\Ag" ing is the primary risk factor for major
uman pathologies, including cancer,
cardiovascular and neurodegenerative
iseases. For this reason, the observed
trend in population ageing is imposing
agg ociated diseases and their
prevention as an important social,
economic and medical topic. Although
agei 'g research has drastically boosted
over the last ten years (Lopez-Otin et
d 023), the molecular and cellular
of ageing still remain to be
rstood. This is essential to
roaches and therapies

d the health span and delay or
revert ageing. '

One of the main hallmarks of ageing is
the exhaustion of stem cells (L&pez-Otin
et al., 2023), which, over time, lose their
regenerative capacity. In other words,
stem cells cannot efficiently renew the
cells in a tissue or repair the tissue when
it is injured. Previous studies have revealed
some of the changes that aged stem cells
undergo, which can contribute to their
poor performance. For example, mouse and
human haematopoietic stem cells (HSCs)
aF o lose their cellular polarity with ageing
= (Florian et al., 2012), increasing symmetric
cell divisions (Florian et al., 2018). This type
of symmetric division results in two equal
stem cells that are poor in differentiating
into blood cell progenitors and that
~ accumulate over time.
reover, a more recent study from our
m showed that in aged HSCs, the
vels and the polarity of some epigenetic
marks, like the histone 4 acetylated on
lysine 16 (H4K1é6ac), are reduced, the
volume of the nucleus increases, and
the number of nuclear invaginations
decreases (Grigoryan et al., 2018). The
loss in stem cell regenerative capacity
has also been described in the skeletal
muscle, a tissue that suffers an important
loss in mass and function with ageing
(Sousa-Victor et al., 2015). The number
of skeletal muscle stem cells (MuSCs)
declines around 50 per cent in aged

individuals, together with a loss in their
functional capacity. These observations
and similar ageing effects observed in
other tissues highlight the importance
of stem cell decline in tissue ageing and
present stem cells as an interesting target
for possible rejuvenation strategies.

Several interventions for stem cell
rejuvenation have been proposed, mainly
based on exercise, dietary restriction and
heterochronic parabiosis (shared blood
circulation between a young and an old
individual) (Brunet, Goodell and Rando,
2023). Although showing promising
results, their effect on several types of
stem cells, like HSCs, is still under debate.
In the past years, we have been working
on a potential stem cell rejuvenation
strategy based on the inhibition of the
protein Cdc42, a small RhoGTPase. This
protein has been shown to be more
active in aged mouse and human HSCs
compared to their young counterparts
and to be involved in the loss of polarity
in these cells (Florian et al., 2012; Amoah
et al, 2022). The pharmacological
reduction of Cdc42 activity in vitro
using CASIN (Cdc42 Activity Specific
INhibitor) resulted in a recovery of cell
polarity, H4K16ac levels, nuclear volume
and shape and regenerative capacity in
mouse-aged HSCs (Florian et al., 2012,
2018; Grigoryan et al., 2018). In light
of these results, we now developed a
systemic approach to administer CASIN
treatment in vivo into aged mice by intra-
peritoneal injections every 24 hours
for four days. This systemic treatment
increased the average and maximum
lifespan of the aged mice and reduced
the blood levels of several inflammatory
cytokines known to increase with ageing
(Florian et al., 2020). Moreover, it did
not show any sign of acute or chronic
toxicity. The ReSinAge project, funded
by the European Research Council (ERC),
aims to continue studying the effects of
ageing in stem cells and tissues and the
application of CASIN as a potential stem
cell rejuvenating approach.
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It is probably common knowledge that life expectancy in developed countries
has increased exponentially since the beginning of the twentieth century.
Nowadays, the number of people older than 85 years is growing faster than any
other age group (Christensen et al., 2009).

In 2022, we published the first results
funded by this project in the paper
“Transplanting rejuvenated blood
stem cells extends lifespan of aged
immunocompromised mice” (Montserrat-
Vazquez et al., 2022). Here, we
investigated if old HSCs and MuSCs are
targeted by the CASIN treatment applied
in vivo (systemically) in aged mice and
if these treated stem cells alone can
improve tissue regeneration, extending
murine health- and lifespan. First, we
studied the effects of the treatment on
the health span of the mice and on their
skeletal muscle tissue. We observed an
improvement in the locomotor activity,
endurance and strength of treated aged
mice. The levels of active Cdc42 were
found to be increased in aged skeletal
muscle cells and to decrease with CASIN.
Also, myofibre number and mass in
treated aged mice were comparable to
those in young mice. To challenge the
tissue, we injected mice with a toxin
that specifically damages the myofibres.
CASIN-treated aged mice, but not
control aged mice, showed an increase in
the numbers and differentiation capacity
of MuSCs and an improvement in skeletal
muscle tissue repair and mouse fitness
(endurance and strength) after the injury.
Therefore, the systemic treatment with
CASIN is able to target MuSCs and inhibit
Cdc42 activity, improving aged MuSC
regenerative capacity after injury and
contributing to improved mouse fitness.

