Chapter 5
In Vivo Cell Reprogramming to Pluripotency

Irene de Lazaro

5.1 Introduction

Pluripotency is defined as the capacity of an undifferentiated cell to differentiate
into cell types representative of all three germ layers (endoderm, mesoderm and
ectoderm) that form embryonic and, eventually, adult tissues. In the mammalian
organism and under normal circumstances, pluripotent stem cells are only found at
early developmental stages, primarily in the inner cell mass (ICM) of the blasto-
cyst, from where the so-called embryonic stem cells (ESCs) can be isolated and
established in culture. As development continues, differentiation potential is pro-
gressively lost, and the majority of cells in the adult organism are terminally dif-
ferentiated to perform specific functions within the tissue hierarchy. Although some
tissues count with specific populations of stem cells to maintain tissue homeostasis,
those are multi- or oligopotent (i.e. can only differentiate into a few cell types, most
commonly within the same lineage), and no pluripotent cells remain naturally in
the adult [1].

It is precisely their ample differentiation potential that has attracted great interest
in pluripotent stem cells. Since they can be re-differentiated into specific progenitor
and mature cell types in the laboratory, they are seen as invaluable research tools in
developmental biology and to investigate cellular responses to drugs and other sub-
stances. More importantly, they are considered by many the “holy grail” in regen-
erative medicine, since they could potentially serve as starting source to generate
new cells that replace those lost due to tissue injury or degeneration in a variety of
conditions [2]. For all such reasons, the generation of pluripotent stem cells has
been largely pursued and explored in the cell culture laboratory. By contrast, the
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generation of pluripotent stem cells directly in vivo has only recently seen the first
proof-of-principle studies although, partly thanks to the knowledge generated in the
culture dish, it is rapidly advancing to unveil its potential applications.

5.1.1 Sources of Pluripotent Stem Cells: From ESCs
to Induced Reprogramming

Pluripotent stem cells, in particular ESCs, can be isolated from the ICM of mouse
[3, 4] and human [5] blastocysts, and maintained as such in culture [6] (Fig. 5.1a).
However, ethical implications brought by the destruction of embryonic material, as
well as tight regulations that restrict their use and the capacity to fund and patent
research in which ESCs are involved [7, 8], have prompted the search for less con-
troversial sources of pluripotent stem cells (Fig. 5.1). Thanks to John Gurdon’s pio-
neering work on nuclear transfer [9-11] and Davis’ and Weintraub’s discoveries on
the roles of transcription factors in cell fate decisions [12, 13], among many others,
it is now understood that cell differentiation is not driven by irreversible changes to
the genetic information of the cell, but by changes to the epigenetic landscape that
can be reverted. Therefore, terminally differentiated cells retain all genetic informa-
tion necessary to recapitulate the development of an entire organism. The differenti-
ated status of adult cells is stable, but not irreversibly fixed, and it can be
“reprogrammed” back to pluripotency as long and the appropriate switches are acti-
vated. Somatic cell nuclear transfer (SCNT), a process in which the nucleus of a
somatic cell is introduced in an enucleated egg [14], has been one of the most popu-
lar approaches to achieve the pluripotent conversion (Fig. 5.1b). The oocyte con-
tains molecular cues able to epigenetically reprogram the somatic nucleus back to
pluripotency. The reprogrammed nucleus is in turn able to support the development
of an entire new adult organism, and this technique is behind popular breakthroughs
such as the first cloning of an adult frog [11] and the birth of Dolly the sheep [15].
Pluripotent stem cells have also been obtained in the laboratory by fusion events
between somatic and embryonic carcinoma cells (ECCs), which are pluripotent
cells isolated from germ cell tumors (Fig. 5.1c) [16]. However, none of these
approaches is devoid of technical hurdles. Indeed, it took more than 20 years to
adapt the SCNT protocol from amniotes to mammalian cells (sheep), and even
harder efforts have been required to translate it to human cells, a procedure which is
still today technically daunting [17, 18]. In addition, the specific molecular mecha-
nisms and factors driving the conversion to pluripotency were never elucidated in
the above studies.

