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Chapter 7

General discussion

Summary of key findings

Molecular regulation of neural stem cell (NSC) quiescence is key to maintain
NSC populations throughout life. Aberrant regulation of quiescence can result
in their increased exhaustion, expansion or dysfunction. In this thesis, I set out
to investigate the function of FoxO3 and Fox06 in NSC maintenance in the adult
and aging brain. Fox03 is a known regulator of NSC maintenance but its various
modes of action, through the dynamic regulation of target genes in the NSC
lineage are not clear. FoxO6 is the most recently discovered FoxO isoform and
the least studied. It is interesting that its shuttling abilities are drastically
impaired compared to the other FoxOs but the functional consequences have
not yet been determined. An increased understanding of their roles in NSC fates
could offer important insights into the age-related changes in adult
neurogenesis and the oncogenic transformation of NSCs towards brain cancer
stem cells that give rise to gliomas.

We found that FoxO6 is an important regulator of NSC fates. In Chapter 2, we
demonstrate that FoxO6 suppresses NSC quiescence during aging. This is a
novel role of FoxO6 and opposite from FoxO3-dependent regulation. We
suggest that FoxO6 negatively regulates FoxO3-dependent gene programs
related to quiescence. In Chapter 3, we built on these data to show that FoxO6
is likely involved in the oncogenic transformation of neural stem cells towards
brain cancer stem cells that give rise to gliomas. NSCs lacking FoxO6 exhibit a
glioma-like molecular signature whereas FoxO6 expression is a prognostic
factor for glioma patients. In Chapter 4, we focussed on Hmgnz2, a nucleosomal
binding protein that epigenetically regulates progression through the NSC
lineage. Whereas expression of Hmgn2 is down-regulated in FoxO6-deficient
NSCs, we found that FoxO3 directly binds within an intron. In Chapter 5, we
reviewed the literature on circadian regulation of NSCs and suggested that
disruption of the circadian clock or its weaking during aging, results in loss of
NSC quiescence. In Chapter 6, we demonstrated that FoxO3 regulates
expression of circadian clock component Clock in NSCs and is necessary for the
correct timing of circadian proliferation of NSCs in the hippocampus.

216



General discussion

FoxO3
2R
Clock -

Hmgn2

quiescence ¢

activation

Figure |: Proposed model of how FoxO6 and FoxO3 are in control of a gene
regulatory network that regulates NSC fates

FoxOé: black sheep among FoxOs and neural stem cell regulators

The work presented here suggests that FoxO3 and FoxO6 have different roles
to play in the regulation of the adult NSC pool. Whereas FoxO3 promotes NSC
quiescence, we found that FoxO6, surprisingly, suppressed NSC quiescence. As
such, FoxO3 and FoxO6 are together responsible for a healthy balance between
NSC activation and quiescence. NSC activation is necessary for adult
neurogenesis but results in a declining NSC population (Encinas et al., 2011).
NSC quiescence limits this decline during aging but excessive NSC quiescence
impairs neurogenesis (Urban et al., 2019; Timpel & Rudolph, 2019).
Interestingly, among the many described regulators of NSC quiescence, only
few are described in such a suppressive way (Table 1). As such, FoxO6 is not

217



Chapter 7

only a black sheep within the FoxO transcription factor family but also among
intrinsic neural stem cell regulators. Interestingly, we found that FoxO6
represses FoxO3 activity. Whereas FoxOs do show functional diversification
(Hosaka et al., 2004), they have predominantly been reported as working
redundantly or cooperatively (Paik et al., 2007, 2009; Zhou et al., 2012; Yadav
et al.,, 2018) and are often lumped together as a result. That our findings
indicate an opposing function of FoxO isoforms is therefore a novel perspective
on FoxO function. As FoxOs are essential regulators of cellular homeostasis,
aging and cancer biology, it would be interesting to determine if such
relationships exist in other tissues and cell types.

