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Research highlights

e FoxO6 is a downstream effector of elevated FOXG1 in mouse NSCs and GSCs.

e Upregulation of FoxO6 is necessary for FOXG1 to drive efficient quiescence exit of NSCs.

o FoxO6 overexpression stimulates macropinocytosis, a process regulated by the actin cytoskeleton
regulator Pak1.

e Pakl is upregulated by FOXGI overexpression and downregulated upon FoxO6 loss.
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Summary

The molecular mechanisms controlling the balance of quiescence and proliferation in adult neural stem
cells (NSCs) are often deregulated in brain cancers such as glioblastoma (GBM). Previously, we reported
that FOXG1, a forebrain-restricted neurodevelopmental transcription factor, is frequently upregulated in
glioblastoma stem cells (GSCs) and limits the effects of cytostatic pathways, in part by repression of the
tumour suppressor Foxo3. Here, we show that increased FOXG1 upregulates FoxO6, a more recently
discovered FoxO family member with potential oncogenic functions. Although genetic ablation of FoxO6
in proliferating NSCs has no effect on the cell cycle or entry into quiescence, we find that FoxO6-null NSCs
can no longer efficiently exit quiescence following FOXG1 elevation. Increased FoxO6 results in the
formation of large acidic vacuoles, reminiscent of Pakl-regulated macropinocytosis. Consistently, Pakl
expression is upregulated by FOXG1 overexpression and downregulated upon FoxO6 loss in proliferative
NSCs. These data suggest a pro-oncogenic role for FoxO6 in controlling the exit from quiescence in NSCs,

and shed light on the functions of this underexplored FoxO family member.
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Introduction

Stem cell fate is orchestrated by gene regulatory networks of ‘lineage-specific’ master regulatory
transcription factors (Graf & Enver, 2009). Just as tissues rely on these factors for proper development,
cancers can subvert developmental networks to impose a stem cell-like state that underpins tumour growth
(Roy & Hebrok, 2015; Huilgol et al, 2019). Glioblastoma multiforme (GBM), the most common and
aggressive primary adult brain cancer, is driven by glioblastoma stem cells (GSCs) that display neural stem
cell (NSC) characteristics (Singh et al, 2003; Pollard et al, 2009; Richards et al, 2021). GSCs frequently
overexpress key neurodevelopmental transcription factors to drive their self-renewal and restrict
differentiation (Engstrom et al, 2012; Carén et al, 2015; Suva et al, 2014; Singh et al, 2017). One such
factor is the Forkhead box transcription factor, FOXG1. FOXGI1 has important roles in telencephalon
development and in vitro reprogramming (Lujan et al, 2012; Xuan et al, 1995; Bulstrode et al, 2017). It is
one of the most consistently overexpressed genes across GBM molecular subtypes, and high levels are
associated with adverse outcomes (Engstrom et al, 2012; Robertson et al, 2015; Wang et al, 2018;
Verginelli et al, 2013). Understanding the molecular mechanisms through which FOXG1 operates in NSCs

and GSCs is therefore of great interest.

Both GSCs and genetically normal NSCs are known to be heterogeneous with regards to cell cycle status,
with cells spanning a continuum from dormant to quiescent and proliferative states (non-cycling, slow-
cycling and fast cycling, respectively) (Codega et al, 2014; Dulken et al, 2017; Marqués-Torrejon et al,
2021; Llorens-Bobadilla ef al, 2015). Quiescent GSCs evade anti-mitotic therapies and hijack NSC-like
properties to drive tumour re-growth (Deleyrolle et al, 2011; Ishii et al, 2016; Chen et al, 2012). Thus,
understanding the mechanisms controlling GSC quiescence will be important for the design of rational

therapeutic strategies that might suppress patient relapse.
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NSCs expanded in culture have overlapping gene regulatory networks with GBMs and provide a genetically
tractable experimental in vitro model that has been useful in delineating the pathways controlling GSC
quiescence (Ying et al, 2003; Sun et al, 2008; Conti et al, 2005; Pollard et al, 2009; Bulstrode et al, 2017,
Carén et al, 2015; Bressan et al, 2021; Marqués-Torrejon et al, 2021). Bone-morphogenetic protein 4
(BMP4) induces quiescence of NSCs in vitro and in vivo (Bond et al, 2012; Martynoga et al, 2013; Mira et
al, 2007; Sun et al, 2011; Marqués-Torrejon et al, 2021), while the mitogens EGF and FGF-2 stimulate
proliferation. Previously, we demonstrated that overexpression of the GBM-associated master regulators
FOXGT1 and SOX2 drives quiescent mouse NSCs into a proliferative radial glia-like state (Bulstrode et al,
2017) and induces transcriptional changes at many key cell cycle and epigenetic regulators. In particular,
Fox0O3, which induces quiescence and prevents premature NSC differentiation, is directly repressed by
FOXG1 (Renault et al, 2009; Bulstrode et al, 2017). FOXG1 is therefore an important regulator of
quiescence in NSCs and GSCs. Determining the genes and pathways operating downstream of elevated
FOXGT1 will therefore help our understanding of normal NSC development, adult NSC homeostasis and

GBM biology.

The FoxO family are key downstream effectors of PI3K-Akt signalling, controlling genes governing diverse
cellular processes including proliferation, metabolism, differentiation, and apoptosis. While FoxO factors
can have context-dependent roles in supporting cellular resilience, they are most well-known for their
tumour suppressive functions in tissue homeostasis, ageing and cancer (Hornsveld et al, 2018; Dansen &
Burgering, 2008). FoxO1/3/4 are broadly expressed during development and adulthood and, while discrete
roles have been identified, they appear to regulate common target genes in vitro with likely significant

redundancies (Paik et al, 2007).

FoxO6 is the most recently identified FoxO member; it was initially reported to be expressed mainly within
the CNS of adult mammals (Hoekman et a/, 2006), but may also have roles in other tissues such as liver

and muscle (Kim et al, 2011). Compared to FoxO1/3/4, it has several unique molecular characteristics:
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FoxO6 has a low sequence homology (~30%) to other FoxO factors, lacks one of three consensus PKB
phosphorylation sites and the presence of a nuclear export signal is debated (Kim ez a/, 2013). Unlike other
FoxO members, FoxO6 does not undergo complete nucleo-cytoplasmic shuttling in response to PI3K-Akt-
mediated phosphorylation (van der Heide et al, 2005; Jacobs et al, 2003). These features suggest a distinct
cellular function. Indeed, in several cancers FOXO6 is elevated and has oncogenic roles, triggering
increased proliferation and progression (Qinyu et al, 2013; Rothenberg et al, 2015; Wang et al, 2017,

Lallemand et al, 2018).

Here, we demonstrate that FoxO6 is transcriptionally activated downstream of elevated FOXG1 in both
mouse NSCs and GSCs, and is necessary for FOXG1-driven exit from quiescence. Following forced
expression of FoxO6, we observed a stimulation of macropinocytosis, a cellular process involved in nutrient
uptake that requires Pak1-regulated actin cytoskeleton remodelling. Gain- and loss-of-function mechanistic
studies demonstrate Pak1 is upregulated by FOXG1 overexpression and downregulated upon FoxO6 loss
in proliferative NSCs. Altogether, these data suggest a functional pro-oncogenic role for FoxO6 in the
regulatory transitions, such as cell shape and metabolic changes, that must be initiated as cells exit from

quiescence into proliferation.
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Results

FOXGT1 transcriptionally activates FoxO6 in mouse NSCs and GSCs

Previously we found that overexpression of the master regulators FOXG1 and SOX2 supports cell cycle re-
entry of quiescent mouse NSCs. ChIP-seq and RNA-seq data identified FoxO6 as a strong candidate
FOXG1/SOX2-regulated target gene (Bulstrode ef al, 2017). Here, we hypothesise that, in contrast to
FoxO3, FoxO6 may have unique roles in supporting proliferation. To investigate the effect of elevated
FOXGI1 on FoxO6 expression — thereby mimicking the increased levels seen in GBMs — we used clonal
adult mouse NSC lines harbouring a Doxycycline (Dox)-inducible FOXGI-V5 construct, as reported

previously (Bulstrode et al, 2017).

Elevated FOXG1-V5 was found to significantly increase FoxO6 expression in proliferating NSCs (Figure
1A). After 24 h, FoxO6 levels increased by ~17-fold and ~4-fold in two independent clonal NSC lines,
termed ‘F6’ and ‘F11-19°, respectively. To circumvent a lack of FoxO6-specific antibodies, an HA tag was
inserted using CRISPR/Cas9-mediated homologous recombination at the 3’ end of FoxO6 in F6 cells
(Figure 1B). In agreement with mRNA upregulation, we observed a clear induction of FoxO6 protein in
response to elevated FOXG1 (+Dox) (Figures 1C and D). These data indicate that FoxO6 mRNA and

protein expression are activated downstream of FOXG1 in normal NSCs.

We next explored FoxO6 levels in a mouse GBM model cell line (IENS), which expresses FOXG1 at higher
levels than mouse NSCs (Bulstrode ef al, 2017). We tested if Foxgl ablation affected FoxO6 expression.
Following CRISPR/Cas9-mediated bi-allelic deletion of Foxg! in IENS, a significant decrease (6-7 fold,
or 84-86%) in FoxO6 expression was observed in two independent clonal cell lines (Figures 1E-H).
Elevated Foxgl is therefore necessary for FoxO6 expression in GSCs and is sufficient to induce increased

FoxO6 expression in NSCs.
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FOXGI1 induction of Fox06 occurs early during the exit of NSCs from quiescence

We next assessed FoxO6 levels during the early phases of NSC exit from quiescence following FOXG1
overexpression. We used quiescence conditions previously shown to induce cell cycle exit, downregulation
of NSC markers, and upregulation of quiescent marker expression, namely: treatment with BMP4 at low
density for 24 h (Figure 2A) (Bulstrode et al, 2017). Following exchange of BMP4 for culture media with
EGF and FGF-2, FOXG1 induction (+Dox) drives cells to re-enter cell cycle and form NSC-like colonies
(Figure 2B-F). As expected, we find that Dox addition induced a 235-fold upregulation in FOXGI
expression by 24h compared to the non-BMP treated control (EGF/FGF-2) (Figure 2G). FoxO6 was
dramatically upregulated at these early timepoints, prior to any visible proliferative response, with a ~6.5-
fold upregulation by 24h compared to the non-BMP4 treated control, ~16-fold higher than without Dox
(Figure 2H). Increased FoxO6 expression is therefore an early part of the response to FOXGI1 in the
transition from quiescence to proliferation, consistent with it being an important functional downstream

effector.

FOXG1-induced reactivation of quiescent NSCs is significantly impaired upon FoxO06 loss

To assess whether FoxO6 was required for FOXG1-induced quiescence exit, CRISPR/Cas9 was used to
generate clonal adult mouse NSC lines with bi-allelic deletion of the first FoxO6 coding exon (Figure S1A-
B). qRT-PCR analysis confirmed loss of FoxO6, with a >98% decrease in expression following CRISPR

treatment compared to untargeted parental cells (Figure 3A).

FoxO6" clonal cells displayed a bipolar phase-bright morphology characteristic of proliferative NSCs
(Figure 3B). Although confluence analysis suggested a marginally reduced growth compared to parental
cells, EdU incorporation did not indicate any significant changes in proliferation (Figure 3C-D).

