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Abstract

Aims: This study seeks at investigating the cause of hydrocephalus, and at identifying therapeutic targets for the
prevention of hydrocephalus. Results: In this study, we show that inactivation of the Foxo3a gene in two mouse
models of Fanconi anemia (FA) leads to the development of hydrocephalus in late embryonic stage and after
birth. More than 50% of Foxo3a™'~ Fancc™’~ or Foxo3a™’~ Fancd2™'~ mice die during embryonic devel-
opment or within 6 months of life as a result of hydrocephalus characterized by cranial distortion, dilation of the
ventricular system, reduced thickness of the cerebral cortex, and disorganization of the ependymal cilia and
subcommissural organ. Combined deficiency of Foxo3a and Fancc or Fancd2 not only impairs the self-renewal
capacity but also markedly increases the apoptosis of neural stem and progenitor cells (NSPCs), leading to
defective neurogenesis. Increased accumulation of reactive oxygen species (ROS) and subsequently de-regulated
mitosis and ultimately apoptosis in the neural stem or progenitor cells is identified as one of the potential
mechanisms of congenital obstructive hydrocephalus. Innovation: The work unravels a two-tier protective
mechanism for preventing oxidative stress-induced hydrocephalus. Conclusion: The deletion of Foxo3a in FA
mice increased the accumulation of ROS and subsequently de-regulated mitosis and ultimately apoptosis in the
NSPCs, leading to hydrocephalus development. Antioxid. Redox Signal. 21, 1675-1692.

Introduction Innovation

Hydrocephalus is a common birth defect affecting 1-3
of every 1000 live births. The genetic and environmental
factors are mostly unknown. Our work shows that, in
mouse models of Fanconi anemia, a childhood disease
with high hydrocephalus penetration, inactivation of a
major cellular antioxidant defense pathway leads to the
development of hydrocephalus. Our findings reveal a no-
vel interaction between the cellular antioxidant defense
and DNA repair pathways. New insights into the potential
integration of DNA repair proteins in oxidative-stress
signaling pathways can suggest new targets for thera-
peutic prevention and treatment of developmental dis-
eases, such as hydrocephalus.

H YDROCEPHALUS, a common birth defect affecting 1-3 of
every 1000 live births, is characterized by the increased
cerebrospinal fluid (CSF) volume and dilation of cerebral
ventricles (2). The development of hydrocephalus is a dy-
namic process that is not yet well understood. It is thought
that hydrocephalus may develop at an important and specific
embryonic time period of neural stem cell (NSC) and pro-
genitor cell proliferation and differentiation in the brain. In-
deed, recent reports indicate that survival and proliferation of
the NSC and progenitor cells within the ventricular zone
lining the lateral ventricle (LV) are deregulated during hy-
drocephalic development (19, 53). Multiple transcriptional
regulators have been implicated in the altered homeostasis of
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TABLE 1. SURVIVAL OF Foxo34a~’~ FANcp2~’~ EMBRYOS AND PUPS
Foxo3a "/~ Fancd2*’~ x Foxo3a™'~ Fancd2*'~ intercross
Foxo3a~’~ Fancd2™'* Foxo3a*’* Fancd2 ™/~
or Foxo3a™'~ Fancd2*/~ or Foxo3a™’~ Fancd2™/~ Foxo3a™'~ Fancd2™/~ Other genotypes
E13.5 embryos (98 screened)
Expected 18 18 6 56
Observed 20 16 5 (p=0.834) 57
Live pups (482 screened)
Expected 90 90 30 272
Observed 95 86 17 (p=0.011)* 284

Significant at p<0.05.

NSC and progenitor cells that are associated with hydro-
cephalus. These factors include Engrailed 1, Msx1, E2F5,
RFX4, Foxj1/Hfh-4, polymerase /, and, more recently, KLF4
(25, 44).

Mammalian forkhead members of the class O (FOXO)
transcription factors, including FOXO1, FOX0O3, FOXO04,
and FOXO6, are implicated in the regulation of cell-cycle
arrest, apoptosis, DNA repair, stress resistance, and metab-
olism (4). Mouse knockout studies have shown that Foxo
factors, particularly Foxo3a, function to regulate the self-
renewal of hematopoietic stem cells, primarily by provid-
ing resistance to oxidative stress (24, 54). In the context
of mammalian brain physiology, combined Foxol, 3, and
4 deficiencies severely impair NSC proliferation and re-
newal, leading to a significant decline in the NSC pool and
accompanying defective neurogenesis in adult brains (41).
Among these FOXO proteins, FOXO3 functions as a major
regulator of oxidative stress by activating genes involved in
the free radical scavenging and apoptosis (55). A recent study
by Renault et al. (45) demonstrates that deletion of Foxo3a
alone in the brain is sufficient to cause a significant decline in
NSC pool and that NSCs isolated from adult Foxo3 ™'~ mice
have decreased self-renewal and an impaired ability to gen-
erate different neural lineages. We recently reported a func-
tional interaction between FOXO3 and the Fanconi anemia
(FA) protein FANCD?2 in response to oxidative stress (34).
The role of the FA DNA repair pathway in mammalian brain
physiology is less understood. One study reported that adult
mice deficient for Fanca or fancg exhibited reduced prolif-
eration of neural progenitor cells, and both embryonic and
adult FA NSCs showed impaired self-renewal in vitro (49). In
this study, we present evidence that concomitant inactivation
of Foxo3a and Fancc or Fancd2 synergizes and induces hy-
drocephalus in mice.

FA is a genetic disease that is characterized by genomic
instability and cancer predisposition (29). FA is caused by a
deficiency in any of the 15 FANC genes that designate
complementation group A to P (30). At least 90% of affected
FA patients show one or more malformations, including ra-
dial ray defects; genital, renal, and urinary tract abnormali-
ties; and cardiac malformations (50). Cases of hydrocephalus
in children with FA have been reported (21, 31, 35). FA
patients suffer from a pro-oxidant state that is associated with
overproduction or impaired detoxification of reactive oxygen
species (ROS) (11, 13). As a consequence, cells from FA
patients demonstrate hypersensitivity to ambient oxygen and
increased chromosomal aberrations (8, 25). FA oxidant hy-
persensitivity has been documented in many studies using
primary and immortalized cell cultures as well as ex vivo
materials from patients (9, 11, 27). We hypothesized that
oxidative stress might be a critical factor in the pathogenesis
of FA hydrocephalus. To test this, we inactivated Foxo3a to
induce physiological oxidative stress in two FA mouse
models, and report here that the deletion of Foxo3a in FA
mice increased accumulation of ROS and subsequently de-
regulated mitosis and ultimately apoptosis in the NSCs and
progenitor cells in FA hydrocephalic mice.