Precisely aiming to identify the molecular cues that trigger and orchestrate the
induction of pluripotency, Yamanaka and Takahashi embarked on the ambitious
challenge to screen a pool of transcription factors, all present in the oocyte and/or in
ESCs and many of them with already-known roles in the maintenance of pluripo-
tency. In a groundbreaking study published in 2006, which was awarded the 2012
Nobel Prize of Physiology and Medicine together with John Gurdon’s contributions
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Fig. 5.1 Sources of pluripotent stem cells. Several strategies can be utilized to isolate naturally-
occurring pluripotent stem cells or generate them artificially from other cell sources. (a) Naturally-
occurring ESCs can be isolated from the ICM of the blastocyst and maintained in culture. (b)
Pluripotent stem cells can be generated via transfer of a somatic cell nucleus into an enucleated
oocyte. Factors present in the oocyte reprogram the somatic nucleus to a pluripotent state able to
support the development of a whole adult organism. This procedure is known as Somatic Cell
Nuclear Transfer (SCNT). (¢) Fusion of a somatic cell with a pluripotent ECC generates an inter-
mediate hybrid in which the pluripotent phenotype eventually outweighs the differentiated state.
(d) Somatic cells can be reprogrammed to the pluripotent state via overexpression of defined tran-
scription factors (Oct3/4, Sox2, Klf4, c-Myc, OSKM), generating so-called iPS cells

to the field, they identified a cocktail of four transcription factors (Oct3/4, Sox2,
KIf4 and cMyc, also known as OSKM or Yamanaka factors) as the most efficient
combination to reprogram mouse embryonic and adult fibroblasts back to a
pluripotent-like state (Fig. 5.1d) [19]. Their protocol was later refined to generate
bona fide pluripotent cells that contributed to all adult tissues in murine chimeras
[20], while the same and similar combinations of transcription factors (i.e. substitut-
ing KLF4 and cMYC by NANOG and LIN28) were shown to induce pluripotency
in human cells [21, 22]. The resulting cells were named induced pluripotent stem
(iPS) cells and have completely revolutionized the fields of stem cell research and
regenerative medicine.
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First, the implications of Yamanaka and Takahashi’s work are huge for the efforts
in understanding the biological mechanisms behind the process of reprogramming
to pluripotency, and have opened the doors to extensive research in this topic [23,
24]. In addition, identification of the OSKM cocktail has also provided a relatively
straightforward as well as versatile “recipe” to generate pluripotent stem cells in the
laboratory. Indeed, iPS cells have been generated from a wide variety of terminally
differentiated cell types, with little or no variation in the combination of transcrip-
tion factors and experimental protocols utilized, of which the most popular nowa-
days are skin fibroblasts and peripheral blood cells [25-29]. The use of those as
starting cell types avoids the ethical and legal hurdles associated to the use of
embryonic material, while it allows derivation of patient-specific iPS cells through
minimally invasive procedures, such as a simple skin biopsy or a blood test.
Obtaining iPS cells from individuals suffering from a particular disease has opened
tremendous opportunities to study the evolution of the specific condition through
different developmental stages, as well as to interrogate responses to drugs and
treatments [30]. In the context of regenerative medicine, the possibility to generate
replacement cells from the very same patient in need for the transplantation is
thought to diminish the chances for graft rejection [31].

5.2 iPS Cells Escape the Culture Dish. Proof-of-Principle
Studies of In Vivo Reprogramming to Pluripotency

The first years after Yamanaka and Takahashi’s groundbreaking study focused pri-
marily on (1) the optimization of the reprogramming protocol to increase its effi-
ciency and ensure reprogramming to ground-state pluripotency, (2) further
elucidation of the mechanisms behind reprogramming, (3) the characterization of
genomic integrity and stability of iPS cell clones and their direct comparison to
ESCs and (4) the establishment of specific protocols to derive a plethora of differ-
entiated cell types from patient-specific iPS cells, to be tested as disease models and
in cell therapies. All of such studies were performed in the culture dish. However,
the question whether the OSKM cocktail would be able to induce adult cells to plu-
ripotency in vivo remained unanswered, in spite of undeniable interest from the
mechanistic point of view and the obvious implications in regenerative medicine
that will be discussed in Chap. 6.

