSK-injected muscles was evaluated using different
markers.

Xenopus Pluripotency Genes Are Reactivated in OSK-injected
Tadpoles—Following injection, myogenic markers were simi-
larly reactivated in GFP-controls and OSK-injected muscles
(supplemental Fig. S5); however, significant differences were
observed for endogenous homologues of mammalian markers
of pluripotency (Fig. 3/). Notably, OSK-injected muscle showed
specific activation of xoct91, the functional homologue of mam-
malian Oct4 (29), of nr5a2, a regulator of Oct4 expression in
pluripotency (30), and of gdf3, a TGF-B family member
involved in regulation of the pluripotent state (31) and in iPSCs
reprogramming (32, 33). As for woct91, gdf3 expression was
specific to OSK-injected muscles and maintained for 3 weeks.
Expression of xsox2 and xsox3, two genes related to mammalian
Sox2 (34), was significantly down-regulated in GFP-controls
and up-regulated in OSK-injected tadpoles as the repro-
gramming process progressed. We also examined reactiva-
tion of xventx2, previously described as expressed in multi-
potent stem cells in Xenopus (35) and proposed to share a
functional relationship with Nanog (36).” As for xoct91,
xventx2 was precociously activated in OSK samples. xventx2
expression was totally down-regulated at 14 dpi, suggesting
that reprogrammed cells at this time might be responsive to
differentiation cues. Intriguingly, we observed reexpression
of xventx2 in both OSK and GFP-control muscles at 21 dpi,
suggesting an unknown role for this factor during late mus-
cle repair.

To validate further the establishment of a transcriptional
state similar to that of mammalian pluripotent cells in these
clusters, a transgenic Xenopus line expressing GFP under the
promoter of the mouse pluripotency factor mNanog (pNanog-
GFP) was used. Similar readouts, using transgenic cell lines
expressing GFP under the control of either the Oct4 or the
Nanog promoters (7, 11, 37-39), are commonly used in mam-
malian systems to define whether cultured somatic cells trans-
fected with reprogramming factors have reached full iPSC (i.e.

7 P. Scerbo, F. Girardot, C. Vivien, G. V. Markov, G. Luxardi, B. A. Demeneix, L.
Kodjabachian, and L. Coen, unpublished data.

MARCH 2, 2012+VOLUME 287+NUMBER 10

In Vivo Generation of Reprogrammed Cells in Muscle

pluripotent) status. Thus, using pNanog-GFP transgenic tad-
poles, the OSK plasmid mix was injected into the muscle with-
out the CMV-GFP construct. In this case, GFP expression
therefore reflected activation of the mouse Nanog promoter
integrated in the genome. As shown in Fig. 3L, OSK injection
resulted in GFP expression specifically in clusters, but not in
non-transfected muscle cells.

Epigenetic Factors Are Up-regulated in OSK-reprogrammed
Cells—Reprogramming is facilitated if epigenetic switches and
chromatin remodeling are activated (40, 41). We thus moni-
tored expression of brgl and gadd45a, two factors essential for
nuclear reprogramming in Xenopus (42, 43), and that show,
respectively, a key role in chromatin remodeling and in active
DNA demethylation. Both factors were detectable in unin-
jected (WT) muscle but were specifically up-regulated in OSK-
injected muscles (Fig. 3]). Reactivation of brgl expression was
observed from 14 dpi in GFP-controls and might be involved in
MyoD-mediated differentiation during muscle repair (44).
Telomerase activity induction is another important feature of
iPSCs (45). Expression of the telomerase reverse transcriptase
gene (xtert) was markedly increased in OSK samples (Fig. 3)).
Altogether, activation of brgl, gadd45a, and xtert suggests that
epigenetic changes occurred in OSK-injected muscles, favoring
reprogramming.

OSK-reprogrammed Cells Differentiate in Vitro into Deriv-
atives of Three Germ Layers—GFP-control or OSK-injected
muscles were cultured to test their differentiative potential
(supplemental Fig. S6A). After 24 h, only in OSK-derived
cultures we observed the presence of AP-positive clones with
characteristic ESC-like morphology (supplemental Fig. S6,
B-H). When cultured for 5 days in normal medium these
clones progressively acquired various differentiated mor-
phologies (supplemental Fig. S7), suggesting spontaneous
differentiation.