Furthermore, FoxO6™ cells were found to form typical NSC colonies in EGF/FGF-2 (Figure 3E). This
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indicated that FoxO6 is not necessary for NSC proliferation or colony formation under optimal self-

renewing conditions.

Following BMP4 treatment at low density for 24hr, both parental and FoxO6” NSCs displayed a
characteristic change to a stellate astrocytic morphology (Figure 3F). ICC analysis confirmed a decrease in
NESTIN and increase in GFAP expression in both parental and FoxO6” NSCs after 3 days of BMP4
treatment (Figure 3G). qRT-PCR analyses showed upregulation of astrocytic/quiescence markers (Gfap,
Agp4, I1d1, Cd9) and downregulation of NSC and cell cycle markers (Nestin, Olig2, Egfir, cMyc, Plkl, Cdk4)
in parental and FoxO6™ cells (Figure 3H). Cell cycle exit following BMP4 treatment in both parental and
FoxO6™" cells was confirmed by loss of EdU incorporation (Figure 31). Proliferation and quiescence entry
analyses in additional FoxO6™ clonal lines showed consistent results, with only one out of three KO lines
displaying altered proliferation (Figure S1C-E). These results suggest that NSC identity is not lost following
FoxO6 disruption, and that FoxO6 is not required for cytostatic BMP response and entry into the quiescent

state.

We next tested whether FoxO6 was essential for exit from quiescence. Parental and FoxO6” NSCs were
transfected with the Dox-inducible FOXG1-V5 overexpression construct using the PiggyBac transposase
system. Quiescence exit was assessed following BMP4 treatment and return of cells to EGF/FGF-2 for 10
days, with or without FOXG1-V5 induction (-/+ Dox), as previously mentioned. Similar levels of transgene
induction were achieved in both parental and FoxO6™ populations with inducible FOXG1, as assessed by
FOXG1-V5 gRT-PCR and ICC (Figure 4A-C). Strikingly, FoxO6™ cells showed dramatically reduced
capacity to reform proliferative NSC colonies (Figure 4D-F) and, unlike the parental cells, did not highly
upregulate the NSC marker Nestin or proliferative marker Ki67 upon FOXG1 induction (Figure S2A).
FoxO6" NSCs showed striking morphological changes from the typical ‘fried-egg’, stellate astrocytic
morphology, to an elongated spindle shape that was distinct from the typical bipolar phase-bright

morphology of parental cells with FOXG1 induction (Figure S2B). After an extended period (25 days) only
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minor evidence of colony formation was seen in the FoxO6" population (Figure S2C). Together these data
suggest FoxO6 is a key downstream effector of elevated FOXG1, required for efficient transition from
quiescence to proliferation. Without FoxO6, quiescent cells fail to undergo the shape changes and cell cycle

re-entry typical of quiescence exit in NSCs.

Elevated FoxO6 induces the formation of large acidic vacuoles by macropinocytosis

To explore the specific pathways through which FoxO6 might operate to stimulate quiescence exit, we next
tested the effects of forced FoxO6 expression. We established adult mouse NSCs with Dox-inducible
FoxO6-HA-IRES-mCherry overexpression using the PiggyBac transposase system. Following FACS
enrichment of mCherry positive cells, FoxO6-HA overexpression was confirmed by Western blotting, ICC

and qRT-PCR analysis (Figure SA-B).

We used these transfected cells to explore cellular responses to elevated FoxO6 by microscopy. Strikingly,
prominent vacuolisation was observed upon FoxO6 overexpression across multiple clonal lines (Figure 5A-
B). Live cell imaging across a time-course revealed vacuole formation occurred within 10-11 hours of Dox
addition, coincident with mCherry expression (Figure SD). Neither treatment of untransfected adult mouse
NSCs with Dox nor overexpression of an alternative transcription factor (using the same plasmid constructs
with only the gene of interest substituted) resulted in vacuole formation, indicating that the phenotype was
specific to FoxO6 overexpression and not a result of Dox treatment, the HA tag or mCherry overexpression

(Figure S3A-B).

We next characterised the resulting vacuoles using various imaging methods. We first ruled out these
structures being lipid droplets or enlarged lysosomes, which have been implicated in quiescence regulation
(Ramosaj et al, 2021; Leeman et al, 2018). Staining with the neutral lipid dye BODIPY did not reveal co-

localisation with the vacuoles (Figure S3C). In contrast, following LysoView™ incubation, we observed

10
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strong fluorescent signal co-localised with the vacuoles indicating their acidification (Figure 5D).
Interestingly, not all structures showed equal LysoView™ accumulation, suggesting they were at different
stages of acidification and maturation, and therefore not simply enlarged lysosomes. Consistently, ICC for
the lysosomal membrane marker, LAMP1, and the early endosomal marker, EEA1, did not reveal uniform
co-localisation with the vacuoles (Figure SE) and Western blot analysis showed no clear increase in EEA1

nor LAMP1 expression upon FoxO6-HA induction (Figure S3E).

Uptake of a fluorescent EGF ligand revealed much smaller puncta, indicating the vacuoles were not formed
by receptor-mediated endocytosis (Figure S3D). Instead, the vacuole size (as large as 6 microns in diameter
(Figure 5F)) was strongly suggestive of non-selective macropinocytosis — an actin-driven process by which
extracellular contents are engulfed and processed along the endosomal pathway (Swanson & Watts, 1995;
Lim & Gleeson, 2011; Kerr & Teasdale, 2009). To test this hypothesis, we incubated cells with large
molecular weight 70kDa FITC-dextran, a well-established marker of macropinocytosis (Galenkamp et al,
2019; Commisso et al, 2014). In cells treated overnight with Dox, clear FITC-dextran uptake was visible
within the vacuoles (Figure 5F). Flow cytometry quantification of FITC-dextran uptake confirmed an
increase in the percentage of ‘Dextran high’ cells following Dox addition compared to -Dox controls across

three FoxO6-HA inducible cell lines (Figure 5G and S3F).

EdU analysis suggested vacuolisation did not per se provide a growth advantage; instead, highly vacuolated
cells were associated with EdU negativity following a 24h pulse (Figure S3G-H). The vacuolated cells
could be passaged and remained in culture (Figure S31), ruling out a novel form of cell death induced by
hyperactivated macropinocytosis in cancer named methuosis (Song et al, 2021; Overmeyer et al, 2008).
Together these observations suggest macropinocytosis, or the pathways that stimulate it, may be an
important feature of FoxO6 activity as cells exit quiescence. Macropinocytosis in cancer is associated with

nutrient acquisition to aid proliferation (Recouvreux & Commisso, 2017; Commisso et al, 2013). The lack
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of proliferative advantage conferred by FoxO6 overexpression is consistent with the need for other

supporting pathways downstream of FOXG1 for quiescence exit.

Pakl expression is upregulated upon FOXG1 elevation and downregulated upon FoxO6 loss in

proliferative NSCs

The p21 (Cdc42/Rac)-activated kinase, Pakl, is a specific regulator of macropinocytosis controlling actin
cytoskeleton dynamics (Dharmawardhane et al, 2000), and has been reported as a FoxO6 target in the
transcriptional pathway orchestrating neuronal polarity (De La Torre-Ubieta et al, 2010). Both FoxO6 and
Pak1 have published roles in memory consolidation and synaptic function (Salih et al, 2012; Civiero &

Greggio, 2018).

To investigate a potential involvement of Pak1, we explored if its levels were modulated by FOXG1 or
FoxO6. qRT-PCR and Western blot analysis revealed an increase in Pak1 expression in proliferating NSCs
(compared to the -Dox control) upon FOXG1 induction (Figures 6A-B). Furthermore, Pak1 expression was
decreased in FoxQ6™ proliferative NSCs by both qRT-PCR and Western blot analysis (Figure 6C-E). This
suggests that in proliferative culture conditions, FoxO6 is needed to sustain Pakl expression, consistent
with a potentially important role in the earliest phases of cell cycle re-entry during quiescence exit. Finally,
gRT-PCR analysis of FOXGI, FoxO6 and Pakl following FOXG1-induced quiescence exit (in F6 cells)
revealed higher levels of Pakl in +Dox compared to the -Dox control, coincident with FOXGI inducing
FoxO6 upregulation (Figure 6F). In summary, our findings show that FOXG1-mediated induction of FoxO6
is required for efficient quiescence exit of NSCs. We speculate this might operate through modulation of a
Pak1-macropinocytosis-related pathway that is initiated as cell undergo regulatory changes (such as shape

and nutrient requirements) in preparation for cell cycle re-entry.
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Discussion

Understanding the molecular mechanisms governing control of NSC quiescence has important implications
in GBM, a highly aggressive adult brain cancer in which quiescent NSC-like stem cells drive relapse. Our
findings here extend our previous observations that high levels of FOXG1 and SOX2 drive a proliferative
radial glial-like NSC phenotype, in part through repression of the tumour suppressor FoxO3 (Bulstrode et
al, 2017). Here, we show that Fox(O6, an underexplored FoxO member, is a downstream target activated

by elevated FOXGI1.

Whilst FoxO3 has been well-described as a tumour suppressor that preserves NSC quiescence (Renault et
al, 2009; Liu et al, 2018), our data suggest FoxO6 has an opposite, pro-proliferative, role in FOXGI-
induced quiescence exit of NSCs. FoxO6 loss did not impair NSC proliferation or BMP4-induced
quiescence entry. We observed NSC and cell cycle marker downregulation, astrocytic/quiescence marker
upregulation, morphological changes and cell cycle exit upon BMP4 treatment, all indicating entry into a
quiescent state (Codega et al, 2014; Dulken et al, 2017; Llorens-Bobadilla et al/, 2015). However, FoxO6
loss was found to significantly impair FOXG1-induced exit from quiescence. Elevated FOXO6 has indeed
been associated with stimulating proliferation and progression in several cancers (Qinyu et al, 2013;
Rothenberg et al, 2015; Wang et al, 2017; Lallemand et al, 2018). FoxO6 has also been reported to
transcriptionally control SOX2, STAT3 and Hippo signalling, all reported to control NSC and GSC self-
renewal or proliferation (Ganguly et al, 2018; Yang et al, 2016; Salih et al, 2012; Rothenberg et al, 2015;

Bulstrode et al, 2017; Sun et al, 2018).

Our functional studies of FoxO6 suggested that forced expression alone will trigger macropinocytosis — a
process involving Pak1-regulated actin cytoskeleton remodelling. Together with literature on both FoxO6
and Pakl in neuronal polarity and synaptic function (De La Torre-Ubieta et al, 2010; Salih et al, 2012;

Civiero & Greggio, 2018), this led us to investigate Pak1 levels in relation to FOXG1 and FoxO6. Our data
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suggest in proliferating NSCs (with mitogens EGF and FGF-2), FoxO6 is required to sustain Pakl
expression and FOXG1 induction can result in even higher Pakl levels. Whilst this is not functionally
important in sustaining NSC proliferation, as shown by the lack of proliferation defects upon Foxgl or
FoxO6 deletion (Bulstrode et al, 2017), these changes in Pakl levels may impact regulatory transitions,
such as cell shape and metabolic requirements, as cells prepare to exit quiescence into the proliferative
radial-glia like state. Our data lead us to speculate a working model in which FoxO6 is activated
downstream of FOXG1, and in turn will trigger a Pakl-related pathway that alters actin dynamics and

related cell shape/nutrient sensing pathways to facilitate exit from quiescence.

