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Abstract

FoxO transcription factors are essential regulators of stem cell homeostasis.
FoxOs act on the interface of metabolism and cell cycle regulation and are
important sensors of nutrients and cellular stress. Many metabolic processes
and cell cycle transitions show circadian rhythms which are generated by a
cellular circadian clock. The circadian clock consists of multiple interlocked
transcriptional translational feedback loops that regulate the circadian
expression of a wide range of target genes. As such, the circadian clock
regulates stem cell function in a range of different tissues, including that of
neural stem cells in the adult hippocampus. Loss of the circadian clock disturbs
circadian proliferation of neural stem cells and exhausts their number at a
premature age. Importantly, FoxO3 preserves the adult neural stem cells
population by regulating cell cycle and cellular metabolism. Additionally,
FoxO3 regulates circadian rhythms in the liver. However, whether FoxO3 is a
regulator of circadian rhythms in neural stem cells remains unknown. Here, we
show that loss of FoxO3 disturbs circadian rhythmicity in neural stem cells via
regulation of Clock expression. We then performed a meta-analysis of published
data on the transcriptome and genome-wide binding sites of circadian clock
components during a circadian cycle. This revealed the dynamic co-occupancy
of multiple circadian clock components within FoxO3 regulatory regions.
Finally, we examined proliferation in the hippocampus of FoxO3-deficient mice
and found that loss of FoxO3 altered the circadian phase of hippocampal
proliferation, indicating that FoxO3 is important in ensuring correct timing of
NSC proliferation. Taken together, we suggest that FoxO3 is an integral part of
circadian regulation of neural stem cell homeostasis. As such, FoxO3 could
preserve NSC populations throughout life by modulating the circadian clock.

Key words: circadian rhythms - FoxO3 - neural stem cell - liver - metabolism
- cell cycle
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FoxO3 modulates circadian rhythms in adult neural stem cell proliferation

Introduction

The circadian clock is an evolutionary conserved mechanism present in most
mammalian tissues generating oscillations in transcription during day and
night (Dibner et al., 2010; Zhang et al., 2014). This is the result of the various
interlocked transcription-translation feedback loops that constitute the cellular
circadian clock, which span approximately 24 hours (reviewed in Buhr &
Takahasi, 2013; Takahashi, 2016). Important molecular components of the
circadian clock are the bHLH transcription factors CLOCK, its paralogue NPAS2,
and BMAL1. The CLOCK-BMAL1 - or NPAS2-BMAL1 - complexes bind to
regulatory elements containing an E-box and promote expression of target
genes (so-called clock-controlled genes), including genes encoding repressors
PER1, PER2, PER3, CRY1 and CRY2. The latter then repress CLOCK-BMAL1
activity, resulting in rhythmic expression. Moreover, CLOCK-BMAL1 activates
expression of nuclear receptors REV-ERBa and REV-ERBf, which repress
expression of Bmali and Clock (Buhr & Takahasi, 2013; Takahashi, 2016). The
suprachiasmatic nucleus (SCN) located in the brain is the light-entrainable
master regulator that synchronizes the circadian clock in all peripheral tissues
(Dibner et al, 2010). As such, circadian rhythms regulate stem cell fates in many
tissues, including the skin, the intestine and the brain (Brown, 2014; Janich et
al., 2014; Draijer et al., 2019).

Neural stem cells (NSCs) are the progenitors of the adult brain and have the
ability to generate neurons, astrocytes and oligodendrocytes or to self-renew
(Taupin & Gage, 2002; Merkle & Alvarez-Buylla, 2006). NSCs reside in mainly
two locations in the adult brain, the subventricular zone of the lateral ventricles
and the subgranular zone of the dentate gyrus (Basak & Taylor, 2009). A
majority of NSCs are dormant, or quiescent, existing in a state outside of the
cell cycle, which minimizes accumulation of DNA damage during life, allowing
for long-lived populations (Cheung & Rando, 2013; Urban et al.,, 2019).
Following activation, NSCs enter the cell cycle and give rise to progenitors,
which then leave the cell cycle to differentiate into committed cell types.
Although NSCs are able to return to quiescence (Urban et al., 2016), activation
of quiescent NSCs results in the gradual decline of NSC populations during
aging (Encinas & Sierra, 2012; Ro et al., 2013). A disrupted circadian clock
results in increased cell cycle entry of hippocampal NSCs, which ultimately
results in exhaustion of the NSC population (reviewed in Draijer et al., 2019).
For instance, loss of circadian clock components Per2, Bmali or Rev-Erba
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disrupted circadian proliferation of NSCs and resulted in increased cell cycle
entry of NSCs (Borgs et al., 2009; Bouchard-Cannon et al., 2013; Schnell et al.,
2014).

Similarly, loss of the transcription factor FoxO3 disrupts quiescence and results
in a decrease of the number of NSCs (Renault et al., 2009; Paik et al., 2009).
FoxO3 is a transcription factor belonging to the FoxO family, which also
includes FoxO1, FoxO4 and FoxO6, and controls expression of many genes
involved in the cell cycle and metabolic regulation (Greer & Brunet, 2005; Gross
et al., 2008). Moreover, Fox03 is regulated by the energy-sensing insulin/IGF-
1 signalling pathway (Rafalski & Brunet, 2011). Activation of this pathway
results in phosphorylation and subsequent nuclear export of Fox0O3, inhibiting
FoxO3-dependent transcription (Brunet et al.,, 1999; Van der Heide et al.,
2004). Previous studies in our lab demonstrated FoxO3 to regulate hepatic CRs
by direct transcriptional control of Clock expression (Chaves et al., 2014). Here
we show that FoxO3 modulates circadian rhythms of neural stem cells in vitro
and in vivo.

Results

FoxO3 regulates circadian rhythmicity of neural stem cell cultures via Clock
expression

In the liver, FoxO3 is an important regulator of circadian rhythmicity (Chaves
et al., 2014). In order to examine whether FoxO transcription factors modulate
circadian rhythms in neural stem cells, we used an in vitro neural stem cell
model known as multipotent astrocytic stem cells (MASCs), which can be grown
in monolayers (Laywell et al., 2000). In these cells, we co-transfected a
mBmali::luciferase reporter construct with either FOXO1-GFP, FOX0O3-GFP or
FOXO6-GFP (Figure 1A) or in combination with either FoxO1 siRNA, FoxO3
siRNA or Fox0O6 siRNA (Figure 1B) and measured bioluminescence over
multiple days in synchronised cultures. We did not interrogate FoxO4 as its
expression in the brain is very low (Hoekman et al., 2006; Schéffner et al.,
2018). Overexpression of FOXO-GFP fusion constructs all reduced the
amplitude of circadian oscillations in mBmali::luciferase (Figure 1A, 1C).
Conversely, only knockdown FoxO3 completely abrogated circadian rhythms in
mBmali::luciferase bioluminescence (Figure 1B, 1D).
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FoxO3 modulates circadian rhythms in adult neural stem cell proliferation

As this is in line with the effects of a loss of FoxO3 in the liver, where it directly
regulates Clock expression (Chaves et al.,, 2014), we set out to determine
whether this is true for neural stem cells as well. To this end, we transiently

downregulated FoxO3 using siRNA in MASCs and assessed Clock expression 24

hour and 48 hours after synchronization with dexamethasone (Figure 2A). This

indicated a clear and persisting downregulation of Clock expression for at least

two days (Figure 2B,2C). To verify downregulation of Fox0O3 expression, we

assessed its expression over the course of 24 hours. This confirmed its
downregulation but also revealed a circadian oscillation of FoxO3 expression in

MASCs (Figure 2D).
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Figure |. Differential effect of FoxO transcription factors on circadian oscillations in neural stem
cells in vitro

(A) Representative examples of bioluminescence rhythms in cells co-transfected with a
mBmali::luciferase reporter construct and either empty vector (blue line), FOXO1-EGFP (left,
yellow line), FOXO3-EGFP (middle, red line), or FOXO6-EGFP (right, blue line).

(B) Representative examples of bioluminescence rhythms in cells co-transfected with a
mBmali::luciferase reporter construct and control siRNA (blue line), FoxO1 siRNA (left, yellow
line), FoxO3 siRNA (middle, red line), or FoxO6 siRNA (right, blue line).

(C) Graphical representation of the amplitude and period length under FOXO overexpression
(left) or FoxO knockdown (right). Values are averages of independent experiments (n=3)
performed in triplicate. Error bars represent SEM. One-way ANOVA with Dunnett’s multiple
comparison test. *p<0.05, **; p<0.01; *** p<0.001.
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To determine whether Clock expression could rescue the FoxO3 knockdown
phenotype, we co-transfected a mBmali::luciferase reporter construct with
either siRNA control and empty vector (Figure 2D, light blue), siRNA and
PFLAG-CLOCK (Figure 2D, dark blue), FoxO3 siRNA and empty vector (Figure
2E, red) or Fox0O3 siRNA and pFLAG-CLOCK (Figure 2E, orange) and assessed
circadian rhythmicity over multiple days. Whereas Clock overexpression did
not substantially affect circadian oscillations (Figure 2D, 2F), it did rescue the
loss of circadian rhythmicity following knockdown of FoxO3 (Figure 2E, 2F).
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Figure 2. Clock can rescue the FoxO3 siRNA phenotype in neural stem cells

(A) Clock expression in adult neural stem cells following 24 and 48 hours after transfection of
siRNA control or FoxO3 siRNA.