In the culture dish, the induction of reprogramming takes place under defined
and controlled conditions that are set to promote and maintain the pluripotent state.
For example, mouse embryonic fibroblasts (MEFs) are used as feeder cells in many
iPS cell generation protocols [19]. Leukaemia inhibitor factor (LIF) [6] is also sup-
plemented in the cell culture medium to avoid differentiation and maintain pluripo-
tency. In certain reprogramming protocols, additional substances are required to
reach ground-state pluripotency. GSK3 and Mek1/2 inhibitors—widely known as 2i
conditions—have been used to force partially reprogrammed intermediates, unable
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to differentiate into all three lineages, to ground-state pluripotency [32]. On a very
different picture, the induction of pluripotency directly in vivo cannot benefit from
such controlled and pluripotency-favorable conditions, but has to overcome the
effect of pro-differentiation signals naturally present in the tissue microenviron-
ment. This was therefore the first uncertainty on the feasibility of in vivo reprogram-
ming to pluripotency.

More importantly, the fact that pluripotent stem cells have both the capacity to
proliferate actively and to differentiate towards all developmental lineages and tis-
sue types adds an additional concern and questions whether generating cells with
such capabilities within the living organism would be safe. In fact, previous experi-
ence in the transplantation of ESCs and iPS cells confirmed that the administration
of pluripotent cells in vivo can generate teratomas, tumors composed of cells from
all three germ layers [33, 34]. Indeed, the teratoma formation assay is routinely used
as a tool to assess pluripotency [35].

In spite of these initial doubts, the field jumped its way onto the in vivo scenario
in the early 2010s with two independent studies that used episomal plasmid DNA
(pDNA)—in pre-metamorphic tadpoles [36] and mice [37, 38], respectively—to
demonstrate that in vivo overexpression of reprograming factors can outweigh the
pro-differentiation signals present in the tissue microenvironment and reprogram
cells back to pluripotency. Since then, the number of strategies to induce pluripo-
tency in various different tissues via OSKM overexpression has grown, but the out-
comes of such studies differ significantly depending on the duration of OSKM
expression, which will be discussed in Chap. 6 of this book. For a summary of the
studies on in vivo reprogramming via OSKM overexpression see Table 6.2 in Chap.
6 of this book.

5.2.1 InVivo Reprogramming to Pluripotency
in the Developing Tadpole

The first proof-of-principle study to demonstrate that cells can be reprogrammed to
pluripotency in vivo was performed in pre-metamorphic tadpoles (Fig. 5.2) [36].
Direct intramuscular injection of a reprogramming pDNA encoding three of the
Yamanaka factors (Oct3/4, Sox2 and Kif4, with the absence of c-Myc) in the tail
muscle generated clusters of highly proliferative cells that showed several hallmarks
of pluripotency. Among them, expression of endogenous pluripotency markers,
upregulation of key epigenetic and chromatin remodeling markers and high alkaline
phosphatase (AP) activity. Beyond their molecular signature, the capacity of the
reprogrammed cells to differentiate into different lineages was tested both in vivo
and in vitro. When left to re-differentiate within the tissue, they gave rise to neuron-
like cells, representative of the ectoderm lineage. Transplantation of in vivo repro-
grammed cells generated in pCar-GFP transgenic tadpoles into wild-type (WT)
counterparts confirmed the capacity of such reprogrammed cells to re-differentiate
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Fig. 5.2 Proof-of-principle of in vivo reprogramming to pluripotency in pre-metamorphic tadpoles.
(a) Direct intramuscular administration of pDNA encoding OSK reprogramming factors generated
highly proliferative cell clusters within the muscle tissue that showed several hallmarks of pluripo-
tency and re-differentiated spontaneously into representatives of ectoderm and mesoderm lineages.
(b) Reprogrammed muscles cultured in vitro generated cell colonies that morphologically resem-
bled those of iPS and ESCs and whose differentiation could be directed to all three embryonic
lineages (ectoderm, mesoderm and endoderm) [36]