Results

Deletion of Foxo3a in FA mice leads to embryonic
lethality and hydrocephalus

To further elucidate the genetic relationships between the
Foxo3a and FA pathways, we generated Foxo3a '~
Fancd2™'~ and Foxo3a™'~ Fancc™'~ mice by crossing
Foxo3a™*’~ with Fancd2*’~ or Fance™ ™ mice, respectively.
Screening more than 200 E13.5 embryos indicated an ex-
pected Mendelian ratio for either single knockout (SKO) or

FIG. 1.

>

Deletion of Foxo3a in FA mice leads to embryonic lethality and hydrocephalus. (A) A representative image of

E13.5 littermates from a Foxo3a*’~ Fancd2™’~ breeder and genotyping of the embryos. (B) The body weight of 6-week-
old WT, Fancd2 ™'~ SKO, Foxo3a~’~ SKO, and Foxo3a™'~ Fancd2~’~ DKO mice. (C) Nissl staining of serial rostral (r)
to caudal (c) coronal sections of E18.5 brain with each pair of sections representing approximately the same coronal plane.
(D) Dome-shaped head was shown in both Foxo3a™"~ Fancd2™’~ and Foxo3a™'~ Fancc™'~ DKO mice. (E) MRI and CT
scanning of WT, Fancd2™’~ SKO, Foxo3a~’~ SKO, and Foxo3a™’~ Fancd2™’~ DKO mice. The DKO mouse showed
increased CSF volume, enlarged LV, and increased diameter of brain skull. (F) Nissel staining of the coronal adult brain
sections of the WT, Fancd? ™"~ SKO, Foxo3a~’~ SKO, and Foxo3a~’~ Fancd2~’~ DKO mice. LV, lateral ventricle; 3V,
third ventricle; Hi, hippocampus; Cx, cortex; CSF, cerebrospinal fluid; FA, Fanconi anemia; DKO, double knockout; SKO,
single knockout; WT, wild type; MRI, magnetic resonance imaging; CT, computerized tomography. To see this illustration
in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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double knockout (DKO) offspring (Table 1; p=0.834 and
Supplementary Table S1; Supplementary Data are available
online at www.liebertpub.com/ars; p=0.846). However, of
the 804 live pups analyzed, 29 Foxo3a™'~ Fancd2™'~ or
Foxo3a™'~ Fancc™'~ DKO mice were obtained, which was
58% of the expected live births (Table 1; p=0.011 and
Supplementary Table S1; p=0.035). This suggests that about
40% of the DKO embryos died from embryonic day E13.5 to
birth. DKO embryos were smaller relative to their wild-type
(WT) or SKO littermates at E13.5 (Fig. 1A and Supple-
mentary Fig. S1A). In addition, DKO pups were significantly
smaller than control littermates (Fig. 1B and Supplementary
Fig. S1B), while the SKO pups were similar to the WT pups
(Supplementary Fig. S1C). These data indicate that although
defects in Foxo3a, Fancd2, or Fancc individually are com-
patible with grossly normal development and organismal
viability, simultaneous defects in Foxo3a and Fancd2 or
Fancc cause synthetic lethality.

Approximately 60% of DKO embryos had abnormal brain
structure that was characteristic of hydrocephalus (Fig. 1C
and Supplementary Fig. SID). Coronal sections revealed
dilated LVs with a disruption of the septum, which was ev-
ident in as early as E18.5 (Fig. 1C). About 30%—-50% of the
DKO mice exhibited hydrocephalus and died within 6
months of birth. The mice with hydrocephalus developed a
dome-shaped head and behavioral changes that included
weight loss, lethargy, and ruffled fur (Fig. 1D). Hydro-
cephalus was confirmed in these mice by magnetic resonance
imaging (MRI) and computerized tomography (CT) scanning
(Fig. 1E). MRI images showed that the CSF volume and the
dilation of the cerebral ventricle in the dome-shaped head of
DKO mice was obviously increased compared with that in
WT or SKO mice (Fig. 1E, left). CT scanning revealed a
significant increase in the diameters of the DKO mice brain
skull (Fig. 1E, right). Nissel staining of the serial brain sec-
tions showed that DKO mice with hydrocephalus had en-
larged LVs, agenesis of the hippocampus, and thinner
cerebral cortex compared with WT or SKO mice (Fig. 1F).

Decreased neural stem and progenitor cells
in DKO mice

Loss of neural stem and progenitor cells (NSPCs) has been
shown to be associated with hydrocephalus (44, 53). We,
thus, determined the number of NSPCs in the ventricle zone
(VZ) and subventricular zone (SVZ) by staining the brain of
E13.5 embryos with Sox2 (established NSPC marker), and
Tbr2 (intermediate progenitor cell marker) (1, 48). We found
that the number of NSPCs in the VZ and SVZ area of
the DKO mice was significantly decreased compared with
that of WT controls (Fig. 2A). To determine whether reduced
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NSPCs in DKO brains lead to impaired neurogenesis, we
examined neuronal cell differentiation/migration in the cor-
tex, as cortical neurons are generated within the VZ and
migrate into the cortex (38). We stained the later born upper
and the earlier born deep layers of the cortex with the layer-
specific markers. Both the upper layer, identified by Cux1/2
staining (39), and the deep layer, stained with Foxp2 (15),
were significantly reduced compared with the WT control
brains (Fig. 2B). Thus, the thinning in the cortical layers of
the DKO brains may result from the loss of NSPCs.

To further assess the consequence of NSPC loss in the
context of hydrocephalus in DKO mice, we examined
ependymal cells, which are derived from NSPCs during later
embryogenesis and develop cilia in the first postnatal week
(51). Defects in the structure and activity of ependymal cilia
have been shown to associate with hydrocephalus in humans
and mouse models (16). Staining for cilia in the VZ with
acetylated o-tubulin showed that bundles of motile cilia
protruded into the LV lumen in the WT brains. Although the
acetylated o-tubulin in DKO mice could still be identified,
there were a few cilia on ependymal cells lining the LV (Fig.
2C). In addition, the cilia in DKO mice were much shorter
and disorganized than that in the WT littermates (Fig. 2C).
We also examined the subcommissural organ (SCO), which
is composed of ependymal cells and participates in the cir-
culation and re-absorption of CSF. Destruction of the SCO
leads to obstructive hydrocephalus (43). The size of SCO was
significantly reduced in the DKO mice compared with that in
the WT controls (Fig. 2D). These data suggest that defective
SCO and ependymal cilia may be a direct cause of hydro-
cephalus in DKO mice.