(B) FoxO3 expression in adult neural stem cells following siRNA control or FoxO3 siRNA during
24 hours directly following circadian synchronization with dexamethasone.

(C) Clock expression in adult neural stem cells following siRNA control or FoxO3 siRNA during
24 hours directly following circadian synchronization with dexamethasone.

(D) Representative examples of bioluminescence rhythms in cells co-transfected with a
mBmali::luciferase reporter construct and siRNA control plus empty vector (light blue), siRNA
control plus pFlag-CLOCK (dark blue)

(E) Representative examples of bioluminescence rhythms in cells co-transfected with a
mBmali::luciferase reporter construct and FoxO3 siRNA plus empty vector (red) or FoxO3
siRNA plus pFlag-CLOCK (orange).

(F) Quantification of amplitudes of bioluminescence rhythms shown in (D). Values are averages
of biological replicates (n=2) performed in triplicate. One-way ANOVA with Tukey’s multiple
comparison test. Error bars represent SD. * p<0.05.
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FoxO3 modulates circadian rhythms in adult neural stem cell proliferation

FoxO3 is not required for circadian rhythmicity at the single cell level

Recording of circadian bioluminescence requires synchronization of cellular
clocks within cell cultures (Nagoshi et al., 2004). As such, knockdown of Fox0O3
could disrupt circadian synchronization rather than rhythmicity itself. To
investigate this, we analysed circadian rhythmicity in single cells by using
NIH3T33¢ mouse fibroblast cells expressing Rev-Erba-VNP fusion protein as a
fluorescent marker for the circadian clock (Feillet et al., 2014). We transfected
these cells with FoxO3 siRNA or siRNA control and assessed Rev-Erba-VNP
fluorescence over multiple days (Figure 3). Surprisingly, knockdown of FoxO3
did result in a clear reduction in fluorescence level (Figure 3A, 3B) but it did
not disrupt circadian rhythmicity in single cells (Figure 3A, 3C). This suggests
that circadian rhythmicity is still present in cells following FoxO3 knockdown
but also indicates that FoxO3 regulates the expression of circadian clock
components. Since the circadian clock and cell cycle are closely connected
(Gaucher et al., 2018), and timing of proliferation of hippocampal neural stem
cells is dependent of circadian rhythmicity (Renault et al) loss of FoxO3 could
have consequences for the coupling of the circadian clock with the cell cycle.

To explore whether FoxO3 affects cell cycle progression we used NIH3T33C cells
transfected with FoxO3 siRNA or RNA control as, next to expressing Rev-Erba-
VNP, these cells express fluorescent markers for the Gi1 phase (hCdti-
mKOrange fusion protein) and combined S, G2 and M phases (hGeminin-CFP
fusion protein) of the cell cycle (Feillet et al., 2014). We examined cell cycle
progression over multiple days and quantified the length of G1 and S/G2/M
phase in siC (Figure 3D-G) and siO3 (Figure 3F-G). This revealed no significant
changes in G2/S/M phase or total cell cycle and only a slight trend towards an
increased G1 phase length following FoxO3 knockdown (Figure 3G). FoxO3
knockdown did not disrupt coupling of the circadian clock to the cell cycle as
the distribution of circadian cycle length and cell cycle length was similar
between siC and siO3 cells (Figure 3E-G). Moreover, we transfected
NIH3T33C cells with FoxO6 siRNA and analysed simultaneously both circadian
clock and cell cycle dynamics. In line with whole cell culture recordings,
knockdown of FoxO6 did not significantly change the circadian magnitude or
the circadian amplitude of oscillations in Rev-Erba fluorescence (Figure S1A-
C). However, loss of FoxO6 did increase G1 phase length and reduced G2/S/M
phase length while the total cell cycle length was unaffected, indicating an
effect on cell cycle dynamics (Figure S1D-G). Together, these results indicate

that FoxO3 is not required for circadian rhythmicity in single cells.
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Figure 3. Loss of FoxO3 does not disrupt circadian rhythmicity in single cells
(A) Single cell recordings over multiple days of Rev-ERba-VNP fluorescence levels in NIH3T33¢
following transfection with FoxO3 siRNA (siO3, orange) or control siRNA (siC, grey).

Representative examples.

(B) Circadian magnitude of oscillations in Rev-ERba-VNP fluorescence levels shown in (A). siC,
n=13; si03, n=20. Student’s t-test with Bonferroni correction for multiple group comparison.

*, P<0.025.

(C) Circadian amplitude of oscillations in Rev-ERba-VNP fluorescence levels shown in (A). siC,
n=13; si03, n=20. Student’s t-test with Bonferroni correction for multiple group comparison.
Student’s t-test with Bonferroni correction for multiple group comparison. n.s., not significant
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FoxO3 modulates circadian rhythms in adult neural stem cell proliferation

FoxO3 is a clock-controlled gene

Our finding that FoxO3 expression showed circadian oscillations in neural stem
cells is in line with previous reports of circadian FoxO3 expression in the liver
(Vollmers et al., 2012; Chaves et al., 2014). This is interesting as this suggests
that FoxO3 is a clock-controlled gene. To determine whether expression of
Fox03 is directly regulated by CLOCK-BMAL1, we first searched for occupancy
of circadian clock components within gene regulatory regions of all FoxOs
(Figure S2). Since an extensive analysis of genome-wide circadian clock
occupancy in neural stem cells is currently unavailable, we analysed publicly
available ChIP-seq data for circadian clock components Bmali, Clock, Peri,
Per2, Npas2, Cry1 and Cry2 in the liver (Koike et al., 2012). As both circadian
oscillations of FoxO3 expression and a functional role for FoxO3 in circadian
rhythms have been established in the liver (Vollmers et al., 2012; Chaves et al.,
2014), this dataset is valuable in understanding circadian regulation of Fox0O3
expression.

Moreover, Koike et al. (2012) analysed circadian occupancy of transcriptional
regulators p300, CBP and circadian recruitment and initiation of RNA
polymerase II, assessed using 8WG16 and SersP antibodies respectively. This
analysis revealed occupancy of circadian clock components on FoxO1 and Fox0O3
(Figure S2A,S2B) but not on FoxO4 and Fox06 (Figure S2C,S2D). Importantly,
multiple regions within the FoxO3 gene showed occupancy of circadian clock
components at the same genomic positions. This was not the case for FoxO1.
Since circadian clock components form regulatory complexes consisting of not
only CLOCK:BMAL1 heterodimers but also large quaternary
CLOCK:BMAL1/PER:CRY structures (Takahashi, 2016), co-occupancy of
multiple circadian clock components is highly indicative of circadian
regulation. This supports the notion that FoxO3 is directly regulated by

Legend continued from previous page.

(D,E) Single cell recordings of fluorescence marker expression for circadian clock oscillations
(Rev-ERba-VNP, yellow), G1 phase of the cell cycle (hCdti-mKOrange fusion protein, red) and
combined S, G2 and M phases (hGeminin-CFP fusion protein, blue) in NIH3T33C cells
transfected with FoxO3 siRNA (D) or siRNA control (E). Representative examples.

(F) Comparison of the average length of cell cycle phase S, G2 and M (S/G2/M, blue), G1 (red),
total cell cycle (purple) and circadian rhythm length (yellow) of data shown in (D-G). siC, n=13;
si03, n=20. Student’s t-test with Bonferroni correction for multiple group comparison. n.s., not
significant.

(G) Frequency histograms of circadian rhythm length (Clock, yellow) and total cell cycle length
(purple) in single NIH3T33C cells transfected with FoxO3 siRNA (bottom) or siRNA control (top).
siC, n=13; si03, n=20.
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Figure 4. Circadian occupancy of FoxO3 by circadian clock components and transcriptional
regulators in the mouse liver

(A) University of California Santa Cruz (UCSC) genome browser track view of the FoxO3 gene
showing ChIP-seq binding positions for circadian clock components Clock, Bmali, Per1, Per2,
Npas2, Cry1 and Cry2 as well as transcriptional regulators CBP, p300 and recruitment and
initiation of RNA polymerase II (8WG16 and Ser5P respectively).
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FoxO3 modulates circadian rhythms in adult neural stem cell proliferation

circadian clock components, more so than other FoxO isoforms. Moreover, the
co-occupancy of transcriptional activators p300 and CBP as well as the
presence of RNA polymerase II at these sites indicates transcriptional
regulation of the FoxO3 gene under circadian control. Next, we examined
whether circadian clock components bind to the FoxO3 gene in a circadian
fashion (Figure 4).