Table I: FoxO6 is among the few intrinsic regulators of neural stem cell
quiescence that promotes activation

Pro-activation Pro-quiescence

Ascl1! p21WAF1/Cip13

TIx? p27XkiPt 4

Fox06 p53°
p57°
PTEN”
Sirt18
CSP-a°
Id4*
Lrigi™
Bmali1*?
Huwe1'3
FoxO1'4
Fox03415
Fox04'

1, Blomfield et al., 2019; 2, Qu et al., 2010; 3, Kippin et al., 2005; 4, Andreu et al.,
2015; 5, Meletis et al., 2005; 6, Furutachi et al., 2013; 77, Groszer et al., 2006; 8, Ma
et al., 2014; 9, Nieto-Gonzalez et al., 2019; 10, Zhang et al., 2019; 11, Marqués-
Torrejon et al., 2021; 12, Bouchard-Cannon et al., 2013; 13, Urban et al., 2016; 14,
Paik et al., 2009; 15, Renault et al., 2009.
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FoxO3 activity: could there be too much of a good thing?

Our findings revealed a potential role for FoxO6 in the oncogenic
transformation of neural stem cells. Interestingly, we found that NSCs lacking
Fox06 expressed transcriptional signatures of brain cancer stem cells. This was
surprising as our data indicate that NSCs lacking FoxO6 have increased activity
of Fox03, which is typically considered as a tumor suppressor. However, the
view of FoxOs as a double-edged sword is now also gaining recognition in
cancer biology (Hornsveld et al.,, 2018; Yadav et al., 2018). Although long
regarded as bona fide tumor suppressor, FoxOs could promote tumor
development by maintaining cancer stem cells and by reactivating PI3K-Akt
signaling and, clinically, by promoting drug resistance. As such, the association
of low FoxO6 expression and poor clinical outcome for glioma patients fits
within our model of a hyperactive FoxO3 promoting quiescence and brain
cancer stem cell identity.

Importantly, there is a close association between the circadian clock and the
development and progression of various cancers, including gliomas, through
the regulation of metabolism and cell cycle (Sahar and Sassone-Corsi, 2009,
2012; Arafa and Amara, 2020). Whereas single nucleotide polymorphisms of
clock genes are associated with an increased risk to develop gliomas, gliomas
also altered expression of many core clock genes (Madden et al., 2014; De La
Cruz Minyeti et al., 2021). Interestingly, rather than a disrupted circadian
clock, many of these clock genes exhibit increased expression, which promotes
stemness and cancer-favouring metabolism in glioma (Arafa and Amara, 2020).
In a recent study, Dong et al. (2019) demonstrated that targeting BMAL1 or
CLOCK resulted in down-regulated expression of tricarboxylic acid cycle genes,
decreased expression of stem cell factors and reduced glioblastoma growth.
Although core clock genes are typically considered to function as tumour
suppressors (Sahar and Sassone-Corsi, 2009), this indicates a tumour
promoting role for the circadian clock by promoting stem cell homeostasis. As
such, FoxO3-dependent regulation of the circadian clock may also promote
brain cancer stem cell identity.

Since the discovery of neural stem cells in the adult brain, research has focused
on the consequences of a loss of quiescence as this results in a depletion of the
stem cell population (Urbén et al., 2019) but the consequences of excessive NSC
quiescence on NSC populations are less clear. Stem cell dysfunction is present

219



Chapter 7

in many aging tissues (Tiimpel and Rudolph, 2019) and old SVZ NSCs have
lysosomal defects that impair their activation (Leeman et al., 2018). The work
presented here, therefore, could serve as an example illustrating NSC
quiescence gone awry. It is also an example of why increased FoxO3 activity
could be too much of a good thing when it comes to NSC maintenance. While
Fox03 is necessary to limit quiescence, its presumed hyperactivity would result
in an impaired NSC activation. An analogy I have used in the various
presentations of my work throughout the course of my PhD is to consider FoxO3
as a smoke alarm. Whereas a smoke alarm is essential to detect a house fire
and stop it in its tracks (e.g. cell cycle arrest, apoptosis, senescence), a smoke
alarm that sets off the sprinkler system when a candle is burning would be
detrimental. In this model, FoxO6 limits the sensitivity of FoxO3 so that it only
acts when it is crucial to protect cellular homeostasis without harming tissue
homeostasis. This is reminiscent of FoxO4 action. In a seminal paper, Baar et
al. (2017) showed that FoxO4 can promote senescence by interacting with p53
following DNA-damage. While inducing senescence is a safe alternative
compared to risking accumulation of mutations in DNA, senescent cells are
thought to impair tissue function and to accelerate aging as they develop a pro-
inflammatory phenotype or senescence-associated secretory phenotype (Coppé
et al., 2008; de Keizer, 2017). Targeted apoptosis of senescent cells by inferring
with the FoxO4-p53 axis, therefore, restored fitness, hair density and renal
function in aged mice (Baar et al., 2017).