DKO NSCs have increased ROS and decreased
self-renewal potential

To gain insights into the mechanism behind the NSPC loss
in hydrophilic DKO mice, we performed gene expression
profiling using an Affymetrix gene array platform on RNA
isolated from WT, SKO, and DKO mice brain tissues. A
microarray analysis revealed 366 up-regulated genes and 360
down-regulated genes in DKO mice, 249 up-regulated and
439 down-regulated genes in Fancd2 SKO mice, and 313 up-
regulated and 409 down-regulated genes in Foxo3a SKO
mice, with >1.3-fold increase or decrease. Analysis of the
microarray data revealed that oxidative phosphorylation and
mitochondrial dysfunction (such as Ndufal, Ndufb8, Cox4il,
Cox5b, Cox7a2 Cox7a2l, Cycl, Uqcrcl, Uqerfsl, AtpSo,
Sdhc, Besll, AtpSe, and AtpS1) (36) were altered in the Foxo3
SKO and DKO mouse (Fig. 3A, B), which was consistent
with the function of FOXO3 proteins in anti-oxidative de-
fense (41). In addition, a specific subset of genes encoding

>
FIG. 2. Decreased NSPCs in Foxo3a~'~ Fancd2~’~ DKO mice. (A) Sox2 and Tbr2 staining of the coronal brain
sections from WT, SKO, and DKO E13.5 embryos. Scale bar represents 50 um. The bar graph (right) shows quantitation of
SOX2-positive cells in the VZ area (n=5). (B) The thickness of upper layer cortex (stained by Cux1/2) and deeper layer
cortex (stained by Foxp2) in the WT, SKO, and DKO E18.5 embryos was measured (n=>5). Scale bar represents 25 um. (C)
Ependymal cilia were examined at P5 by staining for Ac-tubulin. Scale bar represents 20 um. (D) Representative DAPI
staining of the SCO of WT, SKO, and DKO E18.5 embryos, and quantitation showing a greatly reduced size of the SCO of
DKO brain (n=35). Scale bar represents 100 um. Quantitation is compared between WT, SKO, and DKO embryos (n=5).
*p<0.05; **p<0.01. NSPC, neural stem and progenitor cell; Ac-tubulin, acetylated o-tubulin; SCO, subcommissural
organ; VZ, ventricle zone. To see this illustration in color, the reader is referred to the web version of this article at www

Jiebertpub.com/ars
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molecules known to regulate NSPC proliferation and neu-
rogenesis (such as Ntf3, MIl1, bglap, Bmprlb, Lbx1, and
Hdacl) (42, 59) was substantially down-regulated in the
DKO mouse. Moreover, the brain of DKO mice showed
dysregulated transcription of genes involved in aging and
neurological disorders (such as S100b, Serpina3, Mog, and
Uchll) (3, 10, 12, 17, 28, 32) (Fig. 3A, B and Supplementary
Fig. S2).

To determine whether DKO mice suffer oxidative stress,
we measured the levels of ROS in the NSPCs and 6-week-old
brains. The results showed that ROS production in the NSPCs
of DKO embryos was significantly increased compared with
that of WT mice (Fig. 4A; p<0.01). The level of ROS in
Foxo3a~’~ NSPCs was also significantly higher than that of
WT mice (p<0.05), which was consistent with previous
reports (41). Similar results were obtained in the 6-week-old
mouse brain tissues (Supplementary Fig. S3A).

To assess the consequence of ROS over-production, we
analyzed the proliferation and renewal of NSCs isolated
from E12.5 embryos of WT, SKO, and DKO mice by using
well-established cell culture-based approaches. NSCs from
Foxo3a or Fancd2 SKO mice formed fewer (albeit not stati-
cally significant) multipotent neurospheres in culture than WT
NSCs (Fig. 4B; Supplementary Fig. S3B). This phenotype was
significantly enhanced in the NSCs from DKO mice, which on
average formed 1.8-fold fewer neurospheres than WT NSCs
(Fig. 4B; p<0.01). The neurospheres formed by the DKO
NSCs were significantly smaller than the neurospheres of SKO
and WT controls (Fig. 4C; p<0.01). Consistent with this,
BrdU incorporation in these NSC cultures revealed that DKO
NSCs had decreased proliferation when compared with WT
and SKO NSCs (Fig. 4D; p<0.05 or p<0.01). The self-re-
newal potential of the DKO NSCs, as judged by the number of
multipotent secondary neurospheres that arose per primary
neurosphere, exhibited a dramatically reduced culture as
compared with the NSCs of SKO or WT littermate controls
(Fig. 4E). These data demonstrate that simultaneous defects in
Foxo3a and Fancd2 exacerbate the SKO deficiency in pro-
liferation and self-renewal of NSCs in clonal culture.

To validate the effect of ROS on NSC homeostasis, we fed
WT and Foxo3a™'~ Fancd2~'~ DKO mice with a special-
ized diet containing Quercetin (3,5,7,3’,4’-pentahydroxy-
flavone; Fig. SA), a natural ROS scavenger. We observed that
heterozygous Foxo3a™’~ Fancd2™’~ breeders on Quercetin
diet gave birth to higher numbers of DKO offspring than the
Foxo3a™~ Fancd2™~ breeders on normal diet (Table 2),
indicating rescue of embryonic lethality by the antioxidant.
Moreover, Quercetin significantly reduced hydrocephalus-
related death of the DKO pups by more than twofold (Table
2). The nissel staining of brain sections of the Quercetin-fed
mice showed that the size of LV of DKO mice was similar to
that of WT mice (Supplementary Fig. S4A). SVZ tissues
isolated from DKO offspring continued on Quercetin food for
8 weeks exhibited obviously decreased ROS levels (Fig. 5B).
Staining brain sections with antibodies to NSPC marker Sox2
revealed that the 8-week-old DKO brain on Quercetin ex-
perienced a significant increase in Sox2-positive cells in the
SVZ compared with DKO mice on a normal diet (Fig. 5C).
Quercetin-fed DKO mice also showed a marked increase in
proliferation of NSCs, as analyzed by staining the SVZ cells
with antibodies for Ki67 (Fig. 5D). Consistent with this,
neurospheres formed by SVZ cells from Quercetin-fed
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DKO mice exhibited a significant increase in average di-
ameter compared with normal diet controls (Fig. SE;
176.8 um vs. 102.3 um, p=0.024). Furthermore, the neu-
rosphere number per SVZ area from Quercetin-fed DKO
mice was nearly twofold more than that of normal-diet-fed
mice (Fig. 5SF). We observed a similar effect of another anti-
oxidant, N-acetylcysteine (NAC), in in vitro NSC culture
experiments (Supplementary Fig. S4B-E). Together, these
results support the notion that increased ROS accumulation
contributes to impaired proliferation and self-renewal po-
tential of DKO NSCs. Thus, Foxo3a and the FA proteins
may act cooperatively to support NSC homeostasis in vivo,
probably by preventing cellular damage caused by high
levels of ROS.