The core circadian transcriptional system involves rhythmic binding of CLOCK
and BMAL1 to regulatory regions within clock-controlled genes (Takahashi et
al., 2016). Similarly, we found circadian rhythmicity in the binding of many
circadian clock components to multiple regions within the Fox0O3 gene, often in
common gene regulatory regions such as the promoter and first introns and
close to the transcriptional start site (TSS). We found many of the circadian
clock components that were present at the same genomic location to bind in a
rhythmic fashion. For instance, CLOCK occupancy oscillated at 943 bp upstream
of the TSS (Figure 4B), which coincided with rhythmic BMAL1 occupancy at
978 bp upstream of the TSS (Figure 4C). Interestingly, both occupancy rhythms
had a peak at the same time point, CT8 (Figure 4B,4C, red). Since BMAL1 and
CLOCK form a regulatory heterodimer, this observation supports coordinated
regulation of gene transcription at this site.

To examine circadian transcription, we assessed recruitment (8WG16) and
initiation (Sers5P) of RNA polymerase II at the FoxO3 gene and found it to be
rhythmic over a circadian cycle (Figure 41, 4]J).

Legend continued from previous page.

(A’) Magnification of A showing occupancy of circadian clock components within key
regulatory regions of the FoxO3 gene

(B) Clock occupancy on multiple regions within the FoxO3 gene during 24 hours

(C) Bmal1 occupancy on multiple regions within the FoxO3 gene during 24 hours

(D) Per1 occupancy on multiple regions within the FoxO3 gene during 24 hours

(E) Per2 occupancy on multiple regions within the FoxO3 gene during 24 hours

(F) Npas2 occupancy on a single region within the FoxO3 gene during 24 hours

(G) Cry1 occupancy on multiple regions within the FoxO3 gene during 24 hours

(H) Cry2 occupancy on multiple regions within the FoxO3 gene during 24 hours

(I) RNA polymerase II 8WG16 (recruitment) occupancy on multiple regions within the FoxO3
gene during 24 hours

(J) RNA polymerase II SersP (initiation) occupancy on multiple regions within the FoxO3
gene during 24 hours

(K) p300 occupancy on a single region within the FoxO3 gene during 24 hours

(L) CBP occupancy on multiple regions within the FoxO3 gene during 24 hours

(M) FoxO3 mRNA expression during 24 hours

Data in (A) - (L) is from Koike et al. (2012). Data in (M) is from Vollmers et al. (2012).
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Interestingly, RNA polymerase II was rhythmically recruited to and initiated at
sites, respectively 942 bp and 872 upstream of the TSS, overlapping with the
putative CLOCK:BMAL1 binding site, which is indicative of transcriptional co-

regulation. We also examined whether binding of transcriptional co-activators

CBP and p300 was adhering to a circadian rhythm and found multiple regions

Relative recruitment / expression

Relative recruitment / expression
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Figure 5. Circadian landscape
of the FoxO3 gene

(A) Circadian landscape of the
second intron within the
FoxO3 gene showing phase
distributions of Bmali, Clock,
Per1, Per2, Npas2, Cry1 and
Cry2, CBP, p300 and RNAPII
recruitment and initiation.
The mean circadian phase of
peak binding is indicated
under the name. The black
line denotes circadian
expression of FoxO3 mRNA.

(B) Circadian landscape of the
second intron within the
FoxO3 gene showing phase
distributions of Bmali, Clock,
Per1, Per2, Npas2, Cry1 and
Cry2, CBP, p300 and RNAPII
recruitment and initiation.
The mean circadian phase of
peak binding is indicated
under the name. The black
line denotes circadian
expression of FoxO3 mRNA.



FoxO3 modulates circadian rhythms in adult neural stem cell proliferation

Interestingly, this correlated with dynamic histone modifications H3K9ac,
H3K27ac, H3K4me3, which are associated with circadian transcription (Masri
& Sassone-Corsi, 2013) within the FoxO3 promoter regions (Figure S2A,
Vollmers et al., 2012). Together, these results demonstrate that circadian clock
components not only bind to the FoxO3 gene but also do this rhythmically
during a circadian cycle. Moreover, multiple circadian clock components as
well as transcriptional activators p300 and CBP share rhythmic binding at the
same genomic locations and this circadian occupancy coincides with rhythmic
recruitment and initiation of RNA polymerase II. As this suggests coordinated
regulation by multiple circadian clock components, transcriptional activators
and RNA polymerase II, we explored the circadian landscape of the Fox0O3 gene
in a publically available dataset of the mouse liver in further detail (Koike et
al., 2012) (Figure 5).

We examined two apparent gene regulatory sites: the second intron (Figure
5A,5B) and the promoter (Figure 5A,5C). Importantly, the circadian phase
distributions of circadian clock components and transcriptional regulators
occupying the FoxO3 gene closely followed the genome-wide distribution of
these components in a circadian cycle reported by Koike et al. (2012). This
circadian genomic landscape is characterized by, first, a transcriptionally
poised state with CLOCK:BMAL1 and NPAS2:BMAL1 occupying, respectively, the
FoxO3 promoter and second intron while still being bound to CRY1. As
occupancy of CRY1 declines, CLOCK:BMAL1 and NPAS2:BMAL1 are activated
and coactivators CBP and p300 are recruited, respectively to the FoxO3
promoter to the second intron. This is followed by nascent transcription of
Fox0O3 mRNA, which peaks around the same time of day as the genome-wide de
novo transcription in the liver at CT15 (Koike et al., 20120). Finally, a repressed
transcriptional state is created when CLOCK:BMAL1 and NPAS2:BMAL1
occupancy decline and the occupancy of repressors PER1, PER2 and CRY2
occupancy increases. Together, these results suggest that FoxO3 is a clock-
controlled gene, directly regulated by CLOCK-BMALA1.

Whether FoxO3 activity is regulated by the circadian clock, however, remains
unknown. Nevertheless, Robles et al. (2017) found rhythmic phosphorylation
of FoxO3 serine-283 in the liver (Figure S2B). This amino acid is
phosphorylated by ERK/p38 signalling, promoting inhibition and degradation
of FOX0O3 (Wang et al., 2017). As such, this indicates that the circadian clock
could regulate FoxO3 activity through both expression and protein stability.
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Surprisingly, we found DBEs close to the binding site of the circadian clock
components within the Fox03 regulatory regions (Figure S2C).

As this suggests that FoxO3 regulates its own expression in unison with
circadian clock components, we examined a publically available dataset of a
FoxO3 ChIP-seq in neural stem cells (Webb et al., 2013). Although this is only
data of one time point, this revealed a surprising peak of FoxO3 occupancy in
the FoxO3 promoter, close to the genomic location where circadian clock
components, CBP and RNAPII bind. Moreover, the summit of the FOXO03
occupancy peak perfectly aligned with a DBE at that location. Interestingly, we
also identified FoxO3 occupancy in the promoter region of Nridi, the gene
encoding for Rev-Erba and a target of CLOCK:BMAL1, close to binding sites of
circadian clock components (Figure S2D). Together, these results indicate a
complex gene regulatory network involving FoxO3 and core circadian clock
components in interlocking transcriptional translational feedback loops.

FoxO3 modulates circadian proliferation of hippocampal neural stem cells

The circadian clock is an important regulator of NSC proliferation (Bouchard-
Cannon et al, 2012, reviewed in Draijer et al., 2019). As we found FoxO3 to
regulate circadian rhythms of neural stem cells in vitro, we set out to determine
its function in circadian control of NSC proliferation in vivo. To this end, we
isolated brains of 6-month old FoxO3”/- and FoxO3*/* mice (Hosaka et al., 2004)
every four hours during a circadian cycle. We then assessed circadian NSC
proliferation by determining the number of Ki67-positive cells in the
subgranular zone of the dentate gyrus in the hippocampi of FoxO37/- and
FoxO3*/* mice at each time point (Figure 6A,6B). This revealed a clear
circadian rhythm in proliferation of SGZ NSCs in FoxO3*/* mice peaking at the
end of the light phase (~ZT11, ANOVA: F=17.45, p<0.001; CIRCWAVE: r* = 0.85,
p<o0.0001, Figure 6C,D). This is in line with a previously reported circadian
proliferation of SGZ NSCs in wild-type mice, which peaked at ZTi12-15
(Bouchard-Cannon et al., 2012).