towards the mesoderm lineage and generate new muscle fibers. Notably, both events
took place even without the administration of growth factors that favor differentia-
tion towards specific lineages. In vitro culture of OSK-injected muscles gave rise to
cell colonies with morphology similar to that of ESCs, and that showed high AP
activity. The differentiation of such cells could be directed to all three germ layers,
which confirmed reprogramming to a pluripotency.

Within reprogrammed tissues, the morphology of the observed cell clusters was
also very different from that of the regular muscle fibers. Nuclei were disorganized
in such structures and significantly smaller than those in differentiated myofibers.
However, proliferation was only observed within the clusters by PH3 expression
for 14 days after injection and, in fact, the number and size of cell clusters peaked
at day 7 to then decrease progressively, confirming that the reprogrammed cells did
not persist as proliferative clusters within the tissues. An increase in the number of
apoptotic cells was found in reprogrammed tissues at precisely the same time
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when clusters started to disappear. However, based on the results on cellular re-
differentiation towards the ectoderm and mesoderm lineages mentioned above, it
is likely that at least a percentage of the reprogrammed cells survived but re-
differentiated spontaneously in response to the pro-differentiation signals present
in the tissue. Importantly, the expression of reprogramming factors (OSK) was
only detected for 7 days after pDNA injection. The impact of the duration of OSK
expression in the fate of reprogrammed cells will be further discussed in Chap. 6.

Overall, this study demonstrated that pluripotency features can be artificially re-
induced in a tissue within a developing living organism. Proof-of-concept in the
fully developed adult is presented in Sect. 5.2.2.

5.2.2 InVivo Reprogramming to Pluripotency in Adult
Mouse Liver

Similar episomal pDNA cassettes (with the addition of c-Myc) were used to demon-
strate that the pluripotent conversion can indeed take place in the adult, fully devel-
oped, mammalian organism [37, 38]. The mouse liver was the organ selected to
direct such investigations, given the relative high efficiency of pDNA transfection
that can be achieved via hydrodynamic tail vein (HTV) administration. This tech-
nique, which has been extensively exploited in the gene therapy field to specifically
transfect hepatocytes, consists in a rapid intravenous injection of a large volume of
fluid (10% of the body weight) containing the pDNA of interest [39]. Administration
of such a large volume in only 5-7 s generates a transient heart failure that provokes
the reversion of all the administered fluid to the hepatic circulation. The mecha-
nisms by which pDNA is taken up by hepatocytes are not fully elucidated. Some
studies point at a receptor-based mechanism, while others suggest the opening of
pores in the hepatocyte membrane given the sudden influx of fluid. In addition, such
a rapid cellular internalization of the nucleic acid avoids degradation driven by cir-
culating nucleases and thus also contributes to the high levels of transgene expres-
sion achieved [40, 41].