As vacuolisation was not observed upon FOXG1 overexpression (Figure S3J), it is possible that FoxO6-
induced macropinocytosis represents a stalled state, with other pathways downstream of FOXG1 necessary
to be activated concomitantly to ensure cell cycle re-entry, e.g., through increased pinocytic flux that cannot
be assessed within our experimental timeframes. Indeed, active Pak1 has been found to modulate pinocytic
cycling, enhancing both FITC-dextran uptake and efflux (Dharmawardhane et a/, 2000). It is plausible that
such an enhancement in pinocytic cycling may aid rewiring of the metabolome required for the transition
from quiescence to proliferation (Lee et al, 2017; Wani et al, 2022; Adusumilli et al, 2021). This will
require further deeper exploration in future studies. Alternatively, hyperactivation of signalling pathways
upon FoxO6 overexpression may result in macropinocytosis as a metabolic stress response. Hyperactivation
of Ras signalling, canonical Wnt and PI3K signalling have all been shown to play roles in inducing
macropinocytosis (Overmeyer et al, 2008; Tejeda-Muiioz et al, 2019; Recouvreux & Commisso, 2017).
Interestingly, FOXG1 was recently found to synergise with Wnt signalling in driving quiescence exit in
GBM (Robertson et al, submitted). The activity of FoxO factors is controlled by phosphorylation
downstream of IGF/PI3K/AKT signalling (Hay, 2011; Jiramongkol & Lam, 2020). Pak1 is upregulated in
various cancer types (Huynh et al, 2015), integrates various signalling pathways, such as PI3K and Ras,

and has been reported to phosphorylate and inactivate FoxO1 in breast cancer (Mazumdar et a/, 2003) and
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Foxo6 in liver ageing (Kim et al, 2015). It is therefore also possible that FoxO6 elevation results in

signalling activation that in turn reinforces phosphorylation and deactivation of FoxO tumour suppressors.

FoxO factors are known to modulate metabolic functions in homeostasis and cancer (Yadav et al, 2018;
Kim et al, 2011; Chung et al, 2013; Paik et al, 2007). FoxO3 protects NSCs against oxidative stress and
controls their glucose metabolism to ensure optimal self-renewal (Yeo et al, 2013; Renault et al, 2009), in
part through Myc inhibition (Peck et al, 2013). In contrast, FoxO6 promotes gastric cancer cell proliferation
through c-Myc induction (Qinyu et al, 2013), and its loss inhibits colorectal cancer cell proliferation,
invasion and glycolysis, with decreased PI3K/Akt/mTOR pathway activation (Li et a/, 2019). In GBM,
mTORC?2 signalling controls glycolytic metabolism through inhibition of FoxO1/3 and de-repression of c-
Myc (Masui et al, 2013). Elevated FOXG1, itself implicated in regulating mitochondrial functions (Pancrazi
et al, 2015), may therefore alter FoxO3 and FoxO6 expression to result in deregulated energetics that drive
a proliferative state and/or oppose quiescence. Macropinocytosis in cancer has been reported to aid nutrient
uptake (Recouvreux & Commisso, 2017; Commisso et al, 2013); the role of FoxO6 in linking GSC state

transitions with metabolism will therefore be an interesting avenue for further exploration.

With respect to normal NSCs, FoxO6’s roles in the developing and adult brain are less well-defined than
FoxO3 (Sun et al, 2018; Salih et al, 2012). The changing spatial pattern of FoxO6 expression during mouse
brain development suggests different functions at distinct stages; yet, the NSC number at E18 is unchanged
in FoxO6 null mice (Hoekman et al, 2006; Paap et al, 2016). Cortical FoxO6 levels decrease significantly
after birth, with adulthood expression regulating synapse formation in the hippocampal CA1/3 regions, as
well as cerebellar neuronal polarity (Salih et al, 2012; De La Torre-Ubieta et al, 2010). Like Foxgl,
FoxO6’s homeostatic roles may therefore be subtle in adulthood, and mostly involved in neural plasticity
(Yu et al, 2019). This is in keeping with our finding that basal FoxO6 levels are low in adult NSCs and not
required for sustained proliferation, but are important for cell state transitions. If the FoxO6 levels activated

by elevated FOXG1 represent an acquired dependency of GBM, there may be a therapeutic window to
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target this pathway. However, given the poorly understood roles of FoxO6, further work is needed to
determine its specific value as a therapeutic target. Regardless, the balance between these three FOX family
members — Foxgl, FoxO3 and FoxO6 — has been revealed by our studies, and others, to be a key signalling

node in the context of GBM quiescence control and warrants further investigation.

16


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.30.498283; this version posted July 1, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Author contributions

K.M.F. conducted experiments, data analysis, prepared the figures and co-wrote the manuscript. C.B.
performed western blotting and aided Pakl investigation. C.G.D. derived the FoxO6 KO cell lines. H.B.
derived F6 cell line and preliminary data on FoxO6. R.B.B provided plasmid for FOXG1 KO in IENS,
strategy for CRISPR FoxO6 deletion with C.G.D and manuscript editing. K.M. generated plasmid for
FoxO6-HA-IRES-mCherry overexpression, and provided NPE-MYEF2-IRES-mCherry control cells.

S.M.P. conceived, designed, and coordinated the study and co-wrote the manuscript.

Acknowledgements

K.M.F. was supported by a studentship from Cancer Research UK (A19680). S.M.P was supported by a
Cancer Research UK Senior Research Fellowship (A17368). H.B. was supported by a Wellcome Trust
Clinician Research Training Fellowship. R.B.B. was supported by a PhD fellowship from the Science
Without Borders Program (CAPES, Governo Dilma Rousseff, Brazil). We acknowledge the Dr Matthieu
Vermeren and the Imaging Facility, and Dr Fiona Rossi and the Flow Cytometry Facility at the Centre for
Regenerative, University of Edinburgh, for their technical support. We thank Dr Noor Gammoh and Dr
Sonja Vermeren for their advice on macropinocytosis and for providing reagents. K.M.F. thanks Dr Maria
Angeles Marques-Torrejon, Dr Ester Gangoso and Dr Pooran Singh Dewari for supervision and advice on
methodologies, and Vivien Grant for technical assistance. We thank Dr Maria Angeles Marques-Torrejon
and Dr Faye Robertson for critical reading of the manuscript. For the purpose of open access, the author
has applied a Creative Commons Attribution (CC BY) licence to any Author Accepted Manuscript version

arising from this submission.

Declaration of interests

The authors declare no competing interests.

17


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.30.498283; this version posted July 1, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

References

Adusumilli VS, Walker TL, Overall RW, Klatt GM, Zeidan SA, Zocher S, Kirova DG, Ntitsias K, Fischer TJ, Sykes
AM, Reinhardt S, Dahl A, Mansfeld J, Riinker AE & Kempermann G (2021) ROS Dynamics Delineate
Functional States of Hippocampal Neural Stem Cells and Link to Their Activity-Dependent Exit from
Quiescence. Cell Stem Cell 28: 300-314.¢6

Bond AM, Bhalala OG & Kessler JA (2012) The Dynamic Role of Bone Morphogenetic Proteins in Neural Stem Cell
Fate and Maturation. Dev. Neurobiol.72: 1068—1084

Bressan RB, Dewari PS, Kalantzaki M, Gangoso E, Matjusaitis M, Garcia-Diaz C, Blin C, Grant V, Bulstrode H,
Gogolok S, Skarnes WC & Pollard SM (2017) Efficient CRISPR/Cas9-assisted gene targeting enables rapid and
precise genetic manipulation of mammalian neural stem cells. Development 144: 635—648

Bressan RB, Southgate B, Ferguson KM, Blin C, Grant V, Alfazema N, Wills JC, Marques-Torrejon MA, Morrison
GM, Ashmore J, Robertson F, Williams CAC, Bradley L, von Kriegsheim A, Anderson RA, Tomlinson SR &
Pollard SM (2021) Regional identity of human neural stem cells determines oncogenic responses to histone
H3.3 mutants. Cell Stem Cell 28: 877-893.¢9

Bruggeman SWM, Hulsman D, Tanger E, Buckle T, Blom M, Zevenhoven J, van Tellingen O & van Lohuizen M
(2007) Bmil Controls Tumor Development in an Ink4a/Arf-Independent Manner in a Mouse Model for Glioma.
Cancer Cell 12: 328-341

Bulstrode H, Johnstone E, Marques-Torrejon MA, Ferguson KM, Bressan RB, Blin C, Grant V, Gogolok S, Gangoso
E, Gagrica S, Ender C, Fotaki V, Sproul D, Bertone P & Pollard SM (2017) Elevated FOXG1 and SOX2 in
glioblastoma enforces neural stem cell identity through transcriptional control of cell cycle and epigenetic
regulators. Genes Dev. 31: 757-773

Carén H, Stricker SH, Bulstrode H, Gagrica S, Johnstone E, Bartlett TE, Feber A, Wilson G, Teschendorff AE, Bertone
P, Beck S & Pollard SM (2015) Glioblastoma stem cells respond to differentiation cues but fail to undergo
commitment and terminal cell-cycle arrest. Stem Cell Reports 5: 829-842

ChenJ, Li Y, Yu TS, McKay RM, Burns DK, Kernie SG & Parada LF (2012) A restricted cell population propagates
glioblastoma growth after chemotherapy. Nature 488: 522-526

Chung SY, Huang WC, Su CW, Lee KW, Chi HC, Tao C, Chen S, Huang KM, Tsai MS, Yu HP & Chen SL (2013)
FoxO6 and PGC-1 a form a regulatory loop in myogenic cells Bioscience Reports. 33:¢00045

Civiero L & Greggio E (2018) PAKSs in the brain: Function and dysfunction. Biochim. Biophys. Acta - Mol. Basis Dis.
1864: 444453

Codega P, Silva-Vargas V, Paul A, Maldonado-Soto AR, DeLeo AM, Pastrana E & Doetsch F (2014) Prospective
Identification and Purification of Quiescent Adult Neural Stem Cells from Their In Vivo Niche. Neuron 82:
545-559

Commisso C, Davidson SM, Soydaner-Azeloglu RG, Parker SJ, Kamphorst JJ, Hackett S, Grabocka E, Nofal M,
Drebin JA, Thompson CB, Rabinowitz JD, Metallo CM, Vander Heiden MG & Bar-Sagi D (2013)
Macropinocytosis of protein is an amino acid supply route in Ras-transformed cells. Nature 497: 633-637

Commisso C, Flinn RJ & Bar-Sagi D (2014) Determining the macropinocytic index of cells through a quantitative
image-based assay. Nat. Protoc. 9: 182—192

Conti L, Pollard SM, Gorba T, Reitano E, Toselli M, Biella G, Sun Y, Sanzone S, Ying QL, Cattaneo E & Smith A
(2005) Niche-independent symmetrical self-renewal of a mammalian tissue stem cell. PLoS Biol. 3: 1594-1606

Dansen TB & Burgering BMT (2008) Unravelling the tumor-suppressive functions of FOXO proteins. Trends Cell
Biol. 18: 421429

Deleyrolle LP, Harding A, Cato K, Siebzehnrubl FA, Rahman M, Azari H, Olson S, Gabrielli B, Osborne G, Vescovi
A & Reynolds BA (2011) Evidence for label-retaining tumour-initiating cells in human glioblastoma. Brain
134: 1331-1343