Increased DNA damage, apoptosis, and mitosis
in DKO NSCs

To further investigate the cause of NSC depletion in
DKO mice, we examined three cellular events that are
most relevant to ROS in NSCs: DNA damage, apoptosis, and
cell-cycle checkpoint. We performed y-H2AX staining on
neurospheres formed by WT, Foxo3a~'~ SKO, Fancd2™'~
SKO, and Foxo3a~'~ Fancd2™'~ DKO NSCs, and quanti-
fied the frequency of NSCs containing at least five y-H2AX
foci, an established marker of DNA damage. There was a
significant increase in y-H2AX foci, indicative of DNA
damage in DKO NSCs when compared with either the WT or
SKO group (Fig. 6A). Flow cytometric analysis of Annexin
V-labeled cells revealed increased apoptosis in DKO NSCs
(Fig. 6B). We reasoned that the apparent increase in DNA
damage and apoptosis in DKO NSCs could be due to
checkpoint activation and, therefore, examined the cell-cycle
status by labeling the NSCs with BrdU in the S phase. DKO
NSCs showed a reduction in the S phase but an increase in
the G2/M phase when compared with the WT or SKO NSCs
(Fig. 6C). Staining of E18.5 embryo brain sections with
phospho-histone H3 (pHH3), which is present in late G2/M
phase of the cell cycle, showed a marked increase in dividing
(pHH3-positive) cells at the ventricular surface of cortices
in DKO brains at E18.5; while in WT control brains, very
few dividing cells could be seen along the ventricular sur-
face (Fig. 6D). Together, these findings suggest that ROS-
mediated proliferation and self-renewal defects of DKO
NSCs are associated with the accumulation of DNA damage,
de-regulated mitosis, and, ultimately, apoptosis.

DKO NSCs display mitotic catastrophe

To gain insights into the molecular mechanisms that are
responsible for increased DNA damage, mitosis, and apo-
ptosis in DKO NSCs, we revisited the genome-wide micro-
array data. We found that some mitotic catastrophe-related
genes (57) were down-regulated in DKO NSCs when com-
pared with the WT or SKO controls (Fig. 7A). For example,
the depletion of HDACs can exacerbate DNA damage-
induced mitotic catastrophe (18, 33). The down-regulation of
spindle checkpoint proteins Bub1b or Aurkb has been shown
to activate mitotic catastrophe in vitro (58). The changes in
expression levels of these genes were validated by reverse
transcription followed by quantitative polymerase chain re-
action (PCR) (Supplementary Fig. S5A). We also performed
two sets of experiments to validate the effect of these genes.
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Foxo3a-/-Fancd2-/- Foxo3a-/-Fancd2+/+ Foxo3a+/+Fancd2-/-
Molecular signature names Vs Foxo3a+/+Fancd2+/+ VS Foxo3a+/+Fancd2+/+ VS Foxo3a+/+Fancd2+/+
Neurological disorder No. P-Value Q-Value No. P-Value Q-Value No. P-Value Q-Value
PARKINSONS_DISEASE 15 1.48E-13 1.28E-10 11  7.55E-09 9.63E-07 N/A N/A N/A
HUNTINGTONS_DISEASE 14 2.196-10 7.60E-08  N/A N/A N/A N/A N/A N/A
ALZHEIMERS_DISEASE_UP (REF 35) 34 3.90E-07 2.96E-05 39 1.27E-09 2.53E-07 66 0.00E+00 0.00E+00
Aging
AGING_UP (REF 39) i 2.17E-07 1.79E-05 N/A N/A N/A 8 6.25E-08 3.57E-06
AGING_NEOCORTEX_UP (REF 40) 8 453E-07 3.33E-05  N/A N/A N/A N/A N/A N/A
Mitochondrial function
RESPIRATORY_ELECTRON_TRANSPORT_A
TP_SYNTHESIS 10 4.76E-09 9.61E-07 8 4.53E-07 2.42E-05 N/A N/A N/A
MITOCHONDRIA (REF 32) 18 1.56E-08 2.16E-06  N/A N/A N/A N/A N/A N/A
TCA_CYCLE_AND_RESPIRATORY_ELECTRO
N_TRANSPORT 10 1.57E-07 1.38E-05  N/A N/A N/A N/A N/A N/A
RESPIRATORY_ELECTRON_TRANSPORT 8 1.79E-07 1.55E-05  N/A N/A N/A N/A N/A N/A
Oxidative phosphorylation
VOXPHOS (REF 32) 11 7.66E-11 3.10E-08 8 3.80E-07 2.12E-05  N/A N/A N/A
OXIDATIVE_PHOSPHORYLATION 11 8.83E-09 1.34E-06  N/A N/A N/A N/A N/A N/A
Stem cell
ADULT_TISSUE_STEM_MODULE (REF 33) 24 2.66E-09 5.61E-07  N/A N/A N/A 28  8.95E-10 8.35E-08
EMBRYONIC_STEM_CELL_CORE (REF 33) 13 2.36E-06 1.26E-04  N/A N/A N/A N/A N/A N/A
MAMMARY_STEM_CELL_DN (REF 34) 10 2.17E-07 1.79E-05 N/A N/A N/A N/A N/A N/A

FIG. 3. Deregulated expression of genes in ROS metabolism, mitochondrial function, stem cell proliferation, and
neurogenesis in DKO brains. Whole-genome microarray data were obtained from 2-month-old WT, SKO, and DKO brain
tissues. (A) Heat-map presentation of differentially expressed genes in altered pathway of neurogenesis, NSCs, neurological
disorder, oxidative phosphorylation, and mitochondrial dysfunction in the DKO mouse brain. (B) Selected publicly
available molecular signature highly enriched for genes up-regulated or down-regulated in DKO brain tissue as provided by
GSEA (gene set enrichment analysis). ROS, reactive oxygen species; NSC, neural stem cell. To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub.com/ars
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First, we treated the NSCs isolated from WT and Foxo3a '~
Fancd2~'~ DKO mice, with the Aurora B inhibitor, Re-
versine (5 uM) for 48 h, and determined the size and number
of the neurospheres. The results show that Reversine further
inhibited neurosphere formation of DKO NSCs (Supple-
mentary Fig. S5B). Second, we overexpressed BubR1 in WT
and DKO NSCs and determined whether BubR1 over-
expression could rescue the defect of neurosphere formation
of DKO NSCs. We observed a significant increase, albeit not
complete rescue, in the proliferation of DKO NSCs (Sup-
plementary Fig. S5C).

