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Regeneration of injured tissue: stem cell dynamics at interplay
with mTORC1
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The process of aging and whether it can be slowed down
have raised questions which have troubled mankind since
its early beginnings. Only recently we have developed the
tools to further investigate the complex issue of aging. It has
become clear that certain hallmarks can be attributed to the
aging process which include genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial dysfunction,
cellular senescence, altered intercellular communication
and stem cell exhaustion (1). Especially the latter has raised
increasing attention due to the importance of stem cells for
tissue regeneration. There is great hope for rejuvenating
aged tissue by the prevention of continuous stem cell loss or
by reestablishing the initial stem cell amount.
In an article published recently in Cell Stem Cell, a
research group lead by Heinrich Jasper, demonstrated
that stem cells transiently activate mechanistic target of
rapamycin complex 1 (mTORC1) during tissue regeneration
and that chronic mTORC1 signaling lead to stem cell loss
in the tissue under investigation (2). Tissue homeostasis is
obtained by balanced proliferation and apoptosis of somatic
cells. During repeated tissue injury and repair somatic stem
cells are needed to enable full regeneration. The effect of
mTOR modulation on barrier epithelial tissue homeostasis
like in the fly intestine and in the mouse tracheal epithelium
has been investigated by Haller et al. (2). To induce repeated
epithelial tissue damage and activation of stem cells, either
drosophila was orally infected with Erwinia carotovora, or
mice were exposed to breathing air containing 500 ppm
of SO2. This treatment resulted in mTORC1 activation
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evidenced by 4EBP and RPS6 phosphorylation, respectively.
Repeated damaging reduced the amount of tissue specific
stem cells and importantly loss of TSC1, a repressor of
mTORC1 activity, also enhanced this effect. Furthermore,
the authors showed that rapamycin treatment of mice
could prevent the loss of tracheal stem cells after repeated
injury. The inhibition of chronic mTORC1 by treatment
with rapamycin and its analogs is depicted by a schematic
in Figure 1. A genetic model for mTORC1 inhibition is
the deletion of Raptor. Likewise, authors could show that
Raptor knockout mice, compared to controls, maintained a
higher amount of muscle stem cells in aged animals. Finally,
tracheal epithelial stem cells loss due to aging could be
inhibited by chronic rapamycin treatment. Taken together
these findings highlight mTORC1 as a central node in
stem cell activation. Additionally, chronic mTORC1
signaling is also causatively involved in stem cell exhaustion
over time. Therefore, potentially reducing tissue specific
regeneration and repair. To further explore this conundrum,
it is important to recapitulate what is already known on
mTORC1 mode of action in distinct cell types and how this
could be used for the benefit of human patients.
mTOR is an evolutionary conserved protein kinase,
which is present in at least two protein complexes, namely
mTORC1 and mTORC2 (3). Its function is to integrate
environmental signals like growth factors and nutrients
as well as intracellular signals like oxygen content and
amino acid availability (4). mTORC1 controls cell cycle
progression, protein and lipid synthesis (5). Activation of
this pathway for example promotes regeneration of axons
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Figure 1 Tissue stem cell dynamics. Schematic flux model for regulation of tissue stem cell amounts. Transient mTORC1 activation is
observed in tissue stem cells during regeneration. Chronic mTORC1 activation leads to terminal differentiation and therefore stem cell
loss. Blocking chronic mTORC1 by rapamycin and its analogs (rapalogs) limits stem cell loss. Potential alternative pathways to maintain the
tissue stem cell pool are (a) multipotent stem cells give rise to novel tissue stem cells, sometimes referred to plasticity of stem cells and (b)
differentiated cells are reprogrammed to become multipotent progenitor cells again. Arrows indicate transition between cell types.