Interestingly, very similar observations to those reported in pre-metamorphic
tadpoles were made in the mouse study (Fig. 5.3), in spite of the significant differ-
ences between species and developmental stages involved in both models. In brief,
clusters of cells expressing endogenous pluripotency markers appeared promptly in
the liver after HT'V injection of reprogramming pDNA. Moreover, the expression of
some hepatocyte-specific markers was downregulated in reprogrammed tissues,
which further indicated transient de-differentiation and loss of the specific cell phe-
notype [37]. Importantly, cells directly isolated from in vivo reprogrammed livers
demonstrated potential to re-differentiate towards all three embryonic lineages
when injected in the dorsal flank of immunocompromised mice. In such an environ-
ment, they generated teratomas [42, 43]. Since no ex vivo manipulations or expo-
sure to LIF or other molecules that could favor the pluripotent conversion were used
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Fig. 5.3 Proof-of-principle of in vivo reprogramming to pluripotency in an adult mammalian
tissue (mouse liver). (a) HTV injection of reprogramming pDNA encoding OSKM transcription
factors generated clusters of reprogrammed cells within the liver tissue, which expressed pluripo-
tency markers and showed signs of hepatocyte de-differentiation, but which did not persist in the
tissues for prolonged periods of time [37]. (b) Direct injection of cell suspensions extracted from
in vivo reprogrammed mouse livers in the dorsal flak of nude mice generated teratomas, which
confirmed the presence of cells with pluripotent potential within the reprogrammed tissue [37]. (¢)
In vivo induced pluripotent stem (i’PS) cells were extracted from reprogrammed livers and main-
tained in culture. Several studies confirmed bona fide pluripotency, among them: in vitro spontane-
ous differentiation towards the three embryonic lineages, teratoma assay and generation of
chimeric mice via blastocyst injection [43]

prior to implantation, this study confirmed that the pluripotent conversion took
place within the tissue, and that the microenvironment of adult mammalian tissues
is indeed permissive to epigenetic reprogramming to pluripotency. On the contrary,
no teratomas were observed in the liver or any other organs of reprogrammed mice,
monitored for a period of up to 120 days [37]. Similarly to what was observed in the
tadpole, the expression of reprogramming factors and pluripotency markers was
only detected for a few days, after which their levels reached again those observed
in the control non-reprogrammed group, and the distinct clusters of pluripotent-like
cells in the tissue were observed only up to day 4 after HTV administration. It is
therefore possible that pluripotency is achieved in vivo via OSKM overexpression,
but not maintained unless the reprogrammed cells are removed from their native
microenvironment. The interactions between reprogramming and different pro-dif-
ferentiation signals present in different tissues, those which the reprogrammed cells
originally belonged to or not, are of great interest to further investigate in vivo
reprogramming. However, given the very infant stage of the field at the moment,
such interactions are still largely unexplored.
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Cells directly reprogrammed in the mouse liver can also be isolated and
established in culture. When maintained under standard ESC culture conditions,
they form dome-shaped compact colonies with very prominent nuclei that morpho-
logically resemble ESC and in vitro generated iPS cells colonies. They are termed
in vivo induced iPS cells (i*PS cells) in reference to their direct generation in the
living organism and to distinguish them from their in vitro generated counterparts
[43]. Such colonies express endogenous pluripotency markers and show high AP
activity, both considered hallmarks of pluripotency. In addition, they spontaneously
differentiate into cell types representative of all three germ layers when pro-
pluripotency conditions (i.e. LIF supplement) are withdrawn. Their pluripotent
potential has been further confirmed by the teratoma assay and the contribution to
all adult tissues in chimeric mice generated via blastocyst injection. Overall, such
studies proved that i’PS cells are bona fide pluripotent stem cells.

5.3 The “Reprogrammable Mouse’ a Tool for the Study
of In Vivo Reprogramming to Pluripotency

Delivery of reprogramming factors to target cells is one of the limiting steps that
compromise the efficiency of reprogramming to pluripotency. In vitro, an extensive
list of viral vectors including retrovirus [19], lentivirus [44], inducible lentivirus
[45], excisable lentivirus [46], adenovirus [47] and Sendai virus [48] has been
explored to optimize the induction of pluripotency. Non-viral vectors and vector-
free methods such as cell electroporation have also been utilized to deliver not only
reprogramming DNA in several forms [49, 50] but also mRNA [51], microRNA
[52] and proteins [53].