Dewari PS, Southgate B, Mccarten K, Monogarov G, O’Duibhir E, Quinn N, Tyrer A, Leitner M-C, Plumb C,
Kalantzaki M, Blin C, Finch R, Bressan RB, Morrison G, Jacobi AM, Behlke MA, von Kriegsheim A,
Tomlinson S, Krijgsveld J & Pollard SM (2018) An efficient and scalable pipeline for epitope tagging in
mammalian stem cells using Cas9 ribonucleoprotein. Elife 7: 1-29

Dharmawardhane S, Schurmann A, Sells MA, Chernoff J, Schmid SL & Bokoch GM (2000) Regulation of
macropinocytosis by p21-activated kinase-1. Mol. Biol. Cell 11: 3341-3352

Dulken BW, Leeman DS, Boutet C, Hebestreit K, Brunet A, Boutet C, Hebestreit K & Brunet A (2017) Single-Cell
Transcriptomic Analysis Defines Heterogeneity and Transcriptional Dynamics in the Adult Neural Stem Cell
Lineage Resource Single-Cell Transcriptomic Analysis Defines Heterogeneity and Transcriptional Dynamics in

18


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.30.498283; this version posted July 1, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

the Adult Neural Stem Cell Line. Cell Rep. 18: 777-790

Engstrom PG, Tommei D, Stricker SH, Ender C, Pollard SM & Bertone P (2012) Digital transcriptome profiling of
normal and glioblastoma-derived neural stem cells identifies genes associated with patient survival. Genome
Med. 4:776

Galenkamp KMO, Alas B & Commisso C (2019) Quantitation of macropinocytosis in cancer cells. Methods Mol.
Biol. 1928: 113-123

Ganguly D, Fan M, Yang CH, Zbytek B, Finkelstein D, Roussel MF & Pfeffer LM (2018) The critical role that STAT3
plays in glioma-initiating cells: STAT3 addiction in glioma. Oncotarget 9: 22095-22112

Graf T & Enver T (2009) Forcing cells to change lineages. Nature 462: 587-594

Hay N (2011) Interplay between FOXO, TOR, and Akt. BBA - Mol. Cell Res. 1813: 1965-1970

van der Heide LP, Jacobs FMJ, Burbach JPH, Hoekman MFM & Smidt MP (2005) FoxO6 transcriptional activity is
regulated by Thr 26 and Ser 184 , independent of nucleo-cytoplasmic shuttling. Biochem J 391: 623-629

Hoekman MFM, Jacobs FMJ, Smidt MP & Burbach JPH (2006) Spatial and temporal expression of FoxO transcription
factors in the developing and adult murine brain. Gene Expr. Patterns 6: 134-140

Hornsveld M, Dansen TB & Derksen PW (2018) Seminars in Cancer Biology Re-evaluating the role of FOXOs in
cancer. Semin. Cancer Biol. 50: 90—100

Huilgol D, Venkataramani P, Nandi S & Bhattacharjee S (2019) Transcription factors that govern development and
disease: An achilles heel in cancer. Genes (Basel). 10: 1-35

Ishii A, Kimura T, Sadahiro H, Kawano H, Takubo K, Suzuki M & Ikeda E (2016) Histological Characterization of
the tumorigenic ‘peri-necrotic niche’ harboring quiescent stem-like tumor cells in glioblastoma. PLoS One 11:

Jacobs FMJ, Van der Heide LP, Wijchers PJEC, Burbach JPH, Hoekman MFM & Smidt MP (2003) FoxO6, a novel
member of the FoxO class of transcription factors with distinct shuttling dynamics. J. Biol. Chem. 278: 35959—
35967

Jiramongkol Y & Lam EWF (2020) FOXO transcription factor family in cancer and metastasis. Cancer Metastasis
Rev. 39: 681-709

Kerr MC & Teasdale RD (2009) Defining macropinocytosis. Traffic 10: 364-371

Kim DH, Park MH, Chung KW, Kim MJ, Park D, Lee EK, Choi YJ, Kim ND & Yu BP (2015) Suppression of FoxO6
by lipopolysaccharide in aged rat liver. Oncotarget 6: 34143-34157

Kim DH, Perdomo G, Zhang T, Slusher S, Lee S, Phillips BE, Fan Y, Giannoukakis N, Gramignoli R, Strom S,
Ringquist S & Dong HH (2011) FoxO6 Integrates Insulin Signaling With Gluconeogenesis in the Liver.
Diabetes 60: 27632774

Kim DH, Zhang T, Lee S & Dong HH (2013) FoxO6 in glucose metabolism. J. Diabetes 5: 233-240

De La Torre-Ubieta L, Gaudilliére B, Yang Y, Ikeuchi Y, Yamada T, Dibacco S, Stegmiiller J, Schiiller U, Salih DA,
Rowitch D, Brunet A & Bonni A (2010) A FOXO-Pak]1 transcriptional pathway controls neuronal polarity.
Genes Dev. 24: 799-813

Lallemand F, Petitalot A, Vacher S, de Koning L, Taouis K, Lopez BS, Zinn-Justin S, Dalla-Venezia N, Chemlali W,
Schnitzler A, Lidereau R, Bieche I & Caputo SM (2018) Involvement of the FOXO6 transcriptional factor in
breast carcinogenesis. Oncotarget 9: 7464-7475

Lee HJ, Jedrychowski MP, Vinayagam A, Wu N, Shyh-Chang N, Hu Y, Min-Wen C, Moore JK, Asara JM, Lyssiotis
CA, Perrimon N, Gygi SP, Cantley LC & Kirschner MW (2017) Proteomic and Metabolomic Characterization
of a Mammalian Cellular Transition from Quiescence to Proliferation. Cell Rep. 20: 721-736

Leeman DS, Hebestreit K, Ruetz T, Webb AE, McKay A, Pollina EA, Dulken BW, Zhao X, Yeo RW, Ho TT,
Mahmoudi S, Devarajan K, Passegué E, Rando TA, Frydman J & Brunet A (2018) Lysosome activation clears
aggregates and enhances quiescent neural stem cell activation during aging. Science. 359: 1277-1283

Li Q, Tang H, Hu F & Qin C (2019) Silencing of FOXO6 inhibits the proliferation, invasion, and glycolysis in
colorectal cancer cells. J. Cell. Biochem. 120: 3853-3860

Lim JP & Gleeson PA (2011) Macropinocytosis: An endocytic pathway for internalising large gulps. Immunol. Cell
Biol. 89: 836-843

Liu Y, Ao X, Ding W, Ponnusamy M, Wu W, Hao X, Yu W, Wang Y, Li P & Wang J (2018) Critical role of FOXO3a
in carcinogenesis. Mol. Cancer 17: 1-12

Llorens-Bobadilla E, Zhao S, Baser A, Saiz-Castro G, Zwadlo K & Martin-Villalba A (2015) Single-Cell
Transcriptomics Reveals a Population of Dormant Neural Stem Cells that Become Activated upon Brain Injury.
Cell Stem Cell 17: 329-340

Lujan E, Chanda S, Ahlenius H, Sudhof TC & Wernig M (2012) Direct conversion of mouse fibroblasts to self-
renewing, tripotent neural precursor cells. Proc. Natl. Acad. Sci. 109: 2527-2532

Marqués-Torrejon MA, Williams CAC, Southgate B, Alfazema N, Clements MP, Garcia-Diaz C, Blin C, Arranz-

19


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.30.498283; this version posted July 1, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Emparan N, Fraser J, Gammoh N, Parrinello S & Pollard SM (2021) LRIG1 is a gatekeeper to exit from
quiescence in adult neural stem cells. Nat. Commun. 12: 1-15

Martella A, Matjusaitis M, Auxillos J, Pollard SM & Cai Y (2017) EMMA: An Extensible Mammalian Modular
Assembly Toolkit for the Rapid Design and Production of Diverse Expression Vectors. ACS Synth. Biol. 6:
1380-1392

Martynoga B, Andersen J, Achimastou A, Urban N, van den Berg D, Guillemot F, Mateo JL, Wittbrodt J, Ettwiller L,
Zhou B, Gronostajski RM, Georgopoulou D, Hadjur S & Piper M (2013) Epigenomic enhancer annotation
reveals a key role for NFIX in neural stem cell quiescence. Genes Dev. 27: 1769—-1786

Masui K, Tanaka K, Akhavan D, Babic I, Gini B, Matsutani T, Iwanami A, Liu F, Villa GR, Gu Y, Campos C, Zhu
S, Yang H, Yong WH, Cloughesy TF, Mellinghoff IK, Cavenee WK, Shaw RJ & Mischel PS (2013) MTOR
complex 2 controls glycolytic metabolism in glioblastoma through FoxO acetylation and upregulation of c-Myc.
Cell Metab. 18: 726-739

Mazumdar A, Kumar R & Hanoune J (2003) Estrogen regulation of Pak1 and FKHR pathways in breast cancer cells.
FEBS Lett. 535: 6-10

Mira H, Andreu Z, Suh H, Lie DC, Jessberger S & Gage FH (2007) Signaling through BMPR-IA Regulates
Quiescence and Long-Term Activity of Neural Stem Cells in the Adult Hippocampus. Cell Stem Cell 7: 78—89

Overmeyer JH, Kaul A, Johnson EE & Maltese WA (2008) Active Ras triggers death in glioblastoma cells through
hyperstimulation of macropinocytosis. Mol. Cancer Res. 6: 965-977

Paap RH, Oosterbroek S, Wagemans CMRIJ, von Oerthel L, Schellevis RD, Vastenhouw-van der Linden AJA, Groot
Koerkamp MJA, Hoekman MFM & Smidt MP (2016) FoxO6 affects Plxna4-mediated neuronal migration
during mouse cortical development. Proc. Natl. Acad. Sci. 113: E7087-E7096

Paik JH, Kollipara R, Chu G, Ji H, Xiao Y, Ding Z, Miao L, Tothova Z, Horner JW, Carrasco DR, Jiang S, Gilliland
DG, Chin L, Wong WH, Castrillon DH & DePinho RA (2007) FoxOs Are Lineage-Restricted Redundant Tumor
Suppressors and Regulate Endothelial Cell Homeostasis. Cell 128: 309-323

Pancrazi L, Di Benedetto G, Colombaioni L, Della Sala G, Testa G, Olimpico F, Reyes A, Zeviani M, Pozzan T &
Costa M (2015) Foxgl localizes to mitochondria and coordinates cell differentiation and bioenergetics. Proc.
Natl. Acad. Sci. 112: 13910-13915

Peck B, Ferber EC & Schulze A (2013) Antagonism between FOXO and MY C Regulates Cellular Powerhouse. Front.
Oncol. 3: 1-6

Pollard SM, Yoshikawa K, Clarke ID, Danovi D, Stricker S, Russell R, Bayani J, Head R, Lee M, Bernstein M, Squire
JA, Smith A & Dirks P (2009) Glioma Stem Cell Lines Expanded in Adherent Culture Have Tumor-Specific
Phenotypes and Are Suitable for Chemical and Genetic Screens. Cell Stem Cell 4: 568—580

Qinyu L, Long C, Zhen-Dong D, Min-Min S, Wei-Ze W, Wei-Ping Y & Cheng-Hong P (2013) FOXO6 promotes
gastric cancer cell tumorigenicity via upregulation of C-myc. FEBS Lett. 587: 2105-2111

Ramosaj M, Madsen S, Maillard V, Scandella V, Sudria-Lopez D, Yuizumi N, Telley L & Knobloch M (2021) Lipid
droplet availability affects neural stem/progenitor cell metabolism and proliferation. Nat. Commun. 12: 1-17