OSK-derived cultures were then treated with different fac-
tors to induce differentiation. FGF-8 + Noggin treatments (46)
resulted in differentiation toward a neurectodermal fate (Fig. 4,
A-C). Retinoic acid with FGF-8 + Noggin induced differenti-
ated neurons (Fig. 44). No neuronal differentiation was seen in
similarly treated GFP-control cultures. To differentiate OSK-
derived cells toward a mesodermal fate, low activin concentra-
tions were used (47). Colonies and individual cells labeled with
the MZ15 antibody that recognizes mesodermal-derived noto-
chord cells were obtained (Fig. 4, D--F), indicating that OSK-
derived cells can give rise to cells with a different mesodermal
precursor origin from that of muscle. Finally, we used Noggin
and high doses of activin, known to promote endodermal dif-
ferentiation of Xenopus animal caps (47). Real-time quantita-
tive PCR was used to monitor the expression of endodermal
specification markers sox17, gata6, cerberus, and hhex (Fig. 4G).
These markers were weakly expressed or absent from controls.
In contrast, gata6, cerberus, and hhex mRNAs increased signif-
icantly in non-treated OSK-derived cultures, suggesting that
spontaneous differentiation to endoderm occurred. In treated
cells, sox17 and cerberus increased significantly, demonstrating
enhanced endodermal differentiation. The mesodermal marker
myf5 was down-regulated by high dose activin, favoring an
endodermal fate (supplemental Fig. S8). Furthermore, sponta-
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FIGURE 4. OSK-reprogrammed cells can differentiate into derivates of the three embryoniclineages in vitro and into neurons and muscles in vivo. A-C,
neuroectodermal differentiation with FGF-8 + Noggin + retinoic acid (A) or FGF-8 + Noggin (B and C) treatment of 12 dpi OSK-derived cultures, shows tubulin
Il labeled neurons after 5 days (A and B), and NCAM-positive cells at 3 days (C). D-F, mesodermal differentiation was obtained with low activin treatment of 12
dpi OSK-derived cultures and revealed with a notochord (MZ15) antibody, showing MZ15-positive cells after 3 days (D, activin 5 ng/ml), or individual labeled
cells at 3 days (F, activin 50 ng/ml) or 5 days (E, activin 5 ng/ml). G, endodermal differentiation was obtained with high activin (100 ng/ml) + Noggin treatments
of 12 dpi OSK-derived cultures and revealed by real-time quantitative PCR using endodermal markers (sox17, gata6, cerberus, and hhex). After 3 days, sponta-
neous as well asinduced endoderm induction was observed in non-treated (OSK) and treated (OSK+A) cultures, but not in 12 dpi GFP-control cultures (GFP and
GFP+A). Treatments were performed >6 times. Quantitative PCR data are represented as described in Fig. 3 and mRNA levels expressed as relative to control
cultures (GFP): *, p < 0.05; not significant (ns) p > 0.1. H and I, OSK-injected muscles labeled with anti-tubulin Il antibody at 14 dpi showed spontaneous
neuronal differentiation in cell clusters (H). |, differentiated neuron, with axonal network (arrows) and its cell body (arrowhead indicates nucleus), was obtained
following 5 days treatment of 12 dpi OSK-injected tadpoles with FGF-8 + Noggin. J, schematic represents transplant protocol used to follow reprogrammed
cellfatereversion in muscle tissue. OSK was injected in a pCar-GFP transgenic tadpole, at 10 dpi the reprogrammed cells were transplanted in a WT tadpole, and
the muscle of grafted tadpoles was observed 2 months later. Kand L, two examples of grafted tadpoles show the presence of numerous (K) and at a lesser extent
(L, arrows) GFP-positive muscle fibers, indicating the reversion of pCar-GFP reprogrammed cells toward a muscle fiber phenotype after transplantation. Scale
bars, 50 um (A-D), 10 wm (E and F), 25 um (H and /), 100 um (K and L).

neous mesodermal and neurectodermal differentiation was
revealed using the xnot and xsox2 markers, respectively (sup-
plemental Fig. S8). Thus, OSK cultures can differentiate spon-
taneously into the three germ layers, and activin can enhance
endoderm differentiation.

Xenopus-iPS Cells Differentiate into Neuronal and Muscle
Phenotypes in Vivo—Teratoma formation is another stringent
method for assessing iPSC pluripotency (27). We explored the
possibility that Xenopus-reprogrammed cells in clusters share
the ability to differentiate toward non-mesodermal derivatives
directly in vivo. We observed neurons within OSK-induced
clusters (Fig. 4H), showing that spontaneous neurectodermal
differentiation occurs in vivo. Furthermore, when neurectoder-
mal differentiation in vivo was forced by FGF-8 + Noggin treat-
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ment, large and fully differentiated neurons were observed
within muscle (Fig. 4/). No neurons were induced when treating
GFP-control muscle.