Relevance of adult hippocampal neural stem cells in the old brain

Whereas we found that FoxO6 modulates NSC quiescence during aging and that
the Hmgn2+ population of neural stem/progenitor cells is diminished in old
brains, circadian function in NSCs declines during aging. As such, the work
presented here is closely connected to the presence of adult neural stem cells
in the aging brain, with the implication that alterations in NSC fates likely
affect adult neurogenesis.

Conflicting reports about whether adult hippocampal neurogenesis occurs in
humans has raised controversy over its significance for human health (Sorrells
et al.,, 2018; Boldrini et al., 2018). With subsequent studies showing the
presence of new neurons in old humans, the consensus seems to have reverted
to the pre-Sorrells school of thought; that adult hippocampal neurogenesis
contributes to learning and memory processes, and promotes stress regulation
(Snyder et al., 2019; Lucassen et al., 2020). Interestingly, brains of Alzheimer’s
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patients show low levels of hippocampal neurogenesis, which correlated with
memory deficits (Tobin et al., 2019; Moreno-Jimenez et al., 2020). A recent
study has now shown that levels of microRNA miR-132 are reduced in the brains
of Alzheimer’s disease patients but that its replacement restored adult
hippocampal neurogenesis and improved memory deficits in a mouse model of
the disease (Walgrave et al., 2021). In other words, the existence of neural stem
cells in old brains has tangible benefits.

Therefore, the preservation of this population through modulation of
quiescence seems beneficial (Kalamakis et al., 2019; Harris et al., 2021;
Ibrayeva et al., 2021). However, from an evolutionary perspective, there would
be no selection pressures on stem cell activity after the adult reproductive years
(Goodell and Rando, 2015). In others words, it is hard to imagine that the
preservation of neural stem cells for neurogenesis in old brains is subjected to
evolutionary pressure. In fact, a sizeable population of quiescent NSC might
never become activated (Harris et al., 2021). As such, the preservation of adult
neural stem cells during aging might be the logical consequence of increased
quiescence due to stem cell dysfunction or aging-related changes of the
surrounding niche. For instance, both the accumulation of protein aggregates
and a pro-inflammatory niche impair the activation of old NSCs (Leeman et al.,
2018; Kalamakis et al., 2019; Dulken et al., 2019).

Conversely, the existence of adult neural stem cells also poses a risk for their
oncogenic transformation. Since the discovery of NSCs in brain tumours (Singh
et al., 2004), an increasing body of knowledge demonstrates that SVZ NSCs are
the main cell-of-origin for human brain tumours (Matarredonna and Pastor,
2019; Kim et al., 2021). Mutations in oncogenes and tumour suppressors drive
the transformation of, mainly, neural stem cells towards a brain cancer stem
cell, characterized by sustained self-renewal and proliferation, which gives rise
to the various cell types that constitute a brain tumour (Lathia et al., 2015; Lee
etal., 2018; Kim et al., 2021). These tumours, of which glioblastoma multiforme
is the most common and most lethal, are almost impossible to treat and most
patients die within the first years following diagnosis (Louis et al., 2007;
McLendon & Halperin, 2003; Jaeckle et al., 2011). This is partially due to
recurrence of the tumours driven by a slow-cycling population of NSCs that
survives chemotherapy (Chen et al., 2012.). As such, adult NSCs are responsible
for one of the most lethal human cancers while many of them likely never
generate new neurons.
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Among the key regulators of NSC quiescence (Urban et al., 2019) are many
tumour suppressors with key functions in cancer biology, which are likely to
be subjected to strong evolutionary pressure. The prevalence of NSC quiescence
might stem from the activity of these tumour suppressors rather than to
functionally preserve NSCs for the aging brain. Alternatively, quiescence of
young NSCs is likely important to limit levels of adult neurogenesis. Newborn
hippocampal neurons integrate into the existing neuronal circuitry, which
promotes brain plasticity (Gongalves et al., 2016). Whereas neural circuits in
young brains show high levels of plasticity, this is later stabilized (Takesian
and Hensch, 2013). A mechanism favouring NSC quiescence might therefore
start at a young age, not to preserve NSCs but to promote a balance between
brain plasticity and stability.