in the adult central nervous system (6), or enables early
steps during Schwann cell differentiation from a specific
stem cell population (7), both are examples where high
lipid synthesis is needed. Inhibition of mTORC1 by raptor
depletion or by rapamycin treatment inhibits protein
translation and activates autophagy in cells (5). Therefore,
repression of mTORC1 plays an important housekeeping
role in energy metabolism (8), exemplary inhibition of
mTORC1 enhanced the chondrogenic phenotype, which
enables survival under extreme starvation conditions (9).
Importantly mTORC1 needs to be tightly controlled in
adult stem cells as it has been recently shown that ERK
signaling prevents hematopoietic stem cell exhaustion by
counterbalancing mTORC1 activity (10).
Despite the characterization of mTORC1 in tissue
stem cell homeostasis the contribution of mTOR to
alternative developmental pathways leading to tissue stem
cell generation is largely unknown. In principal tissue
independent multipotent stem cells as well as endogenous
reprogramming of differentiated somatic cells can serve
as sources for achieving tissue homeostasis. The two
alternative pathways (a and b) for maintaining tissue stem
cells are indicated in Figure 1. Multipotent stem cells are
present in adult organism as hematopoietic stem cells and
mesenchymal stem cells (11). Albeit both cellular pools
are well known to regenerate somatic cells within their
respective hierarchy there are also reports of so called
stem cell plasticity. For mesenchymal stem cells non-linear
transitions between cell populations can be observed in vivo
and transplantation of hematopoietic stem cells to
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irradiated hosts demonstrated differentiation into epithelial
cells of the liver, lung, gastro-intestinal tract and skin
(12,13). When hematopoietic stem cell grafting was used
to regenerate non-hematopoietic tissue significant tissue
injury was necessary to achieve a limited amount of cellular
contribution as shown in examples of muscle tissue and
liver regeneration (14,15). Overall plasticity of adult stem
cells is still often debated and most beneficial effects are
now attributed to transient cell incorporation and paracrine
signaling effects (16).
Recently, increasing attention is paid to the cell
endogenous potential for regeneration where somatic cells
de-differentiate and reach a multipotent state. The potential
of differentiated cells to become bipotent progenitors has
for example been shown in adult mouse hepatocytes (17).
Multipotent progenitors have now been generated form
neuronal cells where injury induced reprogramming was
induced (18). It will be interesting to see whether other cells
are also capable of this type of regeneration and whether
mTORC1 inhibition also plays a role in this process.
Human mTORC1 can be inhibited by simple calorie
restriction without malnutrition (19). Still most often
pharmacologic mTOR inhibitors are used and a life
prolonging effect of these inhibitors has been observed in
a wide range of organisms (20-22). As the study by Haller
et al. showed that rapamycin treatment rescues the loss of
tissue stem cells also in aged animals it is interesting to note
that feeding rapamycin to mice late in life also extended
their lifespan (23). Pharmacologic mTOR inhibitors
for human use are well known due to their wide clinical
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application. Thus raising the possibility that rejuvenation
of aged tissue in humans is possible. However, their use has
raised awareness in the multiple side effects which were
induced in patients. Most frequently immunosuppression,
interstitial pneumonitis, hyperglycemia and dyslipidemia
were detected (24). This has to be taken into account when
treatment regiments are designed in order to inhibit the
aging process. A possible way to circumvent unwanted
effects would be alternating dosing. By doing so mTOR
activity would be enabled during the regeneration process,
but subsequently when homeostasis is reached, mTOR
inhibition would be used to replenish the tissue stem cell
pool. Thereby the paradox of mTORC1 function during
stem cell maintenance as well as terminal differentiation
can also be resolved. In detail, short periods of inhibition
would block chronic signaling and therefore prevent stem
cell exhaustion, while alternating periods without inhibition
would enable stem cell activation and generation of
sufficient amounts of somatic tissue cells. Stepwise blocking
of mTOR, by yet to establish protocols, might be the key
for converting aged tissue into juvenile-like tissue with a
minimum of detrimental effects on the patient.
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