To determine whether DKO NSCs underwent mitotic ca-
tastrophe, we analyzed the neurospheres and NSC-containing
VZ area of the brains of WT, Foxo3a™'~ SKO, Fancd2™'~
SKO, and Foxo3a™'~ Fancd2™'~ DKO NSCs for y-H2AX,
pHH3, and active caspase-3. The activation of mitotic ca-
tastrophe can be identified by the simultaneous appearance of
DNA damage (monitored by y-H2AX), mitotic markers
(monitored by pHH3), and activation of caspase-3 (26).
Fancd2 SKO cells and brain showed an increase in y-H2AX
and cleaved caspase-3 staining compared with WT controls;
however, no evidence of mitotic catastrophe was observed as
indicated by the lack of positive triple staining cells (Fig. 7B—
E and Supplementary Fig. S6A—C). Although Foxo3a™'~
SKO cells accumulated high levels of ROS, these cells did
not display increased staining for y-H2AX foci or pHH3 or
cleaved caspase-3, suggesting that the DNA damage and
cell-cycle checkpoints remained largely intact in Foxo3a-
deficient cells. In marked contrast, a large fraction of DKO
NSCs and brains simultaneously exhibited positive staining
for y-H2AX, pHH3, and cleaved caspase-3 (Fig. 7E), con-
sistent with the activation of mitotic catastrophe. Moreover,
DKO cells showed increased micronuclei (Supplementary
Fig. S6D), a product of chromosome mis-segregation often
associated with mitotic catastrophe (46). Together, these
data suggest a potential link between NSC loss and mitotic
catastrophe in DKO mice.

Discussion

We have shown that, in mice deficient for the FA DNA
repair pathway, inactivation of the Foxo3a gene caused hy-
drocephalus, a common birth defect clinically associated
with the FA disease. The underlying mechanism likely in-
volves ROS-induced DNA damage, leading to de-regulated
mitosis and, ultimately, apoptosis of NSPCs in the VZ of
DKO mice. Based on these findings, we propose a two-tier
protective mechanism for preventing hydrocephalus (Fig.
7F): In the first line of defense, FOXO3 and other cellular
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antioxidant machinery prevent the accumulation of ROS
generated by internal metabolism or external toxins. The
second line of defense relies on the repair mechanisms that
prevent cellular constituents, including DNA, proteins, and
lipids from damage by ROS. In this context, FOXO3 and the
FA pathway play critical roles at different levels of the de-
fense. FOXO3 is a master ROS-responsive transcription
factor that regulates the expression of several important an-
tioxidant genes such as peroxiredoxins, glutathione peroxi-
dases, and superoxide dismutases (SODs) (54). ROS can
induce oxidative DNA damage, which is a major source of
genomic instability. Several repair pathways, including the
FA DNA repair pathway, are known to be involved in oxi-
dative DNA repair (52). While the specificity and efficiency
of each single pathway are critical to ensure genome stability,
the complexity of ROS-induced oxidative DNA damage may
require the coordination between different DNA repair
pathways. We recently reported an oxidative DNA damage-
specific association of FOXO3 and the FA protein FANCD2
(34), suggesting a functional cross-talk between the two
pathways in this two-tier defense mechanism.
Hydrocephalus is caused by an abnormal accumulation of
CSF within or around the brain, due to the obstruction of CSF
flow, inadequate CSF absorption, and/or excessive CSF
production. Little is known about the molecular mechanisms
that are responsible for the pathophysiology of hydrocepha-
lus. Several studies suggest a connection between hydro-
cephalus and oxidative stress. An analysis of congenitally
hydrocephalic WIC-Hyd adult rat brains showed reduced
levels of the anti-oxidative defense enzyme SOD in the
ependyma, choroid plexus, and hippocampus (37). Two
studies with the kaolin-induced hydrocephalic rat model
showed increased brain lipid peroxide levels and reduced
GSH levels after the induction of hydrocephalus (5, 56).
Transgenic mice carrying mutations in the antioxidant vita-
min E often succumb to hydrocephalus (22). Abnormal me-
tabolism of metals, known to participate in oxidative
cascades, is associated with hydrocephalus in farm animals
(40). In humans, CSF from hydrocephalic children contains
high levels of metabolites that are indicative of oxidative
stress (47). In our DKO mice, the hydrocephalus phenotype
caused by the defect in NSCs appeared around 1 month of
age. We also found some defects in the bone marrow and
testis (data not shown). However, the defect in NSCs is much
more severe. Consequently, the phenotype of hydrocephalus
shows up as early as E18.5 during development, indicating
that the brain was most influenced by DKO. We found that
ROS levels were significantly higher in the NSCs isolated
from E12.5 DKO embryo and in the brains of E18.5 and

>
FIG. 4. Foxo3a~'~ Fancd2~'~ DKO NSCs show increased ROS and decreased self-renewal potential. (A) ROS
production in WT, SKO, and DKO neurospheres isolated from E12.5 embryos. Cells were treated with DCF-DA, and ROS
production was examined by flow cytometry. (B) Primary neurospheres formed by NSCs from E12.5 embryos of the
indicated genotypes. The number of neurospheres formed 1 week after seeding was counted. Values represent mean+SD
from three independent experiments with n =5 for each genotype. (C) Size of primary neurospheres described in (B). Values
represent mean+SD from three independent experiments with n=35 for each genotype. (D) Primary neurospheres were
dissociated, single-cell suspensions were cultured for 24 h in medium that was supplemented with 10 uM BrdU, and level of
BrdU incorporation was determined by BrdU immunostaining. Scale bar represents 100 um. (E) Defective secondary
neurosphere formation of DKO NSCs. Dissociated cells from the primary neurospheres described in (B) were cultured for 1
week, and the number of secondary neurospheres was counted. Values represent mean+SD from three independent
experiments with n=5 for each genotype. *p<0.05; **p<0.01; and ***p<0.001. DCF-DA, 2’-7’-dichlorofluorescein
diacetate. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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6-week-old DKO mice. The antioxidants NAC and Quercetin
reduced ROS accumulation in both NSCs and the brain of
DKO mice. Importantly, Quercetin greatly ameliorated the
synthetic lethality imposed by DKO in utero and completely
eliminated hydrocephalus in DKO mice. These results indi-
cate that, in DKO mice, oxidative stress is associated with the
progression and molecular pathophysiology of hydrocepha-
lus. This association suggests that oxidative brain damage
may represent an important factor contributing to the path-
ogenesis of hydrocephalus. Excessive oxidative stress has
been implicated in a number of adverse neurological condi-
tions, including stroke, brain trauma, and neurodegenerative
disease (14). Patients with FA may be particularly sensitive to
oxidative stress because of an inherent defect in oxidative
DNA damage repair and antioxidant defenses (13).