In vivo, the delivery challenge is even more daunting considering the additional
biological barriers that vectors have to overcome to reach the appropriate target, and
the presence of a variety of enzymes in biological fluids that can trigger degradation
of the cargo. Naked pDNA has been used when the administration method allows
relatively high uptake in the target tissue, as it is the case of liver transfection via
HTYV injection [37, 38]. Direct pDNA injection has also been used to reprogram
tissues known to be naturally permissive to the uptake of the nucleic acid, such as
skeletal muscle [36, 54]. To target other organs that do not allow such a phenom-
ena—for example, the brain cortex—retroviral vectors have been used [55].

In spite of the examples above, the issue of delivery remains one of the main
obstacles for the induction of pluripotency in vivo. In light of such complications,
and to be able to separate the impact of inefficient delivery from the intrinsic poor
efficiency and stochastic character of the reprogramming process, various proof-of-
principle studies have relied on the use of genetically engineered mice that contain
OSKM reprogramming factors inserted in the genome to induce pluripotency
in vivo [56-62].

Different approaches have been followed to engineer so-called “reprogrammable
mice”, including secondary systems through generation of iPS cells with integrating
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viral vectors [63] and direct insertion of the OSKM cassette in ESCs [64]. Wernig
et al. first constructed a secondary system based on the infection of MEFs, which
contained the reverse tetracycline-dependent transactivator M2rtTA in the ubiqui-
tously expressed Rosa26 locus (Rosa26-M2rtTA MEFs), with four integrating lenti-
viruses encoding each of the OSKM factors under the control of a
doxycycline-inducible promoter (tetOP) [63]. Addition of the drug to the culture
medium generated iPS cells that contained OSKM factors inserted in the genome
and were subsequently used to generate reprogrammable mice via blastocyst injec-
tion. In a different strategy, Stadtfeld et al. utilized gene targeting mediated by Flp
recombinase to avoid the complications associated with secondary systems [64]. A
doxycycline-inducible polycistronic OSKM cassette was placed in the 3’ untrans-
lated region of the collagen type I, alpha 1 gene (Collal) in Rosa26-M2rtTA ESCs
that were, similarly to the previous approach, used to generate chimeric reprogram-
mable mice. Both strategies are illustrated in Fig. 5.4.

The reprogrammable mouse is an excellent source of “reprogrammable cells” for
in vitro studies. Not only MEFs, but also somatic cells obtained from adult repro-
grammable mice, can be reprogrammed to pluripotency in the culture dish when
doxycycline is added to the culture medium. In addition, the OSKM cassette can
also be induced in vivo with the administration of the drug (Fig. 5.4¢c). Doxycycline
administration in drinking water induces widespread OSKM expression, since the
transgenes are ubiquitously inserted in the genomes of all cells [56]. Targeted expres-
sion of reprogramming factors in specific tissues can also be achieved via localized
doxycycline administration, for example by intramuscular administration [61].

The advantages brought by this model are numerous. First, it avoids the need to
use viral or other delivery vectors, and with that it circumvents the problems associ-
ated with poor and heterogeneous OSKM delivery and ensures efficient reprogram-
ming. In addition, genetic homogeneity of the reprogrammed cells is also higher in
terms of number and location of transgene integrations. This allows direct compari-
son of the reprogramming process, its mechanisms and efficiency in different tis-
sues and cell types of different developmental origin and maturation status; also
thanks to the fact that the OSKM transgenes are ubiquitously present in all cells
throughout the organism. In fact, induction of OSKM expression in the reprogram-
mable mouse highlighted that certain tissues are more resilient to reprogramming
than others. In the skeletal muscle, OSKM expression was not enough to induce the
generation of teratomas at doxycycline doses that efficiently formed such tissue
aberrations in stomach, intestine and pancreas [60].