Therefore, I suggest that neurogenesis is beneficial for old brains but that this
is not likely the reason for its existence. Rather, neurogenesis is a logical
consequence of the persistence of neural stem cells in old brains and the
mechanisms in place regulating their quiescence. In this view, adult neural
stem cells persist as a leftover of the neurodevelopmental period. Their
increased quiescence during aging allowed them to exist longer than is
expected in a purely “division-coupled depletion” model (Harris et al., 2021).
However, from an evolutionary perspective, it is more likely that mechanisms
favouring tumour suppression and stability of neuronal circuitry in
combination with age-related stem cell dysfunction and pro-inflammatory
neurogenic niches drive this quiescent state rather than these mechanisms have
developed to functionally preserve neurogenesis in old brains. In other words,
the process is the evolutionary driver rather than the outcome.

For example, almost all mammals contain seven cervical vertebrae, not because
this is necessarily the perfect number of cervical vertebrae for a mammal but
because of developmental constraints (Galis, 1999). Patterning of the skeleton
is regulated by Hox genes, which are key regulators during development and
cancer biology in adult tissues. As such, variation in the number of vertebrae
in the neck may not seem that harmful, abnormalities in Hox genes are.
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Regulation by FoxOé and FoxO3: like clockwork?

Additionally, we discovered novel modes of FoxO3-dependent regulation in
NSCs: the control of circadian rhythms and the control of Hmgn2 expression.
FoxO3 promotes NSC quiescence through the induction of transcriptional
programmes that directly limit cell cycle progression (e.g. p21, p27) and its
activity is dependent on the cellular metabolic state (Renault et al., 2009; Ro
et al., 2013). The circadian clock is closely connected to both the cell cycle and
metabolism (Asher & Schibler, 2011; Gaucher et al., 2018). Our finding that
FoxO3 regulates Clock, an essential component of the cellular clock, adds
another layer to the regulation of NSC fates. Interestingly, we found that, in
the liver, circadian clock components rhythmically bound to the FoxO3 gene in
a publically available ChIP-seq dataset (Koike et al., 2012), indicating that
FoxO03 is an integral part of the circadian gene regulatory network. This raises
the question whether FoxO6 is also part of this network. Interestingly, the
Fox06 gene was not bound by any circadian clock components in the liver and
Fox06 knockdown did also not significantly change circadian clock dynamics
on a single cell level. Nevertheless, FoxO6 overexpression clearly reduced the
amplitude of circadian oscillations in both NIH3T3 cells (Chaves et al., 2014)
and in our experiments in neural stem cells. Conversely, FoxO6-/- mice exhibit
fragmented circadian behaviour with an increased period, similar to the
circadian behaviour of old mice (Chaves et al., unpublished). Moreover, we
found altered expression of clock genes - Peri, Per2, Rev-Erba/Nridi, Cryi, Cry2
(Draijer et al., unpublished) - in FoxO6-deficient NSCs. As such, FoxO6 seems
to be involved in circadian regulation but likely through its regulation of Fox03
or target genes and not, as in the case of Fox03, as an integral part of the
circadian regulatory network.