CSF is produced by the choroid plexus, a structure aligning
the brain ventricles. We did not find abnormalities in this
structure in the DKO mice. However, we observed a signif-
icant reduction in the size of SCO in the brain of DKO mice.
Malformation of the SCO is considered the most common
structural cause of hydrocephalus and has been implicated in
the etiology of hydrocephalus in multiple transgenic mouse
models (43). In addition to the SCO structure, the ependymal
cilia in the ventricular zone play a critical role in maintaining
the flow of CSF. Malformed cilia are associated with hy-
drocephalus in human patients (16). Several mouse models
expressing mutations in genes encoding transcriptional reg-
ulators (Foxj1/Hfh-4, polymerase 4, and KLF4) or G-protein-
coupled receptors (PACI and Rol) show hydrocephalic
phenotype as a consequence of defects in the ependymal cilia
(25, 44). In the present study, we found that the cilia on the
ventricular ependymal in DKO mice were either absent or
much shorter and disorganized compared with those in the
WT littermates. Since SCO and cilia originate from NSPCs in
the VZ area and NSPC-derived ependymal cells, respec-
tively, we speculate that abnormalities in both SCO and
ependymal cilia in DKO mice may be a direct result of the
defects of NSPCs. Indeed, we found that the number of
SOX2-positive NSPCs in the VZ of E18.5 DKO embryos was
significantly lower than that of WT controls. In addition, the
reduction in NSPCs in the DKO brains led to impaired neu-
rogenesis, as demonstrated by a significant reduction in the
later born upper and the earlier born deep layers of the cortex
compared with the WT control cortex. These results suggest
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that the abnormalities in the SCO and ependymal cilia ob-
served in the DKO brains may be a result of the loss of
NSPCs.

The fact that the occurrence of hydrocephalus in our model
requires simultaneous inactivation of Foxo3a and Fancd2 or
Fancc genes indicates that the phenotype is a result of a
synergistic effect similar to that of synthetic lethality im-
posed on DKO embryos. Since our comparative results from
neurogenic studies in SKO and DKO mice point to a potential
connection between hydrocephalus and NSC defects, we
speculate a coordinate regulation of NSCs by the FOXO3 and
FA pathways in two critical events in neurogenesis: self-
renewal and apoptosis. Indeed, while Foxo3a or Fancd2 SKO
mice experienced a subtle decline in NSC number and self-
renewal, NSCs isolated from E12.5 DKO embryos exhibited
severe NSC deficiency. An analysis of the alteration in NSPC
number in the embryonic brains and self-renewal in clonal
culture revealed that the defect in DKO mice was not simply
additive but synergistic, suggesting a collaborative action of
these two pathways in NSC maintenance. FANCD2 protein
can interact with several proteins, such as ataxia telangiec-
tasia-mutated (ATM) protein (20) and FOXO3 (34). The
handling of DNA damage caused by oxidative stress requires
the coordinated action of FANCD2 and ATM (6). Moreover,
FOXO3 can also interact with ATM (55) and is essential for
normal ATM expression (61). FOXO3 represses ROS, in
part, via regulation of ATM. Lacking FOXO3 did not trigger
the DNA-repair mechanism after DNA damage (55). Over-
expression of FOXO3 reduced abnormal accumulation of
ROS, enhanced cellular resistance to oxidative stress, and
increased antioxidant gene expression only in cells expres-
sing a functional FANCD?2 protein. This is in agreement with
our observation that ROS-induced DNA damage and apo-
ptosis was only slightly increased in the Fancd2 or Foxo3a
SKO NSCs but significantly increased in the DKO NSCs.
This result suggests that Foxo3a and Fancd2 cooperate to
affect the oxidative stress response. In support of this notion,
gene array analysis revealed that the expression of genes
involved in two major ROS signaling pathways, namely
mitochondrial dysfunction and oxidative phosphorylation,
was significantly altered in DKO mice compared with WT,
Fancd2, or Foxo3a SKO mice.

An examination of brain sections and cultured NSPCs
indicated that deficiencies in both Foxo3a and Fancd?2 genes

FIG. 5. Quercetin rescues embryonic lethality and NSC defects of DKO mice. (A) Chemical structure of Quercetin
(3,5,7,3" 4’-pentahydroxy-flavone). (B) ROS production in the SVZ area of 2-month-old normal diet-feeding or Quercetin
diet-feeding WT and Foxo3a™"~ Fancd2™’~ DKO mice. Cells were labeled with DCF-DA, and ROS production was
examined by flow cytometry. Right panel, quantification of ROS levels in mice described in the left panel (n=5). (C) Sox2
staining of LV area of the 2-month-old normal diet-feeding or Quercetin diet-feeding WT and Foxo3a™’~ Fancd2™’~ DKO
mice. Original magnification, X 20; insert, X 40. X 20 scale bar: 100 um; x40 scale bar: 50 um. The bar graph (right) shows
quantitation (n=5). Quercetin diet-feeding DKO mice demonstrated more SOX2-positive cells when compared with normal
diet-feeding DKO mice. (D) Ki67-positive cells in the LV area of 2-month-old normal diet-feeding or Quercetin diet-
feeding WT and Foxo3a™’~ Fancd2™’~ DKO mice. Scale bar represents 100 um. Bottom panel, quantification of Ki67-
positive cells in mice described in the left panel (n=35). Quercetin diet-feeding DKO mice demonstrated more Ki67-positive
NSCs when compared with normal diet-feeding DKO mice. (E, F) Size and self-renewal ability of neuros/phere from the
SVZ area of 2-month-old normal diet-feeding or Quercetin diet-feeding WT and Foxo3a™’~ Fancd2™’~ DKO mice.
Neurospheres formed by SVZ cells from Quercetin-fed DKO mice exhibited a significant increase in average diameter
compared with normal diet-fed controls (E; n=5). Scale bar represents 100 um. The number of neurospheres formed by
SVZ NSCs of Quercetin-fed DKO mice was twofold higher than the neurospheres derived from normal-diet-fed mice (F;
n=>5). P2: S phase; P3: G1 phase; P4: G2/M phase. *p <0.05; **p <0.01; and ***p <0.001. SVZ, subventricular zone. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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TABLE 2. QUERCETIN IN/CREASES BII}TH
AND SURVIVAL OF Foxo3A™"~ FANcD2™ '~ MICE

Foxo3a*’~ Fancd2™~ xFoxo3a™’~ Fancd2™/~
intercross

Normal diet Quercetin diet

Foxo3a™"'~ Foxo3a™'~
Fancd2 ™/~ Fancd2 ™/~
Birth (203 screened)
Expected 12 12
Observed 7 10
p-Value 0.177 0.656
Survive (6 months) (203 screened)
Expected 12 12
Observed 4 9
p-Value 0.010* 0.457

“Significant at p<0.05.