Recouvreux MV & Commisso C (2017) Macropinocytosis: A metabolic adaptation to nutrient stress in cancer. Front.
Endocrinol. (Lausanne). 8: 1-7

Renault M, Rafalski VA, Morgan AA, Salih DAM, Brett JO, Webb AE, Villeda SA, Thekkat PU, Guillerey C, Denko
NC, Palmer TD & Butte AJ (2009) FoxO3 Regulates Neural Stem Cell Homeostasis. Cell Stem Cell 5: 527—
539

Richards LM, Whitley OKN, MacLeod G, Cavalli FMG, Coutinho FJ, Jaramillo JE, Svergun N, Riverin M, Croucher
DC, Kushida M, Yu K, Guilhamon P, Rastegar N, Ahmadi M, Bhatti JK, Bozek DA, Li N, Lee L, Che C, Luis
E, et al (2021) Gradient of Developmental and Injury Response transcriptional states defines functional
vulnerabilities underpinning glioblastoma heterogeneity. Nat. Cancer 2: 157-173

Robertson E, Perry C, Doherty R & Madhusudan S (2015) Transcriptomic Profiling of Forkhead Box Transcription
Factors in Adult Glioblastoma Multiforme. Cancer Genomics and Proteomics 12: 103—112

Rothenberg MS, Concannon K, Cullen S, Boulay G, Turke AB, Faber AC, Lockerman EL, Rivera MN, Engelman
JA, Maheswaran S & Haber DA (2015) Inhibition of mutant EGFR in lung cancer cells triggers SOX2-FOXO06-
dependent survival pathways. Elife 4: 1-25

Roy N & Hebrok M (2015) Regulation of Cellular Identity in Cancer. Dev. Cell 35: 674—684

Salih DAM, Rashid AJ, Colas D, Torre-ubieta L De, Zhu RP, Morgan AA, Santo EE, Ucar D, Devarajan K, Cole CJ,
Madison D V, Shamloo M, Butte AJ, Bonni A & Josselyn SA (2012) FoxO6 regulates memory consolidation
and synaptic function. Genes Dev. 26: 2780-2801

Singh DK, Kollipara RK, Vemireddy V, Yang XL, Sun Y, Regmi N, Klingler S, Hatanpaa KJ, Raisanen J, Cho SK,
Sirasanagandla S, Nannepaga S, Piccirillo S, Mashimo T, Wang S, Humphries CG, Mickey B, Maher EA, Zheng

20


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.30.498283; this version posted July 1, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

H, Kim RS, et al (2017) Oncogenes Activate an Autonomous Transcriptional Regulatory Circuit That Drives
Glioblastoma. Cell Rep. 18: 961-976

Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, Henkelman RM, Cusimano MD, Dirks PB, Terasaki
M & Bonn VE (2003) Identification of a cancer stem cell in human brain tumors. Cancer Res. 63: 5821-8

Song S, Zhang Y, Ding T, Ji N & Zhao H (2021) The Dual Role of Macropinocytosis in Cancers: Promoting Growth
and Inducing Methuosis to Participate in Anticancer Therapies as Targets. Front. Oncol. 10: 1-23

Sun Y, Hu J, Zhou L, Pollard SM & Smith A (2011) Interplay between FGF2 and BMP controls the self-renewal ,
dormancy and differentiation of rat neural stem cells. J. Cell Sci. 124: 1867-1877

Sun Y, Pollard S, Conti L, Toselli M, Biella G, Parkin G, Willatt L, Falk A, Cattaneo E & Smith A (2008) Long-term
tripotent differentiation capacity of human neural stem (NS) cells in adherent culture. Mol. Cell. Neurosci. 38:
245-258

Sun Z, Fontoura CSG, Moreno M, Holton NE, Sweat M, Sweat Y, Lee MK, Arbon J, Bidlack FB, Thedens DR,
Nopoulos P, Cao H, Eliason S, Weinberg SM, Martin JF, Moreno-Uribe L & Amendt BA (2018) FoxO6
regulates Hippo signaling and growth of the craniofacial complex. PLoS Genet. 14: 1-35

Suva ML, Rheinbay E, Gillespie SM, Patel AP, Wakimoto H, Rabkin SD, Riggi N, Chi AS, Cahill DP, Nahed B V,
Curry WT, Martuza RL, Rivera MN, Rossetti N, Kasif S, Beik S, Kadri S, Tirosh I, Wortman I, Shalek AK, et
al (2014) Reconstructing and Reprogramming the Tumor-Propagating Potential of Glioblastoma Stem-like
Cells. Cell 157: 580-594

Swanson J & Watts C (1995) Macropinocytosis. Trends Cell Biol. 5: 424-428

Tejeda-Mufioz N, Albrecht L V., Bui MH & De Robertis EM (2019) Wnt canonical pathway activates
macropinocytosis and lysosomal degradation of extracellular proteins. Proc. Natl. Acad. Sci. U. S. A. 116:
10402-10411

Verginelli F, Perin A, Dali R, Fung KH, Lo R, Longatti P, Guiot M, Maestro RF Del, Rossi S, Porzio U, Stechishin
O, Weiss S & Stifani S (2013) Transcription factors FOXG1 and Groucho/TLE promote glioblastoma growth.
Nat. Commun. 4: 1-16

Viales RR, Diotel N, Ferg M, Armant O, Eich J, Alunni A, Mirz M, Bally-Cuif L, Rastegar S & Stréhle U (2015) The
helix-loop-helix protein Id1 controls stem cell proliferation during regenerative neurogenesis in the adult
zebrafish telencephalon. Stem Cells 33: 892-903

Wang JH, Tang HS, Li XS, Zhang XL, Yang XZ, Zeng LS, Ruan Q, Huang YH, Liu GJ, Wang J & Cui SZ (2017)
Elevated FOXOG6 expression correlates with progression and prognosis in gastric cancer. Oncotarget 8: 31682—
31691

Wang L, Wang J, Jin T, Zhou Y & Chen Q (2018) FoxGl facilitates proliferation and inhibits differentiation by
downregulating FoxO/Smad signaling in glioblastoma. Biochem. Biophys. Res. Commun. 504: 46-53

Wani GA, Sprenger HG, Ndoci K, Chandragiri S, Acton RJ, Schatton D, Kochan SMV, Sakthivelu V, Jevtic M,
Seeger JM, Miiller S, Giavalisco P, Rugarli EI, Motori E, Langer T & Bergami M (2022) Metabolic control of
adult neural stem cell self-renewal by the mitochondrial protease YMEI1L. Cell Rep. 38: 110370

de Winter JCF (2013) Using the Student's t-test with Extremely Small Sample sizes. Practical Assessment,
Research and Evaluation, 18(10) ISSN-1531-7714.

Xuan S, Saptista CA, Balas G, Tao W & Soares VC (1995) Winged Helix Transcription Factor BF-1 Is Essential for
the Development of the Cerebral Hemispheres. Neuron 14: 1141-1152

Yadav RK, Chauhan AS, Zhuang L & Gan B (2018) FoxO transcription factors in cancer metabolism. Semin. Cancer
Biol. 50: 65-76

Yang R, Wu'Y, ZouJ, Zhou J, Wang M, Hao X & Cui H (2016) The Hippo transducer TAZ promotes cell proliferation
and tumor formation of glioblastoma cells through EGFR pathway. Oncotarget 7:

Yeo H, Lyssiotis CA, Zhang Y, Ying H, Asara JM, Cantley LC & Paik JH (2013) FoxO3 coordinates metabolic
pathways to maintain redox balance in neural stem cells. EMBO J. 32: 2589-2602

Ying Q, Stavridis M, Griffiths D, Li M & Smith A (2003) Conversion of embryonic stem cells into neuroectodermal
precursors in adherent monoculture. Nat. Biotechnol. 21: 183-186

Yu B, LiuJ, Su M, Wang C, Chen H & Zhao C (2019) Disruption of Foxgl impairs neural plasticity leading to social
and cognitive behavioral defects. Mol. Brain 12: 1-12

21


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.30.498283; this version posted July 1, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Experimental Procedures

Cell culture

Mouse NSC lines were derived from adult SVZ as described previously (Conti et a/, 2005; Sun et al, 2008).
IENS cells, described previously with Ink4a/ARF deletion and EGFRVIII overexpression (Bruggeman et
al, 2007; Bulstrode et al, 2017), were kindly provided by Prof M. Van Lohuizen (NKA, Amsterdam).
Established lines were cultured in an adherent monolayer on uncoated tissue culture plastics, at 37°C with
5% CO2, with serum-free ‘complete’ NSC medium. This media consists of DMEM/HAMS-F12 (Sigma
D8437) supplemented with N2 and B27 (Life Technologies/Gibco), penicillin, streptomycin (Gibco), BSA
(Gibco), b-mercaptoethanol (Gibco), MEM NEAA (Gibco), 1 ug/ml Laminin (Sigma or Cultrex), 10 ng/ml
mouse EGF and 10 ng/ml human FGF-2 (Peprotech) Media was exchanged every 3-4 days. Cells were
dissociated once 70-80% confluency was reached using Accutase solution (Sigma), passaged
approximately 1:6 every 3-4 days. Quiescence was induced by plating cells at a density of 10 cells/mm? in
NSC media in the absence of EGF/FGF-2 and supplemented with BMP4 (10 ng/ml, Peprotech). Cells were
treated for 1 day or 3 days, as indicated.

Derivation of genetically engineered cell lines

F6 and F11-19 cell lines were derived previously (Bulstrode et al, 2017). Stable transgene integration using
the PiggyBac system was used to derive bulk populations of parental ANS4 and FoxO6™ (53) mouse NSCs
with Dox-inducible FOXGI-V5 overexpression. Cells were transfected using the Amaxa 4D nucleofection
system (Lonza) in 16-well cuvette strips, using the DN100 programme. 4 x 10° cells were transfected in 20
ul SG cell line transfection buffer with a total of 800 ng DNA, consisting of the CMV-PiggyBac transposase
vector (PBase), pPCAG-Tet3G vector (encoding the Tet-On 3G transactivator protein, rtTA) and the TetOn
FOXGI1-V5 expression vector in a 2:1:1 ratio. Following recovery, Dox was added (1000 ng/ml) for 24 h.
Selection for FOXGI-V5 expression cassette integration was then commenced by supplementing NSC
media with Dox and blasticidin (5 pg/ml). All mock transfected control cells died within seven days of
selection. The surviving transfected population were then expanded in NSC media and Dox-inducible
FOXGI-V5 expression was confirmed by ICC and qRT-PCR. Cells were reselected for stable transgene
expression between independent experiments. The resulting population were expanded for 3-4 days in NSC
media prior to functional assays, during which time existing FOXG1-V5 protein was degraded. Stable
transgene integration using the PiggyBac system was also used to derive ANS4 cells with Dox-inducible
FoxO6-HA-IRES-mCherry overexpression. The TetOn FoxO6-HA-IRES-mCherry vector was derived
using the extensible mammalian modular assembly toolkit (EMMA) system (Martella et al, 2017). All
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EMMA parts are sequence verified, including the FoxO6 coding sequence ordered from GeneArt Gene
Synthesis (Thermo Scientific).