The small difference in peak time could be due to the use of BrdU by Bouchard-
Cannon and colleagues as a proliferation marker rather than Ki67. As BrdU
needs time to be incorporated into the DNA of dividing cells before it can be
detected as a proliferation marker (Taupin, 2007), a delay is expected.
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In FoxO3”/" mice, a circadian oscillation in NSC proliferation was also present
but peaking at the early dark phase (~ZTi14, ANOVA: F=4.58, p<0.05;
CIRCWAVE, r? = 0.72, p<0.01; Figure 6C,D). As such, the circadian oscillation
in proliferation of FoxO3-deficient NSCs was phase-delayed by almost three-
hours compared to the circadian rhythm in proliferation exhibited by wild-type
NSCs. Also, the total proliferation over 24 hours was clearly reduced in
Fox03”" mice compared to FoxO3*/* controls (Figure 6C). This was expected as
Fox03”" mice show a reduced number of SGZ NSCs at 6-months old (Renault et
al., 2009). These results suggest that FoxO3 is a modulator of circadian
dynamics in NSC fates and could be necessary for the correct timing of
hippocampal proliferation.
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Discussion

Neural stem cell maintenance is required for lifelong neurogenesis and
governed by circadian rhythms (Obernier et al., 2018; Draijer et al., 2019).
Fox0O3 is an important regulator of both neural stem cell fates (Renault et al.,
20009; Paik et al., 2009) as well as circadian rhythms in the liver (Chaves et al.,
2014). Here, we show that loss of FoxO3 disrupts circadian rhythms in neural
stem cell cultures. Moreover, FoxO3 knockdown led to a clear downregulation
of Clock expression, regardless of circadian time. Clock expression, in turn,
could partially rescue this phenotype. These findings are similar to the effects
of a loss of FoxO3 in liver cells (Chaves et al., 2014), suggesting a universal
function of FoxO3 in circadian regulation across different cell types. To
determine whether FoxO3 is required for circadian rhythmicity or for circadian
synchronization within cultured cells - loss of either could explain the
disruption of circadian rhythms in bulk recordings - we examined circadian
rhythmicity in single NIH3T33C cells containing a Rev-Erba-VNP fluorescence
marker (Feillet et al., 2014). Surprisingly, we still observed circadian rhythms
in cells with FoxO3 siRNA, with no significant changes in amplitude. This
demonstrates that FoxO3 is not required for circadian rhythmicity but likely
disrupts synchronization between different cells, effectively eliminating
circadian oscillations in a bulk recording.

Importantly, dexamethasone, used here to synchronize circadian rhythms in
NSCs, is a glucocorticoid that regulates FoxO3 expression via glucocorticoid
response elements within the FoxO3 promoter (Liitzner et al., 2012). Whereas
ablation of Fox0O3 disrupts circadian rhythmicity of NIH3T3 cells synchronized
with forskolin as well (Chaves et al.,, 2014), forskolin-dependent
synchronization relies on increased cAMP levels (O’Neill et al., 2008).
Increased cAMP levels, in turn, activate AMPK-FoxO3 signalling thereby

Legend continued from previous page.

(B) Proliferation rate of neural stem cells in the dentate gyrus of 6-month old FoxO3*/* (grey)
and Fox03” mice (blue) over a 24 hour cycle. Values are averages per genotype (n=2-3) and
normalized to circadien time (CT2) of controls. Error bars represent SEM.

(C) Data in (B) shown as total proliferation over 24 hours in 6-month old Fox03*/* and Fox03"
/- mice. Values are average sum of all time points per genotype (n=2). Error bars represent
SEM. Student t-test. **, p<0.01.

CT, circadian time.

(D) Data in (B) fitted to a linear harmonic regression model to determine circadian rhythmicity
(CircWave).
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promoting FoxO3 gene expression and transcriptional activity (Liitzner et al.,
2012; Herzig & Shaw, 2018). Since both glucocorticoid and cAMP signalling are
important for synchronization of circadian oscillators (Dickmeis et al., 2007;
O’Neill et al., 2008), FoxO3 could be a key downstream effector of these
pathways. Interestingly, circadian glucocorticoid oscillations help to preserve
quiescent NSCs in the adult hippocampus (Schouten et al., 2020). As such,
Fox0O3-dependent quiescence of NSCs could be modulated by glucocorticoid
signalling.

Interestingly, loss of FoxO3 clearly reduced Rev-Erba-VNP fluorescence levels
in single NIH3T33¢ cells. This is in line with downregulation of Rev-Erba
(Nrdri) expression following FoxO3 knockdown in NIH3T3 cells (Chaves et al.,
2014). This could be the result of reduced Clock expression, as CLOCK-BMAL1
regulates Rev-Erba expression (Buhr & Takahasi, 2013; Takahashi, 2016).
However, this could also be a direct transcriptional regulation by FoxO3 as we
identified FoxO3 binding sites in the promoter region of Rev-Erba in NSCs
(Webb et al., 2013). Together, these findings suggest that Fox03, although not
required for circadian rhythmicity, does affect the circadian clock by
transcriptionally regulating the expression of various parts of the circadian
clock machinery, including Clock, Nrdri and Bmali.

This is interesting as we found various circadian clock components binding to
the sites within the FoxO3 promoter and its second intron in publicly available
ChIP-seq data in the liver (Koike et al., 2012). Not only did circadian clock
components bind to FoxO3, their binding sites were multiple and overlapping,
suggesting the presence of CLOCK-BMAL1 and CLOCK:BMAL1/PER:CRY
regulatory complexes (CLOCK-BMAL1-Cry Buhr & Takahasi, 2013; Takahashi,
2016). Importantly, the occupancy of these circadian clock components was
dynamic and followed a circadian rhythm with phase-distributions of
activators and repressors closely resembling their genome-wide circadian
landscape (Koike et al., 2012). Whereas CLOCK and BMAL1 bound to the FoxO3
promoter region and peaked in their circadian occupancy at the same time, this
was not the case for the second intron where BMAL1 and CLOCK occupancy
peaked at different times of the day. In the second intron, however, BMAL1 and
NPAS2 shared circadian occupancy at the same time of day. Since NPAS2 is the
preferred heterodimeric partner of BMAL1 in the forebrain (Reick et al., 2001),
it would be interesting to examine circadian regulation of FoxO3 expression in
different cell types.
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Interestingly, we discovered that binding of FoxO3 to its own promoter in NSCs
(Webb et al., 2013) was close to binding sites of circadian clock components in
the liver (Koike et al., 2012). Since FoxO3 is able to regulate its own expression
in a positive autoregulatory feedback loop (Liitzner et al., 2012; Kannike et al.,
2014), it would be interesting to determine whether circadian clock
components could act as co-factors to modulate FoxO3-dependent
autoregulation, perhaps with FoxO3 overriding circadian clock-dependent
regulation in conditions of cellular stress.

Apart from regulation of FoxO3 expression, FoxO3 is likely to be regulated by
the circadian clock on a post-translational level as well. For instance, Fox03 is
rhythmically phosphorylated at serine-283 (Robles et al., 2017). As this amino
acid is phosphorylated by ERK/p38 signalling, promoting inhibition and
degradation of FOXO3 (Wang et al., 2017), this could result in circadian control
over FoxO3 activity and protein stability. Conversely, deacetylation of FoxO3
by Sirt1 promotes FoxO3-dependent cell cycle arrest (Brunet et al., 2004). As
Sirt1 activity is circadian and regulates circadian clock gene expression (Asher
et al., 2008; Nakahata et al., 2008), it seems likely that SIRT1 could deacetylate
FOXO03 in a circadian fashion. Therefore, FoxO3 activity is likely regulated via
both circadian clock-dependent transcription and circadian post-translational
modifications.

As Fox03 regulates NSC proliferation (Renault et al., 2009), which is controlled
by the circadian clock (reviewed in Draijer et al., 2019), we investigated the
consequences of a loss of FoxO3 on circadian rhythmicity in NSC proliferation.
Although Fox03-deficient NSC proliferation adhered to a circadian rhythm, this
oscillation was, surprisingly, phase-delayed compared to wild-type controls.
This indicates that FoxO3 is not required for circadian rhythmicity of NSC
proliferation in contrast to mutant mice lacking Bmali, Per2 and Reverba
(Bouchard-Cannon et al., 2013; Borgs et al., 2009; Schnell et al., 2014). Instead,
FoxO3 appears to coordinate timing of proliferation, likely by controlling cell
cycle entry and exit. Future studies should employ markers of proliferation
and stem cell identity in combination with pulse-chase experiments using
thymidine analogues to fully interrogate the cell cycle dynamics of FoxO3-
deficient mice.

In line with the above, it would be interesting to determine the cellular
consequences of the phase-shift in circadian hippocampal proliferation. Since
Fox03”" mice exhibit circadian behaviour as well as circadian rhythmicity in
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the SCN, FoxO3-deficient NSCs are likely in circadian desynchrony with
peripheral tissues. Circadian regulation of cell division is thought to segregate
DNA replication away from periods of high metabolic activity as these
processes produce mutation-causing free radicals (Chen & McKnight, 2007;
Janich et al., 2014). Circadian disruption, characteristic of shift work and sleep
disruption, is associated with metabolic pathologies and cancer (Bass &
Takahashi, 2010; Sahar & Sassone-Corsi, 2009). Since we found the peak in
Fox03-deficient NSC proliferation to be delayed, it is conceivable that FoxO3-
deficient NSCs are exposed to increased levels of oxidative stress, possibly
resulting in cell death, senescence, stem cell dysfunction (Le or an
accumulation of mutations in their progeny. For SVZ NSCs, such an increase in
mutations could increase the frequency of brain tumours as they have been
identified as a cell of origin of brain cancer (Altmann et al., 2019).