In addition, the doxycycline-inducible promoter (tetO) driving OSKM expres-
sion in the reprogrammable mouse model is an excellent tool to customize the pat-
tern of expression of the factors. Their expression can be easily switched on an off
at different times via administration or withdrawal of the drug. Thanks to this
inducible system, the impact that the duration of OSKM expression has on the extent
of reprogramming (partial vs complete reprogramming to pluripotency) and on the
overall fate of in vivo reprogrammed cells in the tissues has been elucidated [65].
Full understanding of this relationship is key to ensure the safety of in vivo repro-
gramming to pluripotency and facilitate the path towards potential clinical applica-
tions, and therefore it will be further dissected in Chap. 6 of this book.
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Fig. 5.4 Genetic engineering strategies to generate reprogrammable mice. In vitro and in vivo
applications. Different genetic engineering strategies have been used to build reprogrammable
mice with OSKM transgenes inserted in their genome. (a) MEFs expressing the tetracycline-
depended transactivator in M2rtTA in the ubiquitously expressed Rosa26 locus (Rosa26-M2rtTA
MEFs) were infected with fours lentivirus vectors expressing each of the OSKM transgenes under
the control of a doxycycline-inducible (tetOP) promoter. Primary iPS cells obtained upon doxycy-
cline (Dox) supplementation were used to generate chimeric mice via blastocyst injection, termed
“reprogrammable mice” [63]. (b) Gene targeting via Flp recombinase was used to insert a polycis-
tronic OSKM cassette under the control of a doxycycline-inducible promoter (tetOP) in the colla-
gen type I, alpha 1 gene (CollAl) in ESCs that expressed an optimized tetracycline-dependent
transactivator in the ubiquitously expressed Rosa26 locus (Rosa26-M2rtTA ESCs)).
Reprogrammable mice were generated via the injection of such genetically engineered cells in
donor blastocysts [64]. Embryonic and somatic cells extracted from both reprogrammable mouse
models generate iPS cells upon the addition of doxycycline in the culture medium. (c)
Reprogrammable mice can also be used to induce adult cells to pluripotency within the adult
organism upon systemic or localized administration of doxycycline [56, 61]

5.4 Downstream Effects of OSKM Expression
in the Reprogrammed Tissue Microenvironment

In vivo overexpression of OSKM factors generates cells with pluripotency features
within reprogrammed tissues, as demonstrated in proof-of-principle studies
described in Sect. 5.2 of this Chapter [36, 37]. However, this is not the only down-
stream effect that OSKM induction triggers in the cells that express the factors and
in those in the surrounding tissue.
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5.4.1 InVivo Reprogramming to Pluripotency
and Tumorigenesis

The proliferative nature of pluripotent stem cells and their potential to differentiate
into cell types from all three embryonic lineages are often regarded as excellent fea-
tures that offer opportunities in stem cell research and regenerative medicine.
However, such capabilities can also compromise the safety of in vivo reprogram-
ming to pluripotency if excessive proliferation and uncontrolled re-differentiation
take place in the living organism. Indeed, in vivo OSKM overexpression can lead to
the generation of dysplastic lesions and teratomas within reprogrammed tissues [56].

Teratomas are defined as tumors that originate from the uncontrolled expansion
and random differentiation of pluripotent cells and that are therefore composed of
tissue types representing all three germ layers [66]. Abad et al. reported the occur-
rence of such tissue abnormalities following ubiquitous induction of OSKM expres-
sion in the reprogrammable mouse model [56]. Administration of doxycycline in
the drinking water induced reprogramming of a variety of cell types, from hemato-
poietic and non-hematopoietic lineages, across different tissues. Reprograming and
de-differentiation were confirmed by expression of the pluripotency marker
NANOG, which was found concomitantly with loss of specific cell type markers.
However, OSKM overexpression also led to the appearance of tumor masses, the
majority of which were classified as teratomas that contained NANOG" repro-
grammed cells.