are essential for the de-regulated mitosis and, ultimately,
apoptosis. Mitotic catastrophe indicates cell death resulting
from aberrant mitosis due to de-regulated cell-cycle check-
point (26). ROS-induced DNA damage can be responsible for
mitotically arrested cells that succumbed to mitotic catas-
trophe, which can be identified by simultaneous appearance
of y-H2AX, pHH3, and cleaved caspase-3 (26). Foxo3a SKO
NSPCs accumulated ROS and exhibited positive staining for
pHH3 but none of these cells showed y-H2AX staining, in-
dicating the preservation of functional DNA repair. Fancd2
SKO NSPCs generated low levels of ROS that correlated
with sporadic y-H2AX, pHH3, and caspase-3 staining, but no
triple staining positive cells. ROS accumulation in these
Fancd2 SKO NSPCs could be due to a requirement for the FA
pathway to enable proper function of Foxo3a, or to facilitate
access of Foxo3a to the promoters of anti-oxidative defense
genes. Alternatively, a parallel anti-oxidative defense path-
way that becomes less efficient in the absence of the FA
pathway might be responsible for the ROS accumulation. We
observed simultaneous expression of y-H2AX, pHH3, and
cleaved caspase-3, in cultured DKO neurospheres and
NSPCs in the VZ area of DKO brains. Thus, loss of the FA
DNA repair pathway in Foxo3a-deficient cells results in fatal
DNA damage checkpoint abrogation, which enables the
DKO cells to progress through the cell cycle despite the
presence of unrepaired DNA damage. Taken together, these
findings corroborate the notion that both anti-oxidative de-
fense activity of Foxo3a and DNA repair function of the FA
pathway are required for the prevention of de-regulated mi-
tosis and, ultimately, apoptosis. DNA damage-induced de-
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regulated mitosis and apoptosis appears to be exacerbated by
the inhibition of factors functioning in cytokinesis such as
histone deacetylases, BubR1, and Aurora B (57). Intrigu-
ingly, our gene array data show that the expression of these
cytokinesis genes was markedly reduced in the DKO mice. In
addition, our data (Supplementary Fig. S6D) show that DKO
cells exhibit increased micronuclei, a product of chromosome
mis-segregation, consistent with de-regulated mitosis and
failed cytokinesis.

Materials and Methods
Animals

The protocols of animal experiments described in this
study were approved by the Institutional Animal care and Use
committee at Cincinnati Children’s Hospital Medical Center.
Fancc*’™ and Fancd2™’~ mice were provided by Dr. Man-
uel Buchwald (Hospital for Sick Children, University of
Toronto) and Dr. Markus Grompe (Oregon Health & Sci-
ences University), respectively (8, 23). Fancc SKO, Fancd?2
SKO, and Foxo3a SKO mice were generated from inter-
breeding Fancc*’™ or Fancd2’~ heterozygotes with the
Foxo3a™’~ mice (7), and WT and DKO mice were generated
from interbreeding of the respective double heterozygotes.
E13.5 embryos were harvested to compare the size of WT,
SKO, and DKO embryos. MRI and CT were used to scan the
brains of 2-month-old WT, SKO, and DKO mice as previ-
ously described (60). For mice on Quercetin diet, F oxo3a™~
Fancd2*’~ breeders were supplied with Quercetin diet
(10 mg/kg body weight per day; Harlan Laboratories).

RNA extraction and microarray analysis

Total RNA was isolated from the whole cerebrum of 2-
month-old WT, SKO, and DKO mice, using the RNeasy Mini
kit (Qiagen) according to the manufacturer’s protocol. cRNA
was synthesized from total RNA and hybridized to Affyme-
trix Mouse gene 1.0 ST array (Affymetrix, Inc.). The RNA
quality and quantity assessment, probe preparation, labeling,
hybridization, and image scan were carried out in the Cin-
cinnati Children’s Hospital Medical Center Affymetrix Core
using standard procedures. Hybridization data were sequen-
tially subjected to normalization, transformation, filtration,
and functional classification. Data analysis was performed
with Genespring GX11 (Agilent Technologies). Genes that
were differentially expressed in SKO and DKO compared
with WT mice brains with fold changes by 1.3 were analyzed
by GSEA and Ingenuity Pathways Analysis (Ingenuity Sys-
tems). The enriched molecular signatures were considered
overly represented with a p-value of <0.05.

FIG. 6.

>
Increased DNA damage, apoptosis, and mitosis in DKO NSCs. (A) y-H2AX staining of neurospheres formed

by WT, Foxo3a~’~ SKO, Fancd2~’~ SKO, and Foxo3a™'~ Fancd2™’~ DKO NSCs. Right panel, quantification of cells
with y-H2AX foci =5 described in the left panel (n=>5). Scale bar represents 20 um. (B) Flow cytometric analysis of

apoptotic cells in the neurospheres formed by WT, Foxo3a ™’

~ SKO, Fancd2™’~ SKO, and Foxo3a~’~ Fancd2™’~ DKO

NSCs. Bottom panel, quantification of Annexin V-positive cells (n=5). (C) Cell-cycle analysis by BrdU incorporation of
the NSCs in the neurospheres formed by WT, Foxo3a™’~ SKO, Fancd2™’~ SKO, and Foxo3a™’~ Fancd2~’~ DKO NSCs.
Bottom panels, quantification of cells in the S and G2/M phases (n=5). (D) pHH3 staining of E18.5 embryo brain sections
of mice with the indicated genotypes. Original magnification, X 20. Bottom panel, quantification of dividing (pHH3-positive)
cells on the ventricular surface of cortices in WT, SKO, and DKO brains at E18.5 (n=5). *p<0.05; **p<0.01; and
*#%p <0.001. pHH3, phospho-histone H3. To see this illustration in color, the reader is referred to the web version of this

article at www.liebertpub.com/ars
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Embryonic NPSCs isolation and neurosphere cultures

Telencephalons harvested from E12.5 days WT, SKO, and
DKO embryos were dissociated into single cells by HyQTase
cell detachment solution (Hyclone; Thermo Scientific) for
20 min at 37°C. The cells were washed and resuspended in
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culture medium [DMEM/F12 medium with 2% B27 sup-
plement (Invitrogen), 50 um N2 supplement (Invitrogen),
10ng/ml EGF (R&D Systems), and 10ng/ml FGF (R&D
Systems)], triturated, filtered through a cell strainer (70 um,
BD Biosciences), counted by a hemocytometer, and plated at
4x10° cells/ml into multiwell ultra-low binding plates
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(Sigma). All cultures were maintained at 37°C in 5% CO,/
balance air.

To assess the self-renewal potential of cultured NSPCs, the
size and number of primary neurospheres were detected, and
the individual primary neurospheres were mechanically dis-
sociated by trituration and then replated at clonal density into
non-adherent cultures. Secondary neurospheres were counted 7
days later. Self-renewal is reported as the number of secondary
neurospheres that arose per subcloned primary neurosphere.