Whereas loss of FoxO3 did not abolish circadian rhythmicity in NSC
proliferation, this is likely to be not fully reflective of circadian rhythmicity in
other cellular processes. Considering both the extensive crosstalk between the
circadian clock and metabolism (Asher & Schibler, 2011; Gaucher et al., 2018)
and the key roles of FoxO3 in NSC metabolism (Rafalski et al., 2013), Fox03-
deficient NSCs could have an increased vulnerability for circadian or metabolic
challenges. This is especially relevant to our study as FoxO3 wild type and
mutant mice were housed under 12 hour light/12 hour dark conditions and were
fed ad libitum, which allows for light-induced synchronization of peripheral
oscillators and circadian behaviour (Dibner et al., 2010).

Circadian function is also strongly affected by aging (Benitah & Welz, 2020).
For instance, the circadian transcriptome has been found to change during
aging, in the liver and in epidermal and muscle stem cells (Sato et al., 2017).
Fox03 is a key regulator of aging (Salih & Brunet, 2012) and its targets change
with age (Webb et al., 2016), which could be necessary to modulate circadian
function throughout life. Interestingly, aging results in desynchrony of SCN
neurons (Farajnia et al., 2012) and reduces the robustness of synchronizing
cues to peripheral tissues (Benitah & Welz, 2020). The loss of circadian
rhythmicity in NSC cultures but not in single cells following knockdown of
FoxO3 indicates a loss of synchrony. It is, therefore, conceivable that FoxO3
acts as a regulator of circadian synchronization during aging to promote
cellular homeostasis in response to circadian and metabolic challenges.
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This is interesting as there is evidence of circadian heterogeneity in populations
of hair-follicle stem cells and epidermal stem cells (Janich et al., 2011, 2013).
This affects stem cell function as it creates a heterogeneous stem cell
population with individual stem cells differentially responding to cues
promoting activation or dormancy. Circadian heterogeneity in NSCs has not yet
been demonstrated but could help to explain why some quiescent NSCs become
activated and others do not. We observed circadian heterogeneity in FoxO3-
deficient NSCs in culture, which not only suggests that circadian heterogeneity
is possible within a NSC population but also that FoxO3 could modulate this.

Interestingly, we found extensive occupancy of circadian clock components on
Fox03 but not of Fox01, Fox0O4 or FoxO6 whereas we only found a knockdown
of FoxO3 to result in a loss of circadian rhythmicity of cultured cell populations
(this paper, Chaves et al., 2014). This indicates an exclusive role for FoxO3 in
circadian regulation. Although all FoxOs recognize the same DNA motifs or
DBEs and are partially redundant, FoxOs do show functional diversification
(Hosaka et al., 2004). As the effects of FoxO3 appear to be similar across cell
types - at least in fibroblasts, hepatocytes (Chaves et al., 2014) and neural stem
cells (this study), it would be interesting to find FoxO3-specific targets involved
in circadian rhythms. Perhaps Fox03, but not the other FoxO isoforms, is part
of a circadian regulatory complex.

This could be determined in future research using immunoprecipitation
combined with mass spectrometry during a circadian cycle. Nevertheless, it is
noteworthy that FoxO6 overexpression disturbed circadian rhythmicity in
neural stem cells. FoxO6 overexpression had a similar effect on circadian
rhythmicity in fibroblasts with considerable overlap in the transcriptome
following FoxO3 knockdown or FoxO6 overexpression (Chaves et al., 2014). As
we found that FoxO6 activates PI3K-Akt signalling and, consequently,
negatively regulates FoxO3 (Draijer et al., in prep.), a similar mechanism could
explain the effects of FoxO6 on circadian rhythmicity. Interestingly, we
observed an increased G1 phase length at the expense of the combined S/G2/M
phase lengths following knockdown of FoxO6, which is in line with the
increased quiescence of FoxO6-deficient NSCs (Draijer et al., in prep.).

Unfortunately, Go and G1 phases cannot be distinguished using the NIH3T33¢
model (Feillet et al., 2014). Nevertheless, the relationship between Fox0O3 and
FoxO6 in regulation of the circadian clock would be an intriguing topic for
future research.
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To conclude, our results demonstrate that FoxO3 is a regulator of circadian
rhythms in NSCs and is itself also regulated by the circadian clock. We suggest
that Fox03 is necessary for the correct timing of hippocampal NSC proliferation
to ensure its alignment with cellular metabolism. This could offer valuable
insights in understanding the relationship between circadian rhythms,
metabolic diseases, cancer and other pathologies.

EXPERIMENTAL PROCEDURES

FoxO3 mutant mice

All experiments involving animals and their care were performed in accordance
with the guidelines of the University of Amsterdam, national guidelines and
laws. This study was approved by the Dutch Animal Ethics Committee. Mice
were housed in standard cages under a 12h light/dark cycle, with ad libitum
access to food and water. Wild type mice from strain C57BL6 were used. Fox03
mutant mice, originally reported by (Hosaka et al. 2004) were used in
heterozygous breeding generating wild-type (*/*) and mutant progeny (/). All
experimental and control mice were littermates. Both male and female mice
were used for all in vivo genetic studies.

Genotyping

For genotyping FoxO3 null and wild-type sibling mice, three primers were used

in the same PCR reaction: Forward primer 1: 5’-
ATTCCTTTGGAAATCAACAAAACT-3’; Reverse primer 1: 5’-
TGCTTTGATACTATTCCACAAACCC-3’; Reverse 2: 5-

AGATTTATGTTCCCACTTGCTTCCT-3’. FoxO3 wild type allele produced a band
of 100 bp and the FoxO3 null allele produced a band of 186 bp in a Taq DNA
polymerase PCR reaction.

Tissue preparation

Mice were anesthetized every 4 hours starting at CT2 (10:00 AM) and brains
were fixed in 4% PFA for 8 hours at 4°C and then in 30% sucrose in PBS
overnight at 4°C for immunohistochemistry. Coronal and sagittal sections (16
pm) were cut using a cryostat (Leica) and mounted on slides.
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Immunohistochemistry

Immunohistochemistry was performed using primary antibodies rabbit anti-
Ki67 (1:500, Abcam, abi15580) using heat-induced antigen retrieval. Briefly,
sections were incubated in 10 mM sodium citrate (pH 6.0) for 15 minutes at 90
°C. Sections were then blocked with 4% hiFBS (Gibco) in a Tris-buffered saline
solution pH 7.6 containing Triton X-100 and incubated with primary antibody
overnight at 4°C. After three washes with a Tris-buffered saline solution,
sections were incubated with secondary antibodies donkey anti-rabbit IgG
Alexa Fluor 488 or 594 or goat anti-mouse IgG Alexa Fluor 555 (Molecular
Probes) at 1:1000 for 2 hours at room temperature. Sections were
counterstained with DAPI and embed in FluorSave (Sigma).

Image acquisition and quantification

All fluorescent images were taken with a Leica microscope (DFC310FX). All
quantifications were done by an observer blinded to the experimental
condition. Images of multiple sections were quantified and averaged per
animal. The sections spanned the rostrocaudal length of the hippocampus. Only
DAPI+ cells were included. Quantifications were done in the subgranular zone
of the dentate gyrus only.

Cell culture

Multipotent astrocytic stem cells (MASCs) were cultured in DMEM F-12
(Invitrogen) + 10% hiFBS (Gibco), 200 nM L-Glutamine (Gibco), 1x N2
(Invitrogen), 1x Penicillin-Streptomycin (Gibco) and supplemented with bFGF
(10 ng/mlL, Sigma), EGF (10 ng/mL, Sigma) and BPE (12.5 mg/mL, Invitrogen).
Cells were incubated at 37 °C, 5% CO.. MASCs were a gift of C. Fitzsimons. For
single cell fluorescence microscopy, NIH3T33¢ cells containing Rev-Erba-
VNP clock reporter and FUCCI hCdti-mKOrange and hGeminin-CFP FUCCI cell
cycle reporter genes (Feillet et al., 2014) were cultured in DMEM/F10
containing 10% FBS (Gibco), 1x Penicillin-Streptomycin at 37°C and 5%
CO. (pH7.7).

Plasmids, siRNA oligos and transfection

For overexpression studies, the following plasmids (Jacobs et al., 2003) (600
ng per transfection) were used: pFOX0O1-EGFP-N1, pFOX03-EGFP-N1, pFOX06-
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EGFP-N1 and p-EGFP-N1 as empty vector control. pGL4.11-Bmali::luciferase
(200 ng) was used as circadian reporter, pFlag-CLOCK (600 ng) was used to
rescue FoxO3 siRNA with pcDNA-Neo as empty vector control. For FoxO3
promoter studies, two plasmids with 1.4kb and 2.1kb of the FoxO3 promoter
cloned into a pGL3::luciferase vector (see: below) were used with
pGL3::luciferase as empty vector control. For knockdown studies, siRNA oligos
(50 pmol) against FoxO1 (siO1), FoxO3 (si03), Fox06 (siO6) or a scrambled
siRNA (siC) were used. Transient transfections were performed using
Lipofectamine2000 (Invitrogen) according to the manufacturer’s instructions
unless specified otherwise.