For CRISPR/Cas9-mediated gene knockout of Foxg! in mouse IENS-GFP, cells were transfected using the
Amaxa 4D nucleofection system (Lonza) and the DN100 programme. 1.5 million cells were transfected in
100 ul SG cell line transfection buffer with a total of 4 ug DNA, consisting of 2 pug wild-type Cas9-2A-
mCherry vector and 1 ug of each sgRNA plasmid. For sgRNA-encoding plasmids, single-stranded
oligonucleotides (IDT) containing the guide sequence of the sgRNAs were annealed, phosphorylated and
ligated into Bsal site of U6- Bsal-sgRNA backbone (kindly provided by S. Gerety, Sanger Institute,
Cambridge, UK). Three days post-transfection, Cas9-mCherry-expressing cells were isolated by
fluorescence-activated cell sorting. Loss of FOXG1 was confirmed and the transfection efficiency estimated
in the bulk sorted population by ICC. For derivation of clonal cell lines, 300 cells were plated per 10 cm
dish. After 10-15 days, discrete colonies were picked, expanded, and screened for successful disruption of

Foxgl by PCR genotyping and ICC. Loss of FOXGI1 protein expression was validated by Western blotting.

CRISPR/Cas9-mediated gene knockout of FoxO6 in ANS4 cells was performed using a strategy described
in (Bressan et al, 2017), using two sgRNAs targeting the FoxO6 exon, Cas9 nickase and a targeting vector
comprising an EF'/a-puromycin antibiotic resistance cassette flanked by 1-kb homology arms specific for
the locus. Parental ANS4 cells were transfected using the Amaxa 2B nucleofection system (Lonza).
CRISPR/Cas9-mediated HA tagging of FoxO6 was performed using Cas9 RNP ssODN strategy described
in (Dewari et al, 2018). Once recovered, cells were assessed for successful tag integration by PCR

genotyping, ICC and Western blotting.

Target | Purpose Sequence Sequence (5’ to 3°) PAM

gene type

Foxgl | Gene gRNA GACAACCACCACGCGAGCCA CGG
disruption
(59

Foxgl | Gene gRNA GAAATAATCAGACAGTCCCC CGG
disruption
(€M)

FoxO6 | Gene gRNA GAGGGAGGCTCCGCGGAGGG TGG
disruption
(gRNA 1)

FoxO6 | Gene gRNA GCCCGAGCCGGGCGGGACCA TGG
disruption
(gRNA 2)

FoxO6 | Gene- gRNA GGCACCCAGGCTGTGTAGGG TGG
tagging

FoxO6 | Gene- Single- ACTTCGACTCAGCCCTGCCTCCGCCACCCCCGGGCCTGGCTGGGGCGCCGCCCCCT
tagging stranded donor | AACCAGAGCTGGGTGCCAGGCTACCCATACGACGTACCAGATTACGCTTGAGGGG

oligonucleotide | CACCCTACACAGCCTGGGTGCCCCGGTCCCGTCCCCATGGGGCCTCTGTCTTCCCA
TCCCGATCCCCGGGTCC
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PCR-based genotyping of genetically engineered cell lines

Genomic DNA (gDNA) isolation from bulk transfected cells and clonal cell lines was performed using the
DNeasy Blood and Tissue kit (Qiagen), according to the manufacturer’s protocol. DNA concentrations
were quantified using a NanoDrop™ spectrophotometer. All primers were designed using Primer3 software
(http://primer3.ut.ee). To identify NHEJ-based indel formation, the region flanking the gRNA target site
was amplified using gene-specific primers. In case of Foxgl deletion from IENS-GFP, primers were
designed flanking the 5” and 3° gRNA targeting sites. For validation of FoxO6 gene deletion primers were
designed as described in (Bressan ef al, 2017) (PCR1, 2 and 3). For validation of HA tag knock-in at the
FoxO6 locus, primers were designed flanking the tag, outside of the 77-bp 5* and 3’ homology arms. PCR
products were analysed using 1-2.5% agarose gels with EtBr and GeneRuler™ 1kB plus DNA ladder

(Thermo Scientific). Gels were imaged on a UV gel reader or Bio-Rad ChemiDoc™ Imager.

Locus Modification Forward (5° to 3°) Reverse (5’ to 3°)
Fox06 | C terminal GGATCTGGACCTCGACATGT ATCTGGTACGTCGTATGGGT
(3’) HA-tag
FoxO6 | Gene
disruption — PCR 1 CCTCCCCAACCGTTCTTAAC GTGGTATCGTTATGCGCCTT
FoxO6 | Gene
disruption — PCR 2 CATGTCTGGATCCGGGGGTACCGCGTCGAG TGTTAGGGAAGGCTTCTTGG
FoxO6 | Gene
disruption — PCR 3 CCTCACTGCCTGGGTCTTT CGGACCATCCAGTCGTAGAT

FoxO6 | EFla-puro cassette, AACGACGGCCAGTGAATTCGATAGCACAGTAA TATCGTTATGCGCCTTGATAGGAGGCTGGACAAACTG

5’HA amplification AAGCCCAGGA G
FoxO6 | EFla-puro cassette, CTGAGCTAGCCATCAGTGATTGGTAGGGTGAC CCATGATTACGCCAAGCTTGATTGTAGGGGACTGGAA
3’ HA amplification AGGGGATA AATGG
Foxgl | Gene
disruption CAAGTCCTCGTTCAGCATCA CAACACTGCCCATTCAATTG
Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 10 min, permeabilised in PBS with 0.1% Triton and blocked
in 0.1% bovine serum albumin plus 3% goat serum solution for 1 hr at room temperature. Samples were
incubated overnight with primary antibodies at 4°C followed by incubation with appropriate secondary
antibodies (1:1000; Invitrogen Alexa Fluor™ 488/594/647) for 1 hr at room temperature. Cells were
incubated in DAPI (1:10000) for 5 min for nuclear counter-staining. Imaging was performed using the
Nikon TiE microscope and NIS software. Analysis was performed using FIJI (Image J) software.
Quantification of immunopositive cells was performed using the Cell Counter plugin. Total cell number
was determined by DAPI staining. Quantification of FOXGI1-V5 staining was performed using

PerkinElmer’s Operetta High-content imaging system and Columbus software. The following primary
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antibodies were used: NESTIN (1:10; Developmental Studies Hybridoma Bank, Rat-401), GFAP (1:1000;
Sigma, G3893), FOXG1 (1:100 homemade 17B12 hybridoma), V5 tag (1:2000, eBioscience 14-6796), HA
tag (1:100, Cell Signalling Technology 6E2 2367), Ki67 (1:200, ThermoFisher RB-9043-P0), EEA1
(1:200; Cell Signalling Technology 3288) and LAMP1 (1:600; Abcam 25245).

Western blotting

Immunoblotting was performed using standard protocols. Membranes were blocked in 5% milk in TBS-T
(TBS + 0.1% Tween-20) for 1 hr at room temperature and incubated with primary antibody dilutions in 5%
milk in TBS-T overnight with rocking. Protein detection was carried out with horseradish peroxidase-
coupled secondary antibodies. Membranes were developed using homemade enhanced chemiluminescence
(ECL) solution or Clarity ECL Western Blotting substrate (Bio-Rad) and imaged using X ray films or a
Bio-Rad ChemiDoc™ Imager. The following primary antibodies were used: V5 tag (1:1000, eBioscience
14-6796), FOXG1 (1:1000, homemade 17B12 hybridoma), GAPDH (1:1000; GenTex, GTX627408), HA
tag (1:1000, Cell Signalling Technology 6E2 2367), EEA1 (1:1000; Cell Signalling Technology 3288),
LAMP1 (1:1000; Abcam 25245) and Pakl (1:1000; Cell Signalling Technology 2602). Western blot

quantification was performed in FIJI software, normalising to GAPDH loading control.

Quantitative Real-Time PCR

RNA extraction was performed using the Masterpure™ RNA purification kit according to the
manufacturer’s instructions (Epicentre). DNase digestion was performed using RQ1 RNase-free DNase
(Promega) or Masterpure™ RNase-free DNase 1. RNA concentration was determined using the Qubit™
RNA High Sensitivity kit (Thermo Scientific) or NanoDrop™ Spectrophotometer. Within each experiment,
the same amount of RNA was inputted for cDNA synthesis. Reverse transcription was performed using
Invitrogen Superscript I11. Quantitative RT-PCR (qRT-PCR) was performed using TagMan Universal PCR
Master Mix (Applied Biosystems) and TagMan gene expression assays (Life Technologies) on a
QuantStudio™?7 Flex Real-Time PCR machine. No RT and water controls were run on each plate to ensure
the absence of contamination. Technical replicates were run to ensure pipetting accuracy. Data were
analysed using the ddCt method; this method assumes 100% PCR efficiency which is guaranteed with
TagMan assays. Replicate Ct values were averaged and normalised to the housekeeping gene, Gapdh (to
give dCt). These values were then normalised to a calibrator sample (to give ddCt). Data are presented as
loga(fold change) or - ddCt, where this value equals zero for the calibrator, as indicated in the figure legends.
The following TagMan assays (Life Technologies) were used: hFOXG1 (Hs01850784 sl1), mGapdh
(Mm99999915 gl), mFoxO6 (MmO00809934 sl), mPlk1 (MmO00440924 ¢l), mNestin
(MmO00450205 ml), mOlig2  (Mm01210556 ml), mAqp4 (MmO00802131 ml), mGfap
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(Mm01253033_m1), mCdk4 (Mm00726334 s1), mMyc (Mm00487804 m1), mEgfr (Mm00433023 m1),
mlId] (Mm00775963), mCd9 (Mm00514275 gl), Pakl (Mm00817699 m1).

Cell proliferation assays

Confluence analysis and growth curves were determined using the IncuCyte™ live cell imaging system
(Essen Bioscience). Cells were plated at ~25 cells/mm” in NSC media (EGF/FGF-2) in triplicate wells and
imaged periodically until confluence was reached. For analysis of proliferation rates, cells were incubated
in NSC media (EGF/FGF-2), supplemented with 10 uM EdU for 24 h. Cells were then fixed in 4% PFA
for 10 min at room temperature and stained with the Click-iT EAU Alexa Fluor 647 assay kit (Life
Technologies) according to manufacturer’s instructions. Imaging was performed using the Nikon TiE
microscope and NIS software. For each condition, triplicate wells were analysed (4x4 10x stitched images
per well). The total cell number was determined by DAPI staining. Quantification was performed using the

Image thresholding and Particle Analysis functions on FIJI software.

Colony formation assays

Colony formation in NSC media (EGF/FGF-2) was assessed by plating cells at a density of 1 cell/mm?
(1000 cells per well of a 6 well plate, with 6 replicate wells). Media was changed every 3-4 days. Following
10 days, plates were fixed using 4% PFA for 10 min at room temperature. Colonies were stained using
methylene blue for 30 min. Plates were washed gently with deionised water and allowed to dry. Plates were
then imaged on a Celigo™ Image Cytometer (Nexcelom Bioscience). Colonies were counted manually
using the Cell Counter plugin on FIJI, or the % pixel area of the well covered by colonies was quantified

using FIJI Image thresholding and Particle Analysis functions.