For cell proliferation assays, dissociated embryonic NSCs
were cultured for 6 days, then labeled with 10 uM BrdU for
24 h at 37°C. The neurospheres were dissociated to single-
cell suspensions and cytospined to the slides before being
fixed and stained with an antibody with BrdU.

To validate the role of ROS in NSC function, the freshly
dissociated single NSCs were incubated with NAC (1 mM)
for the entire culture period. The size and number of NAC-
treated and -untreated neurospheres were measured at the 4th
day after subcloning the primary neurosphere.

For the treatment of neurospheres with the Aurora B in-
hibitor Reversine, neuropsheres at passage 2 were dissociated
into single cells and treated with Reversine (5 uM; Sigma) for
48 h. The neurosphere size and number were calculated 2
days later.

For transfection, neurospheres at passage 2 were dissoci-
ated into single cells, and then transfected with pcDNAS-
BubR1 (47330; Addgene) and empty plasmid as control,
using Lipofectamine 2000 (according to the manufacturer’s
guidelines; Invitrogen). The neurosphere size and number
were measured 4 days later.

Intracellular ROS measurement

Primary neurospheres, adult brain cells, or SVZ area cells
were dissociated into single-cell suspensions and then incu-
bated with 2’-7’-dichlorofluorescein diacetate (DCF-DA)
(25 um; Sigma) for 30 min. DCF-DA is a cell-permeable non-
fluorescent probe. It turns to highly fluorescent DCF on oxida-
tion. The fluorescence intensity is proportional to the ROS
levels within the cell cytosol. Propidium lodide (PI) was used to
stain the dead and dying cells. ROS production was only eval-
uated in living cells that are PI negative. Levels of fluorescent
were measured by flow cytometry (BD Biosciences). The
samples without DCF-DA treatment or PI staining were used as
negative controls. Flowjo software was used to make the
overlaid ROS flow graphs and calculate the mean of intensity.

BrdU incorporation and apoptosis detection

BrdU incorporation was performed on neurospheres using
the BrdU Incorporation Kit (Roche) according to the manu-
facturer’s protocol. The labeled neurospheres were dissoci-
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ated into single-cell suspensions and analyzed by flow
cytometry (BD Biosciences). Apoptosis of NSPCs was ana-
lyzed by flow cytometry (BD Biosciences) using the APC-
conjugated annexin-V antibody and 7AAD.

Immunocytochemistry, histology, and
immunohistochemistry

For immunocytochemistry on single-cell suspensions,
cells were cytospined onto coverslips, fixed by 4% parafor-
maldehyde, permeabilized with blocking solution (1 xPBS/
0.25% Trition X-100/5% BSA), and then processed for im-
munofluorescent detection with indicated primary and sec-
ondary antibodies (see the following antibodies were used).
For immunocytochemistry on neurospheres, secondary neu-
rospheres subcloned from primary neurosphere were cultured
for 4 days, and collected for the immunofluorescent staining.
The collected neurospheres were fixed with 4% paraformal-
dehyde overnight and cryoprotected with 30% sucrose in
PBS at 4°C. For histology, cryosections (12 um) were cut
coronally with a Cryostat (Leica) and mounted onto super-
frost-plus microscope slides (Fisher). Sections were stained
with cresyl violet or H&E according to standard protocol. For
immunostaining, coronal sections were washed with PBS and
blocked with blocking solution (1 X PBS/0.25% Trition X-100/
5% BSA). After overnight incubation with primary antibodies
that were diluted in the blocking solution with gentle agitation
at 4°C, sections were washed and incubated with appropriate
Alexa-conjugated secondary antibodies (Alexa 488, 594, or
647, 1:200; Jackson ImmunoResearch). DNA was stained by
using DAPI. For immunohistochemical staining, 12 yum frozen
sections were first treated with 0.3% H>O, for 20 min at RT to
quench endogenous peroxidase activity, then blocked with
blocking solution (10% donkey serum and 0.25% Triton X-
100 in PBS), and labeled with primary antibody overnight at
4°C. Sections were washed and incubated with appropriate
biotin-conjugated secondary antibodies for 2 h. Then, sections
were treated with ABC solution (Vectastain ABC Elite Kit;
Vector Laboratories) for 1 h, washed with PBS, and incubated
with diaminobenzadine (DAB) substrate (Vector Labora-
tories) for 10min. Images were collected on a Nikon C2
confocal microscope or a Zeiss Axivert 200 microscope, and
multi-channel overlays were assembled in Image J.

The following primary antibodies were used: y-H2AX
(mouse, 1:200; Millipore), (rabbit, 1:400; Cell Signaling);
Acetylate-a-tubulin (rabbit, 1:500; Sigma); Anti-pHH3
(rabbit, 1:400; Millipore), (rat, 1:200; Sigma); Tbr2 (rabbit,
1:400; Millipore); Active-caspase-3 (rabbit, 1:200; Cell
Signaling); Foxp2 (rabbit, 1:500; Santa Cruz); Sox2 (rabbit,
1:300; Cell Signaling); Ki67 (rabbit, 1:400; Leica); BrdU
(rat, 1:200; Abcam); and Cux1/2 (rabbit, 1:500; Santa Cruz).

>
FIG. 7. DKO NSCs display mitotic catastrophe. (A) Heat map of mitotic catastrophe-related genes in WT, SKO, and
DKO brains. The expression levels of those genes are lower in DKO mice than in WT mice. (B) Primary neurospheres
formed by the indicated NSCs were stained for y-H2AX. Scale bar represents 50 um. (C) Primary neurospheres formed by
the indicated NSCs were stained for pHH3. Scale bar represents 50 um. (D) Primary neurospheres formed by the indicated
NSCs were stained for A-casp3. Scale bar represents 50 um. (E) NSCs suspensions were stained for y-H2AX, pHH3, A-
casp3, and nuclear DNA. Cells simultaneously expressing y-H2AX, pHH3, and A-casp3 are interpreted as mitotic catas-
trophe (indicated by arrows). Scale bar represents 50 um. Panels with quantification are presented as mean = SD from three
independent experiments with n=5 for each genotype. *p <0.05; **p<0.01. A-casp3, active-caspase-3. To see this illus-
tration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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Quantitative real-time PCR

Total RNAs obtained from the 2-month-old brain tissues
were reverse transcribed to cDNA by high-capacity cDNA
reverse transcription kits (Applied Biosystems). Real-time
PCR quantitative mRNA analyses were performed using
SYBR green fluorescence (Qiagen). The primer sequences
are provided in the Supplementary Table S2. The relative
mRNA amount of each sample was calculated by fold change
based on its threshold cycle, Ct, in comparison to the Ct of
housekeeping gene Gapdh.

Statistics

Values are presented as mean & SD. Statistical significance
was determined using an unpaired Student’s #-test. A p-value
of <0.05 was considered significant.
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