Real time bioluminescence recordings

To monitor circadian oscillations in MASCs, cells were plated in 6mm dishes
and transfected the following day. Forty-eight hours later, medium was
replaced with medium containing 25 mM HEPES and 0.1 mM luciferin (Sigma)
and 100 nM dexamethasone for circadian synchronization. Bioluminescence
was then recorded for multiple day. (75 sec measurements at 10 min intervals)
with a LumiCycle 32-channel automated luminometer (Actimetrics) placed in a
dry, temperature-controlled incubator at 37°C. Data was analyzed with the
Actimetrics software to calculate circadian amplitude.

RNA isolation and quantitative real-time PCR

RNA was harvested 24 hours and 48 hours after transfection using TriZOL
(ThermoFisher) according to manufacturer’s instructions. Relative expression
levels were determined by quantitative real-time PCR (Lightcycler 480) using
the QuantiTect SYBR Green RT PCR Kit (QIAGEN) according to the
manufacturer’s instructions. Gene expression was calculated relative to
endogenous controls B2M, and normalised to the expression of control samples
in each group, to give a AACt value. Primers used were: B2m forward: 5’-
TTCTGGTGCTTGTCTCACTG-5’, B2m reverse: 5’-CAGTATGTTCGGCTTCCCATTC-
3’, Fox0O3 forward: 5- CCTATGCCGACCTGATCACC-3’, FoxO3 reverse: 5’-
ATTCTGAACGCGCATGAAGC’-3’, Clock forward: 5’-
AGGCTATTTGCCATTTGAAGTCT-3’ and Clock reverse: 5’-
GCTCGTGACATTTTGCCAGATTT-3 .
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Time-lapse fluorescence microscopy

NIH3T33¢ cells were plated in 4 well poly-L-lysine coated glass bottom dishes
(D141410, Matsunami Glass Ind.) and reverse transfection was performed using
Lipofectamine® RNAiMAX (Invitrogen) with FoxO3 siRNA, FoxO6 siRNA or
siRNA control. After 24 hours, transfection medium was replaced with regular
culture medium and placed in a temperature and humidity controlled chamber
(37 °C, 5% CO,) of a live cell imaging Zeiss LSM510/Axiovert 200M confocal
microscope. Images were then recorded every 30 minutes for 72 hours or more
using a Coolsnap HQ/Andor Neo sCMOS camera. Live cell imaging was
conducted and analysed as decribed previously (Farshadi et al., 2019; Feillet et
al., 2014).

Briefly, time-series for each of the fluorescent markers (Rev-ERba-VNP, hCDT1-
mKOrange, hGeminin-CFP) were generated and used to assess lengths of the
circadian cycle, total cell cycle, G1 phase and combined S, G2 and M phases
(S/G2/M). The G1 phase was defined as the interval between the peaks of
hGeminin-CFP and hCDT1-mKOrange expression whereas the S/G2/M phase
was defined as the interval between the peaks of hCDTi-mKOrange and
hGeminin-CFP expression.

Statistical analysis

All error bars represent the mean + SEM. Significance is stated as follows:
p>0.05 (ns), p<0.05 (*), p<0.01 (¥*), p<0.001 (¥***), p<0.0001 (****).
Statistical details of each experiment can be found in the figure legend. n
represents number of animals in vivo or independent biological repeats in
vitro. Statistical analysis of circadian oscillation was performed with
Circwave (courtesy of Dr. Roelof Hut, http://www.euclock.org/).
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Figure SI1. FoxO6 knockdown does not affect circadian clock in single cell NIH3T33C cell but
does change cell cycle dynamics

(A) Single cell recordings over multiple days of Rev-ERba-VNP fluorescence levels in
NIH3T33C following transfection with FoxO6 siRNA (siO6, dark blue) or control siRNA (siC,
grey). Representative examples.

(B) Circadian magnitude of oscillations in Rev-ERba-VNP fluorescence levels shown in (A).
siC, n=13; siO6, n=26. Student’s t-test with Bonferroni correction for multiple group
comparison. n.s., not significant

(C) Circadian amplitude of oscillations in Rev-ERba-VNP fluorescence levels shown in (A). siC,
n=13; siO6, n=26. Student’s t-test with Bonferroni correction for multiple group comparison.
n.s., not significant

(D,E) Single cell recordings of fluorescence marker expression for circadian clock oscillations
(Rev-ERba-VNP, yellow), G1 phase of the cell cycle (hCdti-mKOrange fusion protein, red) and
combined S, G2 and M phases (hGeminin-CFP fusion protein, blue) in NIH3T33C cells
transfected with FoxO6 siRNA (D) or siRNA control (E). Representative examples.

(F) Comparison of the average length of cell cycle phase S, G2 and M (S/G2/M, blue), G1 (red),
total cell cycle (purple) and circadian rhythm length (yellow) of data shown in (D-E). siC,
n=13; si06, n=26. Student’s t-test with Bonferroni correction for multiple group comparison.
*, p<0.025; **, p<0.005.

(G) Frequency histograms of circadian rhythm length (Clock, yellow) and total cell cycle length
(purple) in single NIH3T33C cells transfected with FoxO6 siRNA (bottom) or siRNA control

(top)
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Figure S2. Differential binding of circadian clock components and transcriptional regulators to
FoxO transcription factors in the mouse liver

University of California Santa Cruz (UCSC) genome browser track view of the FoxO1 (A),
Fox03 (B), FoxO4 (C) and FoxO6 (D) genes showing ChIP-seq binding peaks for circadian
clock components Clock, Bmali, Peri, Per2, Npas2, Cry1 and Cry2 as well as transcriptional
regulators CBP, p300 and recruitment and initiation of RNA polymerase II (8WG16 and SersP
respectively). Data from Koike et al. (2012).
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Figure S3. Circadian regulation of FoxO3 mRNA expression and phosphorylation.

(A) Relative FoxO3 mRNA expression and relative ChIP-seq signal of histone modifications
H3K9ac, H3K27ac, H3K4me3 in the FoxO3 promoter during a circadian cycle (data from
(Vollmers et al., 2012) normalized to CTo0).

(B) Relative FoxO3 serine-283 phosphorylation during a circadian cycle (data from (Robles et
al., 2017), data shown here is time window CT8-39).

(C) UCSC Genome Browser view of FoxO3 (green) with circadian clock components binding
sites (ChIP-seq data from Koike et al. (2012) of Clock, Bmali, Per1, Per2, Npas2, Cry1, Cry2 and
transcriptional regulators CBP, p300 and RNA polymerase II recruitment (8WG16) and
initiation (Sers5P) as well as FoxO3 ChIP-seq signal (Webb et al., 2013). Genomic locations of
Fox03 recognition motif DBE (DAF-16 binding element) are denoted in red.

(D) UCSC Genome Browser view of Nridi (Rev-erba) gene with circadian clock components
binding sites (ChIP-seq data from Koike et al. (2012) of Clock, Bmali, Per1, Per2, Npas2, Cry1,
Cry2 and transcriptional regulators CBP, p300 and RNA polymerase II recruitment (8WG16)
and initiation (SersP) as well as FoxO3 ChIP-seq signal (Webb et al., 2013). Genomic location
of a FoxO3 recognition motif DBE (DAF-16 binding element) are denoted in red.