Using a transplant protocol, we also demonstrated that OSK-
reprogrammed cells retain the ability to redifferentiate into
muscle fibers. Indeed, pCar-GFP transgenic tadpoles were
injected with OSK and at 10 dpi, dissected pieces of tissue con-
taining the reprogrammed cells were transplanted into WT
non-transgenic tadpoles. Two months later, we observed the
presence of GFP-positive fibers in tails of transplanted tadpoles,
their origin necessarily arising from reprogrammed fibers of
pCar-GFP animals (Fig. 4, /-L). Conversely, as a control, when
the graft originated from pCar-GFP tadpoles injected with the
pCMV-3XFLAG empty vector instead of the reprogramming
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FIGURE 5. Generation of Xenopus-iPS-like cells in vivo. Model for in vivo
non-viral induction of Xenopus reprogrammed cells is shown. Following co-
injection of mOSK with a GFP-reporter in tadpole tail (mOSK+GFP), GFP-
transfected fibers (in green) dedifferentiate into proliferative undifferentiated
Xenopus iPS-like cells (in blue). Reprogrammed cells of mesodermal origin
possess an increased developmental potential, differentiating in vitro toward
derivatives of the three embryonic lineages and into neurons and muscle
fibers in vivo.

factors, no GFP-expressing fibers were observed in trans-
planted WT tadpoles.

DISCUSSION

A fundamental goal in stem cell biology is to understand
better the regulation of the transcription factor networks that
control pluripotent cell identity and fate decisions in vivo. This
goal is related to the need to understand the capacity of a cell to
reprogram in tissue- and stage-specific contexts. However, the
mechanisms that favor or limit the reprogramming process are
not well understood. For instance, most studies on iPSC repro-
gramming are performed in vitro and show that reprogram-
ming efficiency depends mainly on the differentiation status of
the cell source used (12, 48, 49), the cellular context greatly
influencing factors required to generate iPSCs (50). In addition,
one of the main aims of iPSC studies is to facilitate regenerative
medicine, hence the importance of placing iPSC generation in a
physiological perspective. Our hypothesis is that working in an
in vivo context allows the physiological setting and higher order
regulations to be taken into account. In our experiments we
used the living Xenopus tadpole to explore the transcription
factor-mediated reprogramming ability of differentiated cells
in vivo.

Taken together, our findings show that reprogrammed cells
can be obtained in vivo by ectopic expression of mouse mOct4,
mSox2, and mKIf4 in tadpole muscle (Fig. 5). Importantly, the
gene delivery method used, naked DNA injection in muscle
tissue, specifically transfects muscle fibers without integration
of foreign DNA (25). Our laboratory has developed and used for
decades such a technique in Xenopus (see for instance Refs. 17,
18), showing that transfection of muscular cell types other than
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fibers was not observed. Further, in the experiments described
here, CMV-driven expression of GFP and of OSK was only
detected in muscle fibers (Fig. 1 and supplemental Fig. S1 and
Fig. S4) and was not detected in satellite cells (supplemental Fig.
S4@G). The transfected fibers remained stable in GFP-controls,
whereas they gradually disappeared from OSK-injected mus-
cles (Fig. 1 and supplemental Fig. S1) to be replaced by clusters
of proliferative cells (Fig. 2 and Fig. 3, A—D, and supplemental
Fig. S2). Remarkably, each OSK-transfected muscle showed the
formation of at least one cluster at 7 dpi (Fig. 2 and supplemen-
tal Fig. S2), giving 100% efficiency in the generation of repro-
grammed cells in vivo. We observed that cluster size increased
up to 14 dpi and then decreased to be undetectable after 21 dpi
(Fig. 2), at least in part involving apoptosis (Fig. 3, E--G). The
transient occurrence of cluster in muscle can be explained by
the fact that the non-replicative and non-integrative plasmid
vectors will be lost by dilution during cell division. Thus, the
absence of further source of reprogramming factors after 14
days (supplemental Fig. S4) will no longer support cluster for-
mation in muscle. Indeed, the reprogrammed cells at this time
will be responsive to differentiation cues, particularly those of
muscle tissue, as shown by muscle redifferentiation of repro-
grammed cells after transplant (Fig. 4, J-L).