We further analysed the effects of the
systemic CASIN treatment on HSCs.
We confirmed that the levels of Cdc42
activity in the haematopoietic system
were decreased after the treatment
in vivo and that HSC polarity was
significantly recovered for both Cdc42
and H4Klé6ac. We also analysed the
localisation of HSCs in the bone marrow
since it is known that the interaction of
HSCs with the niche is critical for their
function (Wei and Frenette, 2018). It has
been described that quiescent young
stem cells lie close to arterioles and the
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Figure 1: A brief systemic treatment with CASIN to inhibit Cdc42 activity in aged mice is able to improve
the regenerative capacity of stem cells and increase the health- and lifespan of aged mice.

endosteum, while their aged counterparts
are further from arterioles and from the
endosteum (Maryanovich et al., 2018;
Sacma et al, 2019; Ho and Méndez-
Ferrer, 2020). Interestingly, HSCs in
CASIN-treated aged mice were found
closer to arterioles and to the endosteum
than in young mice, indicating that the
treatment affected the localisation of
these stem cells and restored them to a
youthful localisation. Finally, we applied
single-cell RNA sequencing (scRNA-
seq) to HSCs and progenitor cells of
treated and untreated aged mice to
study their possible gene expression
changes. Although the increase of HSCs
with ageing was not reduced after the
treatment, we did detect changes in
the expression of several genes, mainly
involved in quiescence and stress
response. CASIN also partially restored
the gene expression heterogeneity that
was detected to be lost with ageing.

www.europeandissemination.eu

Finally, an analysis of the transcriptional
connectivity between the different cell
types revealed a huge connectivity loss
with ageing that CASIN partially reverted.

Considering  this  ‘youthful’ HSC
phenotype observed after the treatment,
we performed transplantation assays
with the systemically treated aged HSCs
transplanted into lethally irradiated mice
to analyse their regenerative capacity.
HSCs obtained from CASIN-treated
aged mice were better at reconstituting
the recipients’ haematopoietic system
compared to those from control aged
mice. Also, the frequency of B cells in
the peripheral blood was higher after
the transplant with aged CASIN-treated
cells, indicating an improvement in the
B-lymphoid regenerative capacity of aged
HSCs after the systemic CASIN treatment.
We also transplanted the treated aged
HSCs into aged immunocompromised
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mice to more broadly test the effect on
aged recipients’ health span and lifespan.
Noteworthy, aged mice that received
HSC from aged CASIN-treated mice
presented with extended median and
maximum lifespan by ~25 per cent and
~34 per cent, respectively, compared
to the aged mice transplanted with the
control aged HSCs or a group of aged
mice that didn't receive any transplanted
cell. Therefore, CASIN-rejuvenated HSCs
are sufficient to extend the lifespan of
aged recipient mice upon transplantation.

Altogether, we have shown that a brief
systemic treatment with CASIN to inhibit
Cdc42 activity in aged mice is able to
improve the regenerative capacity of
stem cells and increase the health- and
lifespan of aged mice (Figure 1). These
findings support CASIN treatment as
a promising strategy for aged stem cell
rejuvenation and extend to the possibility
of targeting endogenous aged stem cells
as a promising strategy to extend health
span and lifespan, with an interesting
translational potential into humans. As
part of the ReSinAge project, we are
continuing to study possible applications
of Cdc42 activity inhibition in vivo for
translational applications in the context
also of tissue regeneration after, for
example, chemotherapy.
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PROJECT SUMMARY

Canceris a disease of the elderly, and chemotherapy
remains the mainstay of treatment. Unfortunately,
older patients are highly susceptible to specific
toxicities of chemotherapy, like myelosuppression
and life-threatening neutropenia. ReSinAge
explores the possibility of improving the
regenerative capacity of the aged stem cell niche
as an unprecedented, innovative strategy to
improve the haematopoietic recovery and increase
the survival after chemotherapy in the elderly.
More broadly, we aim to provide proof-of-concept
evidence that increasing the regenerative potential
of endogenous aged somatic stem cells represents
an important strategy for rejuvenating tissues and
improving health- and lifespan in the elderly.
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Dr Florian’s lab focuses on understanding cellular
and molecular mechanisms of somatic stem cell
ageing, supporting the development of new
therapeutic strategies to preserve the regenerative
capacity of stem cells over time and to limit or
prevent the development of age-related disorders
and extend healthspan and lifespan.
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