210



FoxO3 modulates circadian rhythms in adult neural stem cell proliferation

REFERENCES

Altmann, C., Keller, S., & Schmidt, M. H. H. (2019). The Role of SVZ Stem Cells in Glioblastoma. Cancers, 11(4),
1-23. https://doi.org/10.3390/cancers11040448

Asher, G., Gatfield, D., Stratmann, M., Reinke, H., Dibner, C., Kreppel, F., ... Schibler, U. (2008). SIRT1
Regulates Circadian Clock Gene Expression through PER2 Deacetylation. Cell, 134(2), 317-328.
https://doi.org/10.1016/j.cell.2008.06.050

Asher, G., & Schibler, U. (2011). Crosstalk between Components of Circadian and Metabolic Cycles in Mammals.
Cell Metabolism, 13(2), 125-137. https://doi.org/10.1016/J.CMET.2011.01.006

Basak, O., & Taylor, V. (2009). Stem cells of the adult mammalian brain and their niche. Cellular and Molecular
Life Sciences, 66(6), 1057-1072. https://doi.org/10.1007/s00018-008-8544-x

Bass, J., & Takahashi, J. S. (2010). Circadian Integration of Metabolism and Energetics. Science, 330(6009),
1349-1354. https://doi.org/10.1126/science.1195027

Borgs, L., Beukelaers, P., Vandenbosch, R., Nguyen, L., Moonen, G., Maquet, P., ... Malgrange, B. (2009). Period
2 regulates neural stem/progenitor cell proliferation in the adult hippocampus. BMC Neuroscience,
10(1), 30. https://doi.org/10.1186/1471-2202-10-30

Bouchard-Cannon, P., Mendoza-Viveros, L., Yuen, A., Kern, M., & Cheng, H.-Y. M. (2013). The Circadian
Molecular Clock Regulates Adult Hippocampal Neurogenesis by Controlling the Timing of Cell-Cycle
Entry and Exit. Cell Reports, 5(4), 961-973. https://doi.org/10.1016/j.celrep.2013.10.037

Brown, S. a. (2014). Circadian clock-mediated control of stem cell division and differentiation: beyond night
and day. Development (Cambridge, England), 141(16), 3105-3111. https://doi.org/10.1242/dev.104851

Brunet, A., Bonni, A., Zigmond, M. J., Lin, M. Z., Juo, P., Hu, L. S., ... Greenberg, M. E. (1999). Akt Promotes Cell
Survival by Phosphorylating and Inhibiting a Forkhead Transcription Factor. Cell, 96(6), 857-868.
https://doi.org/10.1016/S0092-8674(00)80595-4

Brunet, A., Sweeney, L. B., Sturgill, J. F., Chua, K. F., Greer, P. L., Lin, Y., ... Greenberg, M. E. (2004). Stress-
dependent regulation of FOXO transcription factors by the SIRT1 deacetylase. Science (New York, N.Y.),
303(5666), 2011-2015. https://doi.org/10.1126/science.1094637

Buhr, E. D., & Takahashi, J. S. (2013). Molecular components of the mammalian circadian clock. Handbook of
Experimental Pharmacology, 217(217), 3-27. https://doi.org/10.1007/978-3-642-25950-0-1

Chaves, 1., van der Horst, G. T. J., Schellevis, R., Nijman, R. M., Koerkamp, M. G., Holstege, F. C. P., ... Hoekman,
M. F. M. (2014). Insulin-FOXO03 Signaling Modulates Circadian Rhythms via Regulation of Clock
Transcription. Current Biology (Vol. 24). https://doi.org/10.1016/j.cub.2014.04.018

Dickmeis, T., Lahiri, K., Nica, G., Vallone, D., Santoriello, C., Neumann, C. J., ... Foulkes, N. S. (2007).
Glucocorticoids Play a Key Role in Circadian Cell Cycle Rhythms. PLoS Biology, 5(4), €78.
https://doi.org/10.1371/journal.pbio.0050078

Draijer, S., Chaves, I., & Hoekman, M. F. M. (2019). The circadian clock in adult neural stem cell maintenance.
Progress in Neurobiology, 173(January 2018), 41-53. https://doi.org/10.1016/j.pneurobio.2018.05.007

Encinas, J. M., & Sierra, A. (2012). Neural stem cell deforestation as the main force driving the age-related
decline in adult hippocampal neurogenesis. Behavioural Brain Research, 227(2), 433-439.
https://doi.org/10.1016/j.bbr.2011.10.010

Farajnia, S., Michel, S., Deboer, T., van der Leest, H. T., Houben, T., Rohling, J. H. T., ... Meijer, J. H. (2012).
Evidence for neuronal desynchrony in the aged suprachiasmatic nucleus clock. Journal of Neuroscience,
32(17), 5891-5899.

Feillet, C., Krusche, P., Tamanini, F., Janssens, R. C., Downey, M. J., Martin, P, ... Rand, D. A. (2014). Phase

locking and multiple oscillating attractors for the coupled mammalian clock and cell cycle. Proceedings
of the National Academy of Sciences, 111(27), 9828-9833. https://doi.org/10.1073/pnas.1320474111

211



Chapter 6

Gaucher, J., Montellier, E., & Sassone-Corsi, P. (2018). Molecular Cogs: Interplay between Circadian Clock and
Cell Cycle. Trends in Cell Biology, 28(5), 368-379. https://doi.org/10.1016/j.tcb.2018.01.006

Greer, E. L., & Brunet, A. (2005). FOXO transcription factors at the interface between longevity and tumor
suppression. Oncogene, 24(50), 7410-7425. https://doi.org/10.1038/sj.0nc.1209086

Gross, D. N., Van Den Heuvel, A. P. J., & Birnbaum, M. J. (2008). The role of FoxO in the regulation of
metabolism. Oncogene, 27(16), 2320-2336. https://doi.org/10.1038/0onc.2008.25

Herzig, S., & Shaw, R. J. (2018). AMPK: Guardian of metabolism and mitochondrial homeostasis. Nature
Reviews Molecular Cell Biology, 19(2), 121-135. https://doi.org/10.1038/nrm.2017.95

Hoekman, M. F. M., Jacobs, F. M. J., Smidt, M. P., & Burbach, J. P. H. (2006). Spatial and temporal expression of
FoxO transcription factors in the developing and adult murine brain. Gene Expression Patterns, 6(2),
134-140. https://doi.org/10.1016/j.modgep.2005.07.003

Hosaka, T., Biggs, W. H., Tieu, D., Boyer, A. D., Varki, N. M., Cavenee, W. K., & Arden, K. C. (2004). Disruption
of forkhead transcription factor (FOXO) family members in mice reveals their functional diversification.
Proceedings of the National Academy of Sciences of the United States of America, 101(9), 2975-2980.
https://doi.org/10.1073/pnas.0400093101

Ito, K., & Suda, T. (2014). Metabolic requirements for the maintenance of self-renewing stem cells. Nature
Reviews Molecular Cell Biology, 15(4), 243-256. https://doi.org/10.1038/nrm3772

Jacobs, Frank M J, Lars P. van der Heide, Patrick J E C Wijchers, J. Peter H Burbach, Marco F M Hoekman, and
Marten P. Smidt. 2003. Fox06, a Novel Member of the FoxO Class of Transcription Factors with Distinct
Shuttling Dynamics. Journal of Biological Chemistry 278 (38): 35959-35967

Janich, P., Meng, Q. J., & Benitah, S. A. (2014). Circadian control of tissue homeostasis and adult stem cells.
Current Opinion in Cell Biology, 31(1), 8-15. https://doi.org/10.1016/j.ceb.2014.06.010

Janich, P., Pascual, G., Merlos-Suarez, A., Batlle, E., Ripperger, J., Albrecht, U., ... Benitah, S. A. (2011). The
circadian molecular clock creates epidermal stem cell heterogeneity. Nature, 480(7376), 209-214.
https://doi.org/10.1038/nature10649

Janich, P., Toufighi, K., Solanas, G., Luis, N. M., Minkwitz, S., Serrano, L., ... Benitah, S. A. (2013). Human
Epidermal Stem Cell Function Is Regulated by Circadian Oscillations. Cell Stem Cell, 13(6), 745-753.
https://doi.org/10.1016/j.stem.2013.09.004

Kannike, K., Sepp, M., Zuccato, C., Cattaneo, E., & Timmusk, T. (2014). Forkhead transcription factor FOXO3a
levels are increased in Huntington disease because of overactivated positive autofeedback loop. Journal
of Biological Chemistry, 289(47), 32845-32857. https://doi.org/10.1074/jbc.M114.612424

Koike, N., Yoo, S. H., Huang, H. C., Kumar, V., Lee, C., Kim, T. K., & Takahashi, J. S. (2012). Transcriptional
architecture and chromatin landscape of the core circadian clock in mammals. Science, 338(6105), 349—
354. https://doi.org/10.1126/science.1226339

Kops, G. J. P. L., De Ruiter, N. D., De Vries-Smits, A. M. M., Powell, D. R., Bos, J. L., & Burgering, B. M. T. (1999).
Direct control of the forkhead transcription faotor AFX by protein kinase B. Nature, 398(6728), 630-
634. https://doi.org/10.1038/19328

Laywell, E. D., Rakic, P., Kukekov, V. G., Holland, E. C., & Steindler, D. A. (2000). Identification of a multipotent
astrocytic stem cell in the immature and adult mouse brain. Proceedings of the National Academy of
Sciences of the United States of America, 97(25), 13883-13888. https://doi.org/10.1073/pnas.250471697

Le Belle, J. E., Orozco, N. M., Paucar, A. A., Saxe, J. P., Mottahedeh, ]J., Pyle, A. D., Wu, H. and Kornblum, H. I.
(2011). Proliferative Neural Stem Cells Have High Endogenous ROS Levels That Regulate Self-Renewal
and Neurogenesis in a PI3K/Akt-Dependant Manner. Cell Stem Cell 8 (1), 59-71.