Hmgn2: a transcriptomic smoking gun

Importantly, we found that FoxO3 regulated expression of the nucleosomal
binding protein Hmgn2. This line of inquiry started with the observation that
Hmgn2 expression was drastically reduced in neurospheres derived from
FoxO6-deficient mice, both adult and embryos compared to wild types. When I
started my PhD, Hmgn2 had just been reported as highly up-regulated in neural
progenitor cells and belonging to a group of “transcription factors whose
function has not been described in the context of adult hippocampal neural
development” (Artegiani et al.,, 2017). As such, Hmgn2 seemed to be an
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important smoking gun in figuring out why loss of FoxO6 resulted in a
quiescent-like signature.

Therefore, we set out to examine its spatial expression in vivo, as that had not
been done at the time, and assessed Hmgn2 expression in many available
datasets as well as in our own model of NSC quiescence. Together, these results
all indicated that Hmgn2 expression sharply increases following NSC
activation, peaks in neural progenitor cells and is then down-regulated during
differentiation towards neuroblasts.

A question that remains is whether the drastic reduction of Hmgn2 expression
in FoxO6-deficient neurospheres is due to either the loss of neural progenitor
cells, which highly express Hmgn2, or due to FoxO3 hyperactivity repressing
Hmgn2 or is caused by the absence of direct FoxO6 regulation. Whereas we
found a clear reduction in the number of Hmgn2+ cells in FoxO6-deficient mice,
adult hippocampal neural stem cells in vitro - arguably a more homogeneous
culture than neurospheres - also exhibit diminished Hmgn2 expression.
Conversely, direct FoxO6-dependent regulation seems unlikely as we did not
find a FoxO6 binding site at the Hmgn2 gene in our ChIP-seq data. Moreover,
this would mean that FoxO6 and FoxO3 would both bind to a DBE within Hmgn2
but differentially regulate its expression. This is possible depending on their
transcriptional co-regulators but it seems more likely that Hmgn2 expression
is so drastically reduced in FoxO6-deficient neurospheres because 1) increased
quiescence at the expense of neural progenitor cells results in a proportionally
reduced number of cells with high Hmgn2 expression and 2) FoxO03
hyperactivity results in increased repression of Hmgn2. In addition, a dynamic
balance between FoxO3- and Ascli-dependent transcription likely regulates
Hmgn2 expression, among the many shared target genes of FoxO3 and Ascl1i
(Webb et al., 2013). Since we found that FoxO6 regulates Fox0O3, FoxO6 would
indirectly affect Ascli-dependent transcription of not only Hmgn2 but also of
many other target genes.

Limitations of this work

An obvious ethical and experimental concern is the use of mouse models
throughout the chapters in this thesis. Although we have aimed to minimize the
use of mice, their sacrifice was inherent to many experiments involving post-
mortem analysis. The use of a primary neural stem cell line provides an ideal
model to study cell cycle dynamics outside of a mouse brain and only
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necessitates a single isolation. Nevertheless, a crucial aspect of the research
outlined here involves aging. We observed age-related changes in FoxO6-
deficient mice as well as age-related changes in the number of Hmgn2+ neural
stem/progenitor cells. Such studies are impossible in vitro. Similarly, loss of
Fox06 affected the quiescence of hippocampal NSCs but not of NSCs in the SVZ
of the lateral ventricles. In contrast, both hippocampal NSCs and whole
forebrain neurospheres, which likely predominantly originate from SVZ NSCs,
that lacked FoxO6, were more quiescent in culture. This indicates niche-specific
features that are hard to recapitulate in vitro. Finally, we found a phase-shift
in the peak of circadian proliferation in mice lacking FoxO3. As the circadian
clock within cells is synchronized by cues from the SCN and by metabolic
signals, such an effect would have likely been missed in vitro. Because of these
reasons and others, the use of human brain tissue would not have been
adequate to carry out the research as performed in this thesis. Whereas the use
of post-mortem brain tissue would not have been able to answer causative
questions about Fox03 and Fox06, the use of human neural stem cell cultures
would have been challenging for the reasons mentioned above.