For assessment of colony formation following BMP4 treatment, cells with Dox-inducible FOXG1-V5
overexpression were plated at a density of 10 cells/mm? (10,000 cells per well of a 6 well plate), in NSC
media in the absence of EGF/FGF-2 and supplemented with BMP4 (10 ng/ml) (Bulstrode et al, 2017). After
24 h, media was replaced fully with NSC media containing EGF/FGF-2 with or without Dox (1000 ng/ml).
Media was then replaced every 3-4 days. Following 10-12 days, plates were fixed using 4% PFA for 10
min at room temperature. Colonies were stained using methylene blue for 30 min and imaged on a Celigo™
Image Cytometer (Nexcelom Bioscience). Colonies were counted manually using the Cell Counter plugin
on FIJI, or the % pixel area of the well covered by colonies quantified using FI1JI Image thresholding and
Particle Analysis functions. Three technical replicates were averaged to give the mean number of colonies

per biological replicate.
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Imaging analysis of vacuoles

Live imaging following FoxO6-HA induction was performed using the Nikon TiE microscope. Imaging
began 4 hours after Dox addition and images were obtained every 10 minutes for ~18 hr. For lysosome
assessment, 1000x LysoView488™ stock solution (70057 Biotium) was diluted to 1x in NSC media. Cells
were incubated in media containing 1x LysoView488™ for 30 min at 37°C prior to imaging. For lipid
droplet assessment, BODIPY 493/503 (Invitrogen D3922, 5 mg/ml) was used. For analysis of Dextran
uptake, 70000 MW FITC-Dextran (Invitrogen, 070621, 20 mg/ml) was diluted 1:20 to 1 mg/ml in NSC
media and added to cells overnight coincident with Dox addition if appropriate. Dextran uptake was
visualised in the green channel by imaging and flow cytometry. EGF uptake was visualised by incubating
vacuolated cells with media containing 100 ng/ml of EGFR ligand conjugated a fluorophore (EGF-647,
E35351, Thermo Fisher Scientific) for 1 hr prior to washing and imaging.

Statistical analyses

Statistical analyses were performed in GraphPad Prism 7. Biological replicates were considered as different
passage numbers of same cell line plated in independent experiments. Mean and SEM or SD, and n
numbers, are shown in the figure legends. Due to small sample sizes, tests for normality and distribution
were of limited value. However, this was not considered to be an impediment to parametric analysis with
small n numbers (de Winter, 2013). Statistical tests used are indicated in the figure legends. For qRT-PCR
data, statistics calculated from ddCt values. Where two-tailed one-sample t-tests are used, this is based on
the null hypothesis that log2(FC)/-ddCt equals zero (i.e. equal to the calibrator sample). Paired Students t-
tests were used where samples (e.g. wild-type and FoxO6 KO cells) must be matched due to variation
between biological replicates (e.g. growth analysis, colony assays following BMP4 treatment). Where

significant, p values are indicated in Figures as asterisks, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

27


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

available under aCC-BY 4.0 International license.

Figures and Figure legends
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Figure 1 | Elevated FOXG1 transcriptionally activates FoxO6 in mouse NSCs and GSCs

(A) qRT-PCR analysis of FOXG1 transgene and endogenous FoxO6 expression in two independent adult
mouse NSC lines (‘F6’ and ‘F11-19”) with Dox-inducible FOXGI-V5 expression grown in NSC media
with or without Dox for 24 h. Expression shown relative to -Dox (in which log>(FC) = 0). Mean +/- SEM.
n=2/3 independent experiments, respectively. Each data point shows the mean of one experiment performed
in technical duplicates. Two-tailed one sample t-test. * P <0.05.

(B) Schematic of HDR-mediated knock-in of an HA epitope tag at the 3’ end of last FoxO6 coding exon in
F6 cells. PCR genotyping of the bulk transfected F6 cell population revealed a 196 bp product, indicating
the presence of cells with insertion of the HA tag at the 3’ end of FoxO6.

(C) Wide-field immunofluorescent images following immunocytochemistry (ICC) of FoxO6-HA (red) and
DAPI (blue) in the tagged F6 NSCs following Dox addition for 4 days in EGF/FGF-2. Scale bar: 100 um.

(D) Western immunoblot analysis of FOXG1-V5 and FoxO6-HA protein expression in tagged F6 NSCs
following Dox addition for 4 days in EGF/FGF-2. GAPDH was used as a loading control.

(E) Experimental strategy for Foxgl deletion in IENS-GFP cells. Yellow triangles show the target sites of
the sgRNAs at either the 5’ or 3’ end of the coding exon. PCR genotyping of parental IENS-GFP cells and
Foxgl KO clonal cell lines (KO 58 and KO 59). Wildtype PCR product ~2.6 kb, knockout PCR product
~1.3 kb.

(F) ICC analysis confirms loss of FOXGT1 protein expression in IENS-GFP Foxgl KO clonal lines (KO 58
and KO 59). Scale bar: 100 pm.

(G) Western immunoblot confirming loss of Foxgl protein in the two independent IENS-GFP knock-out
clonal lines (KO 58 and KO 59). GAPDH was used as a loading control.

(H) qRT-PCR analysis of FoxO6 expression in IENS-GFP Foxgl knock-out clonal lines, compared to
parental IENS-GFP (in which log>(FC) = 0). Mean +/- SEM. n=3 independent experiments. Each data point
shows the mean of one experiment performed in technical duplicates. Two-tailed one sample t-test. * P <
0.05.

29


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.30.498283; this version posted July 1, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Figure 2
A B BMP424h> BMP4 24 h->
Non-BMP4- EGF/FGF-2 EGF/FGF-2
Non-BMP4 treated control  BMP4 24h - Dox 48h + Dox 48h
treated control BMP4 .
(EGF/FGF-2) control 2
2
i EGF/FGF-2 - DOX o
> D1 D4 D7 D10
Quiescence i -
induction EGF/FGF-2 + DOX S
BMP4 24 h
Non BMP4-
C treated control BMP4 24h D
- Dox + Dox

BMP4 24h to BMP4 24h to
EGF/FGF-2 EGF/FGF-2
4days - Dox 4 days +Dox

F G e +Dox H FOX06 e +Dox

FOXG1 e -Dox * -Dox

o
?

transgene

-
[=]

®
?

Colony number
B
i

(Day 10 in NSC media)
D
o

3
Log,(fold change)

vs non-BMP treated control

Log,(fold change)
vs non-BMP treated control

o
T

- Dox + Dox . N
t Days in EGF/FGF-2 t Days in EGF/FGF-2

d0 = + Dox or - Dox d0 = + Dox or - Dox

BMP4 BMP4
24h 24h

Condition

30


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.30.498283; this version posted July 1, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Figure 2 | FOXG1 induces Fox0O6 during quiescent NSC reactivation

(A) Schematic of the experimental design for assessing FOXG1-induced reactivation of quiescent NSCs
and associated changes in gene expression, using clonal ‘F6’ adult mouse NSC line with Dox-inducible
FOXGI1-V5 expression. Non-BMP4 treated control = cells in NSC media with EGF/FGF-2.

(B) ICC for V5, confirming FOXG1-V5 expression upon Dox addition (Scale bar: 100 um).

(C) Representative phase-contrast images showing changes in cell morphology upon addition of Dox (Scale
bar: 100 um).

(D) Colony formation after 24 h BMP4 treatment followed by 10 days in EGF/FGF-2 with or without Dox.
Representative images shown of wells stained with methylene blue and imaged on a bright-field
microscope. n=3 independent experiments.

(E) Higher magnification phase-contrast images of representative colonies after 24 h BMP4 treatment and
10 days in EGF/FGF-2 with or without Dox as in panel (D) (Scale bar: 200 pwm).

(F) Number of colonies formed after 24 h BMP4 treatment and 10 days in EGF/FGF-2 with or without
Dox. Mean +/- SD, n=3 independent experiments. Each data point shows the mean of one experiment
performed in technical triplicates.

(G) gqRT-PCR analysis of human FOXG/ transgene and (H) FoxO6 expression during the reactivation time
course. Pink = + Dox addition, Blue = No Dox addition. Expression shown relative to non BMP4-treated
(EGF/FGF-2) control (in which log>(FC)= 0 (dotted line)). Day 0 = expression after 24 h BMP4 treatment.
Mean +/- SEM. n=2 (FOXG]) or 4 (FoxO6). Each data point shows the mean of one experiment performed
in technical duplicates. **** P<(0.0001. Two way Anova with Sidak correction.
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Figure 3 | FoxO6 is not required for continued NSC proliferation or response to BMP4

(A) qRT-PCR analysis of FoxO6 mRNA levels in FoxO6 KO clonal cell line 53, compared to ANS4
parental cells (in which log2(FC) = 0). Expression values were normalised to Gapdh. Y axis represents
loga(Fold change). Mean +/- SEM. n=3 independent experiments. Each data point shows the mean of one
experiment, performed in technical duplicates.

(B) Representative phase-contrast images showing typical NSC morphology in parental and FoxO6 KO 53
cells. Scale bar: 25 pum.

(C) Growth curve analysis of parental and FoxO6 KO 53 clonal cells in EGF/FGF-2. Light grey = parental,
black = FoxO6 KO 53. Mean +/- SD, n=3 technical replicates. Representative of n=4 independent
experiments. Graph showing the gradient of the linear portion of the logistic growth curve (% / h). Mean
+/- SEM, n=4 independent experiments. Two-tailed paired Student’s t-test. * P < 0.05.

(D) EdU incorporation assay (24h pulse) in EGF/FGF-2 for parental and FoxO6 KO 53 cells. (Left)
Representative fluorescent images of EAU incorporation after 24 h pulse. (Right) Plot shows mean +/- SEM,
n=3 independent experiments. Each data point shows the mean of one experiment performed in technical
triplicates.

(E) Brightfield images of colony formation by parental or FoxO6 KO 53 cells 10 days after plating at low
density in NSC media (EGF/FGF-2). Plates stained with methylene blue.

(F) Representative phase-contrast images showing morphology of ANS4 and FoxO6 KO 53 after 24h
BMP4 treatment. Scale bar: 25 pum.

(G) ICC analysis of Nestin and Gfap expression in ANS4 parental and FoxO6 KO 53 cells in EGF/FGF-2
or 3 days BMP4 treatment at low density. Scale bar: 100 um.

(H) gRT-PCR analysis of NSC (Nestin, Olig2, FEgfr), cell cycle (Plkl, Cdk4, Cmyc), and
astrocyte/quiescence (Gfap, Agp4, 1d1, Cd9) markers, in parental and FoxO6 KO 53 cells in EGF/FGF-2
and after 24 h BMP4 treatment. Expression shown relative to parental in EGF/FGF-2 (in which log,(FC) =
0). Mean +/- SEM. n=2/3 independent experiments. Each data point shows the mean of one experiment
performed in technical duplicates.

(I) EdU incorporation after treatment with BMP4 or EGF/FGF-2 for 24h, followed by a 24h EQU pulse in

EGF/FGF-2. Mean +/- SEM. n=2 independent experiments. Each data point shows the mean one
experiment, performed in technical triplicates.
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Figure 4 | FOXG1-induced reactivation of quiescent NSCs is inhibited upon Fox06 loss

(A) qRT-PCR analysis of FOXGI transgene expression in parental or FoxO6 KO 53 cells engineered with
inducible FOXG1-V5 after 24 h BMP4 and return to EGF/FGF-2 with our without Dox for 4 days.
Expression shown relative parental non-BMP treated (EGF/FGF-2) control (in which log>(FC) = 0 (dotted
line)). Mean +/- SEM. n=5 independent experiments. Each data point shows the mean of one experiment
performed in technical duplicates. Two-tailed paired t-test.

(B) Representative ICC images showing FOXG1-V5 expression after 24 h BMP4 and 4 days in EGF/FGF-
2, with or without Dox, in parental and FoxO6 KO 53 cells with inducible FOXG1-V5. Scale bar: 100 um.