Indeed, the process of reprogramming to pluripotency shares various common
events with the early stages of tumorigenesis. Those include the acquisition of self-
renewal properties, loss of cell differentiation status and re-expression of genes
typically enriched in embryonic developmental stages [67], as well as metabolic
changes in the cell that involve significant upregulation of glycolytic pathways [68].
Similar telomere changes have also been observed during reprogramming and the
onset of tumorigenesis, which indeed support the acquisition of self-renewal prop-
erties. Telomeres are short repetitive DNA sequences at the end of the chromosomes
that protect them from degradation but are shortened through cell division [69].
Therefore, telomere length determines the lifespan of a cell. Increased activity of
telomerase—the enzyme in charge of telomere elongation and normally only active
during embryonic development and in adult stem cell compartments—is one of the
hallmarks of tumorigenesis, and leads to immortalization of the cancerous cells
[70]. During reprogramming, telomere elongation is a mandatory step to achieve
bona fide pluripotency and it also determines the efficiency of reprogramming [71].
Although this was initially observed in vitro, it is now known that cells within in
vivo reprogrammed areas have longer telomeres that those in non-reprogrammed
tissues and show high telomerase activity [62].

Similarities between common types of tumors and those generated upon OSKM
overexpression in the respective organ have also been reported. Kidney tumors in
reprogrammable mice shared common histological, gene expression and DNA
methylation features with Wilms tumor, a common pediatric kidney tumor [57].
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While such observation adds to the list of shared features between induced repro-
gramming to pluripotency and tumorigenesis, it should be considered with care
since the genetically modified nature of reprogrammable mice prevents any clinical
relevance.

Generation of teratomas following OSKM overexpression has been reported in a
number of studies [56, 57, 59, 62, 60], not all of which made use of the reprogram-
mable mouse model [55]. However, other studies have demonstrated that repro-
gramming can be induced in the absence of tumorigenesis and therefore the causal
relationship between in vivo OSKM overexpression and teratoma formation should
not be interpreted as general [37, 61, 54]. The main determinants that trigger or
prevent teratoma formation are discussed in Chap. 6 of this book.

5.4.2 InVivo Reprogramming to Pluripotency, Tissue Damage
and Cellular Senescence

In addition to telomere shortening, reprogramming via OSKM overexpression is
able to reverse various other hallmarks of ageing, including increased expression of
aged-related stress response genes, double-stranded DNA breaks, mitochondrial
dysfunction and abnormal architecture of the nuclear envelope. In fact, complete
reprogramming to pluripotency is not necessary to attain such cell “rejuvenation”,
which can be achieved with partial reprogramming [61]. However, the relationship
between cell reprogramming and cellular senescence is much more intricate, espe-
cially at the tissue level.

While reprogrammed cells are “molecularly rejuvenated”, in vivo expression of
OSKM factors induces senescence in surrounding cells within the tissue, which
secrete senescence-related cytokines [59]. Interestingly, the presence of such senes-
cence signals, of which IL-6 is the main player, renders the tissue microenviron-
ment more permissive to the induction of reprogramming [59, 60]. Indeed, the
efficiency of in vivo reprogramming has proven to increase in a variety of scenarios,
including the administration of pharmacological agents that promote senescence
[59], physiological ageing [59], progeria (a condition of extremely premature age-
ing) [59] and tissue injury [59, 60], all of which share cellular senescence as a com-
mon factor.

Therefore, the cross-talk between senescence and reprogramming seems to be
beneficial for the latter, which could be of great interest to develop in vivo repro-
gramming strategies for tissue regeneration.

5.5 Conclusions

Proof-of-principle studies in a developing amniote and an adult, fully developed,
mammalian model have demonstrated that specific reprogramming transcription
factors are indeed able to induce pluripotency features in vivo, even in the presence
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of pro-differentiation signals in the tissue microenvironment. However, it is also
clear from these and other studies that forced expression of such genes triggers
additional downstream effects in in vivo reprogrammed cells and their surrounding
tissue. While confirmation that pluripotent cells can be generated in vivo envisions
a plethora of potential applications in regenerative medicine, knowledge on the
links between reprogramming, tumorigenesis and cellular senescence, among other
events, is still limited and warrants further investigation.
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