Lee, I. H., & Finkel, T. (2013). Metabolic regulation of the cell cycle. Current Opinion in Cell Biology, 25(6), 724~
729. https://doi.org/10.1016/]J.CEB.2013.07.002

Liitzner, N., Kalbacher, H., Krones-Herzig, A., & Ros], F. (2012). FOXO3 Is a Glucocorticoid Receptor Target and
Regulates LKB1 and Its Own Expression Based on Cellular AMP Levels via a Positive Autoregulatory

212



FoxO3 modulates circadian rhythms in adult neural stem cell proliferation

Loop. PLoS ONE, 7(7), e42166. https://doi.org/10.1371/journal.pone.0042166

Masri, S., Cervantes, M., & Sassone-Corsi, P. (2013). The circadian clock and cell cycle: interconnected
biological circuits. Current Opinion in Cell Biology, 25(6), 730-734.
https://doi.org/10.1016/j.ceb.2013.07.013

Merkle, F. T., & Alvarez-Buylla, A. (2006). Neural stem cells in mammalian development. Current Opinion in
Cell Biology, 18(6), 704-709. https://doi.org/10.1016/j.ceb.2006.09.008

Nagoshi, E., Saini, C., Bauer, C., Laroche, T., Naef, F., & Schibler, U. (2004). Circadian gene expression in
individual fibroblasts: Cell-autonomous and self-sustained oscillators pass time to daughter cells. Cell,
119(5), 693-705. https://doi.org/10.1016/j.cell.2004.11.015

Nakahata, Y., Kaluzova, M., Grimaldi, B., Sahar, S., Hirayama, J., Chen, D., ... Sassone-Corsi, P. (2008). The
NAD+-Dependent Deacetylase SIRT1 Modulates CLOCK-Mediated Chromatin Remodeling and Circadian
Control. Cell, 134(2), 329-340. https://doi.org/10.1016/j.cell.2008.07.002

O’Neill, John S., Maywood, Elizabeth S., Chesham, Johanna E., Takahashi, Joseph S., Hastings, M. H. (2008).
cAMP-Dependent Signaling as a Core Component of the Mammalian Circadian Pacemaker. Science,
320(5878), 949-953.

Obernier, K., Cebrian-Silla, A., Thomson, M., Parraguez, J. I., Anderson, R., Guinto, C., ... Alvarez-Buylla, A.
(2018). Adult Neurogenesis Is Sustained by Symmetric Self-Renewal and Differentiation. Cell Stem Cell,
22(2), 221-234.e8. https://doi.org/10.1016/].STEM.2018.01.003

Paik, J., Ding, Z., Narurkar, R., Ramkissoon, S., Muller, F., Kamoun, W. S,, ... DePinho, R. a. (2009). FoxOs
cooperatively regulate diverse pathways governing neural stem cell homeostasis. Cell Stem Cell, 5(5),
540-553. https://doi.org/10.1016/j.stem.2009.09.013

Rafalski, V A, Ho, P. P, Brett, J. O., Ucar, D., Dugas, J. C., Pollina, E. A,, ... Brunet, A. (2013). Expansion of
oligodendrocyte progenitor cells following SIRT1 inactivation in the adult brain. Nat Cell Biol, 15(6),
614-624. https://doi.org/10.1038/ncb2735

Rafalski, Victoria A., & Brunet, A. (2011). Energy metabolism in adult neural stem cell fate. Progress in
Neurobiology, 93(2), 182-203. https://doi.org/10.1016/j.pneurobio.2010.10.007

Rando, T. A. C. T. H. (2013). Molecular regulation of stem cell quiescence. Nature Reviews. Molecular Cell
Biology, 14(6), 329-340. https://doi.org/10.1038/nrm3591

Renault, V. M., Rafalski, V. A., Morgan, A. A., Salih, D. A. M., Brett, J. O., Webb, A. E,, ... Brunet, A. (2009).
FoxO03 regulates neural stem cell homeostasis. Cell Stem Cell, 5(5), 527-539.
https://doi.org/10.1016/j.stem.2009.09.014

Ro, S.-H., Liu, D, Yeo, H., & Paik, J. (2013). FoxOs in neural stem cell fate decision. Archives of Biochemistry and
Biophysics, 534(1-2), 55-63. https://doi.org/10.1016/].ABB.2012.07.017

Sahar, S., & Sassone-Corsi, P. (2009). Metabolism and cancer: the circadian clock connection. Nature Reviews
Cancer, 9(12), 886-896. https://doi.org/10.1038/nrc2747

Sato, S., Solanas, G., Peixoto, F. O., Bee, L., Symeonidi, A., Schmidt, M. S., ... Sassone-Corsi, P. (2017). Circadian
Reprogramming in the Liver Identifies Metabolic Pathways of Aging. Cell, 170(4), 664-677.e11.
https://doi.org/10.1016/j.cell.2017.07.042

Schéffner, 1., Minakaki, G., Khan, M. A., Balta, E. A., Schlotzer-Schrehardt, U., Schwarz, T.]., ... Lie, D. C.
(2018). FoxO Function Is Essential for Maintenance of Autophagic Flux and Neuronal Morphogenesis in
Adult Neurogenesis. Neuron, 99(6), 1188-1203.e6. https://doi.org/10.1016/j.neuron.2018.08.017

Schnell, A., Chappuis, S., Schmutz, I., Brai, E., Ripperger, J. A., Schaad, O., ... Albrecht, U. (2014). The Nuclear
Receptor REV-ERBa Regulates Fabp7 and Modulates Adult Hippocampal Neurogenesis. PLoS ONE, 9(6),
€99883. https://doi.org/10.1371/journal.pone.0099883

Schouten, M., Bielefeld, P., Garcia-Corzo, L., Passchier, E. M. J., Gradari, S., Jungenitz, T., ... Fitzsimons, C. P.
(2020). Circadian glucocorticoid oscillations preserve a population of adult hippocampal neural stem
cells in the aging brain. Molecular Psychiatry, 25(7), 1382-1405. https://doi.org/10.1038/s41380-019-

213



Chapter 6

0440-2

Takahashi, J. S. (2016). Transcriptional architecture of the mammalian circadian clock. Nature Reviews
Genetics, 18(3), 164-179. https://doi.org/10.1038/nrg.2016.150

Taupin, P. (2007). BrdU immunohistochemistry for studying adult neurogenesis: Paradigms, pitfalls,
limitations, and validation. Brain Research Reviews, 53(1), 198-214.
https://doi.org/10.1016/j.brainresrev.2006.08.002

Taupin, P., & Gage, F. H. (2002). Adult neurogenesis and neural stem cells of the central nervous system in
mammals. Journal of Neuroscience Research, 69(6), 745-749. https://doi.org/10.1002/jnr.10378

Urban, N., Blomfield, I. M., & Guillemot, F. (2019). Quiescence of Adult Mammalian Neural Stem Cells: A Highly
Regulated Rest. Neuron. https://doi.org/10.1016/j.neuron.2019.09.026

Urban, N., van den Berg, D. L. C., Forget, A., Andersen, J., Demmers, J. A. A., Hunt, C., ... Guillemot, F. (2016).
Return to quiescence of mouse neural stem cells by degradation of a proactivation protein. Science,
353(6296), 292-295. https://doi.org/10.1126/science.aaf4802

Van Der Heide, L. P., Hoekman, M. F. M., & Smidt, M. P. (2004). The ins and outs of FoxO shuttling:
Mechanisms of FoxO translocation and transcriptional regulation. Biochemical Journal, 380(2), 297-309.
https://doi.org/10.1042/BJ20040167

Vollmers, C., Schmitz, R. J., Nathanson, J., Yeo, G., Ecker, J. R., & Panda, S. (2012). Circadian oscillations of
protein-coding and regulatory RNAs in a highly dynamic mammalian liver epigenome. Cell Metabolism,
16(6), 833-845. https://doi.org/10.1016/j.cmet.2012.11.004

Webb, A. E., Kundaje, A., & Brunet, A. (2016). Characterization of the direct targets of FOXO transcription
factors throughout evolution. Aging Cell, 15(4), 673-685. https://doi.org/10.1111/acel.12479

Webb, A. E., Pollina, E. A., Vierbuchen, T., Urban, N., Ucar, D., Leeman, D. S, ... Brunet, A. (2013). FOX03
shares common targets with ASCL1 genome-wide and inhibits ASCL1-dependent neurogenesis. Cell
Reports, 4(3), 477-491. https://doi.org/10.1016/j.celrep.2013.06.035

Weissman, I. L. (2000). Translating stem and progenitor cell biology to the clinic: Barriers and opportunities.
Science, 287(5457), 1442-1446. https://doi.org/10.1126/science.287.5457.1442

Welz, P. S., & Benitah, S. A. (2020, May 29). Molecular Connections Between Circadian Clocks and Aging.
Journal of Molecular Biology. Academic Press. https://doi.org/10.1016/j.jmb.2019.12.036

Zhang, R., Lahens, N. F., Ballance, H. 1., Hughes, M. E., & Hogenesch, J. B. (2014). A circadian gene expression

atlas in mammals : Implications for biology and medicine, (642).
https://doi.org/10.1073/pnas.1408886111

214