(C) Percentage of parental or FoxO6 KO 53 cells with inducible FOXG1 expressing FOXG1-V5 (assessed
by ICC) after 24 h BMP4 and 4 days in EGF/FGF-2, with or without Dox. Mean +/- SEM. n =4 independent
experiments. Each data point shows the mean of one experiment performed in technical triplicates. Two-
tailed paired t-test.

(D) Representative images of colony formation assay with parental and FoxO6 KO 53 cells at day 10 in
EGF/FGF-2, with or without Dox. Plates stained with methylene blue following fixation.

(E) Numbers of colonies formed after 24 h BMP4 and 10-15 days in EGF/FGF-2, with or without Dox as
in panel (D). Mean +/- SEM, n= 4 independent experiments. Each data point shows the mean of one
experiment performed in technical triplicates. Two tailed paired Student’s t-tests. ** P <0.01.

(F) Percentage of the well area covered by cells after 24 h BMP4 and 10-15 days in EGF/FGF-2, with or

without Dox as in panel (D). Mean +/- SEM. n=4 independent experiments. Each data point shows the
mean of one experiment performed in technical triplicates.
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Figure 5 | Elevated FoxO6 induces the formation of large acidic vacuoles by macropinocytosis

(A) Western blotting and ICC analysis confirming expression of FoxO6-HA transgene following 24h Dox
treatment. Image inset highlights appearance of vacuoles in FoxO6-HA-overexpressing cells (+Dox). Scale
bars are 100 um or 25um. GAPDH is used as a housekeeping loading control.

(B) ICC of FoxO6-HA overexpression showing vacuolisation upon Dox addition to clonal NSC lines with
Dox-inducible FoxO6-HA-IRES-mCherry expression. ICC scale bar = 50 uM. qRT-PCR for FoxO6-HA
expression in clonal cell lines (Mean +/- SD, technical duplicates, -Dox = 0 for each clonal line).

(C) Live imaging following Dox addition to clonal NSCs with Dox-inducible FoxO6-HA-IRES-mCherry
expression (C71). Dox was added 4 hours prior to imaging. Images were obtained every 10 minutes for ~18
hours. Scale bar 100 um or 25 um.

(D) Imaging of LysoView-488 accumulation in clonal FoxO6-inducible cell line (C71) with or without Dox
addition (2 days). Scale bars 50 um and 10 um.

(E) ICC for lysosomal marker LAMP1 and early endosomal marker EEAT1 to visualise co-localisation with
vacuoles (C59, following overnight Dox incubation). Scale bar 25 um.

(F) Live imaging of 70 kDa FITC-dextran uptake and mCherry expression following incubation with Dox
overnight in FoxO6-inducible cell line (C59). Scale bar 25 um.

(G) Flow cytometry-based quantification of 70 kDa FITC-dextran uptake following incubation with Dox
overnight in FoxO6-inducible cell lines (6, 59, 71). Samples displayed are +Dox -Dextran control, -Dox +
Dextran and +Dox +Dextran. Gating shows ‘Dextran high’ population. Percentages represent the increase
in ‘Dextran high’ cells upon Dox addition.

37


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.30.498283; this version posted July 1, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Figure 6

>
w

-Dox  + Dox
10 tﬁ%ﬁl sy Foxob 6 Pak1 y 9
o= 8 —_ —_
22 Bz, B2, PAKI
£g ¢ £8 £3 ~ 68 kDa
o o o
x x
58 4 58 ) Eé )
8¢, LX g¢ — | 500N
~ 40 kDa
0 o 0
-Dox  +Dox -Dox  +Dox -Dox +Dox
*
1
C Pak1 D E ——
E
9 3 3 o \ 1.07 esee
s O O O (@ a
e ehe ¥ ¥ ¥ ?a‘e(\ \,\06 *06 ‘(\067'

o
[«
]

o4
[}
]
[ ]

1 PAK1
b — oo

: GAPDH

-

Log,(fold change
vs. parental
N
|
L J
Band intensity
(relative to parental = 1)
o o
SRS
1 |
.
(o
I o

|

-4 * A
- _* Q‘\@ @6 O(,_)‘b o
- Q
? N
F FOXG1 Foxo6 .  Pak1
- transgene 5 6 o +Dox B —e +Dox
g —— +Dox £ %8 —e -Dox
__E 10 o8 4 —o— -Dox o2 34
% 8 —— -Dox o) =
o cg cQ
f<gue] c 2 S ®
58 ST 27 °g% .,
8 54 £ Sa |
o £ 3o €2
Sa % % 0 T T 1 \5?%
~a% gn'cg 0 2 S 1
§) c 0 T i =& 27 2
e 0 1 - 2o
. 7] T T 1
g Days in EGF/FG’F-2 > 4= Days in EGF/FGF-2 0 1 2
' + Dox or - Dox f + Dox or - Dox ' Days in EGF/FGF-2
- 0= 40 = + Dox or - Dox
BMP4 BMP4 BMP4
24h 24h 24h

38


https://doi.org/10.1101/2022.06.30.498283
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.30.498283; this version posted July 1, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Figure 6 | Pakl expression is upregulated upon FOXG1 elevation and downregulated upon FoxO6

loss in proliferative NSCs

(A) qRT-PCR analysis of FOXG1 transgene, and endogenous FoxO6 and Pakl expression in F6 cells with
Dox-inducible FOXG1-V5 grown in EGF/FGF-2 for 24h plus or minus Dox (n=2 biological replicates,
Mean +/- SEM. Each data point shows the mean of one experiment performed in technical duplicates).

(B) Western blot analysis of Pak1 expression in F6 cells treated with Dox in EGF/FGF for 24h. GAPDH is
used as a loading control. Quantification of Pak1l bands normalised to GAPDH and -Dox control shown,
where -Dox =1.

(C) gqRT-PCR analysis of Pakl expression in ANS4 parental versus FoxO6 KO clones 6, 53 and 62 (n=3
biological replicates, Mean +/- SEM. Each data point shows the mean of one experiment performed in
technical duplicates.) Two-tailed one sample t-test, * p<0.05.

(D) Western blot analysis of Pakl expression in parental versus FoxO6 KO clones 6, 53 and 62 (n=3
biological replicates).

(E) Quantification of Pakl Western blot band intensities as in panel (D). Parental = 1 as shown by the
dotted line (n=3 biological replicates, Mean +/- SEM. Each data point shows the intensity from one
experiment). Two-tailed one sample t-test, * p<0.05.

(F) qRT-PCR analysis of FOXG1 transgene, and endogenous FoxO6 and Pakl expression in F6 cells after
24 h BMP4 and return to EGF/FGF-2 with or without Dox for 2 days. Expression shown relative non BMP-
treated (EGF/FGF-2) control (in which log>(FC) = 0). Day 0 = expression after 24 h BMP4 treatment (n=2
biological replicates, Mean +/- SEM. Each data point shows the mean of one experiment performed in
technical duplicates).
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Figure S1 | FoxO6 is not essential for NSC proliferation or response to BMP4, related to Figure 3.

(A) Schematic of FoxO6 locus following CRISPR/Cas9-mediated knockout strategy. Yellow triangles
show the sgRNA target sites, resulting in a 178 bp deletion in allele 1 in FoxO6 KO clone 53. Exon 1 of
allele 2 is replaced by an EFl1a-puromycin cassette.

(B) PCR genotyping of FoxO6 KO clonal cell lines 6, 53 and 62. PCR 1 and PCR 2, across the 5’ and 3’
homology arms of the EF 1a-puromycin cassette, respectively, show correct integration at one of the FoxO6
alleles. PCR 3 shows a 178 bp deletion (53) or loss (6, 62) of the remaining FoxO6 allele. WT parental
band = 565 bp, knockout (53) band = 387 bp.

(C) qRT-PCR analysis of FoxO6 mRNA levels in FoxO6 KO clonal cell lines 6 and 62, compared to
parental cells (in which log,(FC) = 0). Expression values were normalised to Gapdh. Y axis represents
loga(Fold change). Mean +/- SEM. n=3 independent experiments. Each data point shows the mean of one
experiment, performed in technical duplicates.

(D) EdU incorporation assay (24h pulse) in parental and FoxO6 KO clonal lines (6 and 62) grown in
EGF/FGF-2. (Left) Representative fluorescent images of EAU incorporation. (Right) Plot shows mean +/-
SEM, n=3 independent experiments. Each data point shows the mean of one experiment performed in
technical triplicates.

(E) gqRT-PCR analysis of NSC (Nestin, Olig2, Egfr), cell cycle marker (Cdk4, Plkl, Cmyc), and
astrocyte/quiescence (Gfap, Agp4, 1d1, Cd9) marker expression in ANS4 parental and FoxO6 KO clonal
cell lines (6 and 62) in EGF/FGF-2 and after 24 h BMP4 treatment. Expression values were normalised to
Gapdh and shown relative to the expression in parental cells in EGF/FGF-2 (in which log,(FC) = 0, shown
by the dotted line). Graph shows Mean +/- SD. One experiment, performed in technical duplicates.
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Figure S2 | FOXG1-induced reactivation of quiescent NSCs is inhibited in FoxO6 null cells, related
to Figure 4.

(A) ICC images showing Nestin (left) and Ki67 (right) expression at Day 10 in NSC media with or without

Dox addition (following 24 h BMP4 treatment) in both parental and FoxO6 * 53 cells engineered with
inducible FOXG1-V5 construct.

(B) Representative brightfield images following fixation of colony assay plate and staining with methylene
blue.

(C) Brightfield images of parental and FoxO6 * 53 colonies after 25 days in NSC media + Dox. Scale bars:
100 pm.
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Figure S3 | Elevated FoxO6 induces the formation of large acidic vacuoles by macropinocytosis,

related to Figure 5.

(A) Phase contrast imaging following Dox addition to untransfected ANS4 cells does not induce vacuole
formation. Scale bar 100 um.

(B) ICC following Dox-induced (24h) MYEF2-HA-IRES-MCHERRY overexpression in mouse GSC line
‘NPE’ shows no evidence of vacuole formation. Scale bar 50 um.

(C) BODIPY lipid staining does not colocalise with vacuole structures in FoxO6-inducible cell line (C71,
2 days +/- Dox). Scale bar 25um.

(D) EGF-647 uptake after a pulse of 1 hr shows puncta representative of receptor-mediated endocytosis
(C71 incubated overnight with Dox prior to EGF-647 pulse). Scale bar 25 um.

(E) Western blot analysis of LAMP1, EEA1 and HA upon FoxO6-HA overexpression (+/- Dox). GAPDH
is used as a loading control. Bulk transfected population sorted for mCherry and clonal cell lines (6, 41, 59,
71) analysed.

(F) Phase contrast images show vacuole formation in FoxO6-HA inducible cell lines following
Dox+Dextran overnight incubation, prior to flow cytometry analysis. Scale bar 100 um.

(G) Imaging of EdU incorporation in FoxO6-HA inducible cells (C71) after 2 days in EGF/FGF +/- Dox
(24h pulse). Scale bar 100 um or 25um.

(H) EdU incorporation after EGF/FGF-2 or BMP4 for 3 days +/- Dox (24h pulse). n=3 technical replicates,
mean +/- SD.

(I) Phase-contrast images of Dox treated cells in culture (c71). Vacuolated cells remain after 5 days in Dox
and following Dox removal.

(J) ICC in F6 cells with Dox-inducible FOXG1-V5 shows no evidence of vacuolisation upon Dox addition
(FOXG1-VS5 induction). Scale bar 100 um.
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