Four arguments demonstrate that OSK-injected muscle con-
tain reprogrammed cells with properties reminiscent to that
frequently reported for iPSC generated in mammals. First, clus-
ters contain AP-positive cells (Fig. 3]), a pluripotent marker
currently used to identify ESCs or iPSCs (27). Second, three
bona fide markers of reprogramming are specifically expressed
in OSK-transfected muscle: woct91, xventx2, and gdf3 (Fig. 3)).
In particular, xoct91 and xventx2 are, respectively, the func-
tional homologues of Oct4 (29) and Nanog (35, 36),” reactiva-
tion of which in iPSCs are common readouts (37-39) to identify
mammalian reprogrammed cells, and considered by some as a
“gold standard” (27). Indeed, xoct91 and xventx2 reexpression
could distinguish pluripotent versus differentiated cells in
Xenopus tadpoles and thus represent bona fide markers of
reprogramming in this model. Third, activation of the epige-
netic modifiers brgl, gadd45a, and xtert (Fig. 3]) could confer
epigenetic plasticity to OSK-injected muscles, enhancing
reprogramming, as seen by overexpression of Brgl in mouse
fibroblasts (41). Finally, the reprogrammed cells can differenti-
ate into derivatives of the three germ layers in vitro (Fig. 4, A-G,
and supplemental Fig. S7 and Fig. S8) and in vivo into muscle
fibers (Fig. 4, J-L), as well as neurons, thus contributing to pro-
duction of cell lineages other than the original mesodermal
muscle (Fig. 4, H-I). In line with these observations, we show
that the mouse Nanog promoter is activated in cell clusters (Fig.
3L), as previously observed in mammalian nuclei repro-
grammed either by transcription factors or Xenopus oocyte
extract (7, 11). Together, these findings strongly argue for a
pluripotent status of the reprogrammed cells present in OSK-
generated clusters.

In our experiments, myogenesis was reactivated in response
to injection injury. A rapid down-regulation of myoD expres-
sion was observed (supplemental Fig. S5). Recent findings show
that suppression of MyoD expression by Oct4 is required to
initiate the iPSC reprogramming from mouse myoblasts in cul-
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ture (51). Thus, in our experiments, decreased myoD could cat-
alyze reprogramming in OSK-transfected muscle cells. Cell
division can also accelerate iPSC formation (52). During
amphibian tail regeneration, dedifferentiation of injured fibers
has been reported to support the muscle repair process. Inter-
estingly, muscle dedifferentiation leads to cell cycle reactiva-
tion, polynucleated fiber fragmentation into mononucleated
cells, and proliferation (53). In our iz vivo model, a similar proc-
ess involving dedifferentiation should occur during muscle
repair in response to injection injury, and cell proliferation
could contribute to reprogramming efficiency. The data thus
show that reprogramming factors might synergize with the
repair process to generate reprogrammed cells iz vivo.

Two further observations bolster the argument that in
injected muscle the repair process enhances reprogramming.
First, injection of each mouse reprogramming factor separately
also induced cluster formation, but at a lower frequency (sup-
plemental Fig. S3). Therefore, as for neural stem cells, which
can be reprogrammed using Oct4 alone (54), we suggest that
factors present in Xenopus tadpole muscle facilitate reprogram-
ming. Second, pluripotent-related genes xsox2, xsox3, nr5a2
(Fig. 3)), or xoct25 and foxD3 (data not shown) are expressed in
uninjected tadpole muscle, a feature arguing for a privileged
ground state to reprogramming that could exist in muscle.

Nuclear transplantation of mammalian somatic nuclei into
amphibian oocytes induces transcriptional reactivation of
Oct4, Sox2, and Nanog, demonstrating that Xenopus oocyte
determinants can trigger dedifferentiation of adult mouse
nuclei (55). Reciprocally, here we demonstrate that mammalian
factors can reprogram Xenopus somatic cells to generate undif-
ferentiated Xenopus cells (Fig. 5), demonstrating that transcrip-
tion factor-mediated reprogramming can be induced in groups
as distant as mammals and amphibians. These data underline
the usefulness of the Xenopus model for deciphering pluripo-
tency and point to conserved fundamental principles for the
regulatory gene networks known to control pluripotency in ver-
tebrates. This notion is reinforced by the observation that the
Xenopus Poubfl factors (xoct25, xoct91, and xoct60) can main-
tain pluripotency in mouse Oct4-deficient ESCs, and recipro-
cally mOct4 can rescue Xenopus Poubfls knocked-down
embryos (29).

In conclusion, we show that Xenopus muscle is amenable to
transcription factor-mediated reprogramming in vivo, yielding
cells that seem comparable with Yamanaka’s iPSCs (1). How-
ever, we cannot exclude that our reprogrammed cells have not
reached the so-called “ground state pluripotency” because we
did not verify germ line competence. One might wonder
whether ground state pluripotency is achievable in Xenopus
because germ line establishment relies on germ plasm in this
organism (56). Nevertheless, our data unambiguously demon-
strate that in vivo reprogrammed Xenopus cells have reached a
“somatically primed” pluripotent state as recently defined by
Johnson et al. (56). Therefore, we provide two entirely original
demonstrations: first, that induced reprogramming can be
achieved in an anamniote model and second, reprogrammed
cells can be produced in an in vivo context without viral vectors.
The fact that reprogramming can be induced and studied in a
versatile developmental model could provide new leads for

7434 JOURNAL OF BIOLOGICAL CHEMISTRY

translational research. Furthermore, the finding that repro-
gramming is facilitated by repair could open new perspectives
in basic stem cell research and regenerative medicine.
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