As such, it remains challenging to translate the findings in this thesis to the
human brain. In recent years, the debate around adult neurogenesis in humans
has been reinvigorated after a study reporting negligent neurogenesis in adult
human brains sparked controversy (Sorrells et al., 2018). This was quickly met
with rebuttals questioning the experimental methodology (Lucassen et al.,
2019) and new studies that did find adult neurogenesis to persist in old human
brains (Boldrini et al., 2019; Tobin et al., 2019). Nevertheless, we also observed
that the number of proliferating NSCs in old mouse brains was a fraction of the
number of proliferating NSCs in young mice. As such, adult neurogenesis in
mice and humans seem to be comparable when the organism’s development
and lifespan are accounted for (Snyder et al., 2019).

This does not withstand the fact that there are limitations of the mouse models
used in this work. We used transgenic mouse mutants lacking FoxO3 or FoxO6.
These mutant mice were full knockouts, meaning that many cells throughout
the body had been lacking either of these transcription factors from conception
onwards. This poses two problems: first, the lack of FoxO3 or FoxO6 in other
tissues than the brain may affect NSCs maintenance and, secondly, the absence
of these transcription factors during brain development may affect NSCs in the
adult brain.
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For instance, FoxO3 regulates circadian rhythms in the liver (Chaves et al.,
2014) whereas FoxO6, now that it is increasingly studied, is emerging as a
regulator of gluconeogenesis in the liver (Kim et al., 2013). NSCs are positioned
close to blood vessels and - in the SVZ - cerebrospinal fluid and therefore are
dependent on systemic signals deriving from the niche environments for their
activation and cell fates (Doetsch, 2003; Obernier and Alvarez-Buylla, 2019).
Additionally, FoxO3 is a known regulator of embryonic NSCs (Paik et al., 2009;
Schmidt-Strassburger et al., 2012) whereas FoxO6 expression is abundant in
the developing brain (Hoekman et al., 2006) and affects neuronal migration
during cortical development (Paap et al., 2016). As such, loss of Fox0O3 or Fox06
in other tissues may indirectly alter NSC homeostasis while their absence
during development could affect the generation of adult NSCs. A solution would
be to use a brain-specific and/or temporally specific conditional transgenic
knockout mouse. For instance, by crossing a transgenic Cre recombinase mouse
driven by the brain-specific Nestin promoter with a floxed mouse: a transgenic
mouse that has a gene - in this case FoxO6 or FoxO3 - sandwiched in between
lox P sites. This then allows for the deletion of these genes using Cre-Lox
recombination. To study the acute effects of a FoxO6 deletion in the adult brain,
a Nestin-Cref®T2 mouse model can be used, in which a deletion with tamoxifen
activates Cre recombinase. However, a floxed FoxO6 mouse is currently lacking
and challenging to generate in-house.

Concluding remarks

The work presented in this thesis reveals novel roles for FoxO6 and FoxO3 in
the regulation of NSC fates but, above all, it demonstrates that a proper balance
between NSC activation and quiescence is key. While FoxO3 is indisputably an
essential regulator of NSC quiescence, we show here that FoxO6 is necessary
to keep its activity in check to allow NSC activation. Quiescence is necessary to
maintain adult NSC populations but without their activation, their function as
stem cells is arguably abrogated. Similarly, FoxO3 is an important regulator of
cancer biology but as it promotes stemness of neural stem cells, it can likewise
promote stemness of brain cancer stem cells. FoxO6 may therefore act as a
tumour suppressor in an unusual way: by keeping another tumour suppressor,
Fox03, in check. Hmgn2 seems to fit within this framework. Its expression is
up-regulated following NSC activation but its function is not pro-neurogenic
but rather promotes stem cell identity.
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Circadian regulation of NSC fates is emerging as an important factor in
balancing NSC fates. Not only does the circadian clock modulate the decision
whether to enter or exit the cell cycle, it also modulates when. That FoxO3 - and
by association FoxO6 - are interconnected within the cellular circadian clock
machinery adds to the complexity of NSC regulation.

Together, all these findings illustrate that quiescence is not inherently good or
bad but that its active regulation is necessary to strike a balance between
exhaustion, expansion and stem cell dysfunction. Aging heavily affects this
balance, both by intrinsic and extrinsic changes, which leaves neural stem cells
-and other somatic stem cells - continuously poised between these three evils.
To understand healthy aging, it is, therefore, important to understand
quiescence.
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