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FBXL5 Inactivation in Mouse Brain
Induces Aberrant Proliferation of Neural
Stem Progenitor Cells
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ABSTRACT FBXL5 is the substrate recognition subunit of an SCF-type ubiquitin li-
gase that serves as a master regulator of iron metabolism in mammalian cells. We
previously showed that mice with systemic deficiency of FBXL5 fail to sense intracel-
lular iron levels and die in utero at embryonic day 8.5 (E8.5) as a result of iron over-
load and subsequent oxidative stress. This early embryonic mortality has thus im-
peded study of the role of FBXL5 in brain development. We have now generated
mice lacking FBXL5 specifically in nestin-expressing neural stem progenitor cells (NSPCs)
in the brain. Unexpectedly, the mutant embryos manifested a progressive increase in
the number of NSPCs and astroglia in the cerebral cortex. Stabilization of iron regu-
latory protein 2 (IRP2) as a result of FBXL5 deficiency led to accumulation of ferrous
and ferric iron as well as to generation of reactive oxygen species. Pharmacological
manipulation suggested that the phenotypes of FBXL5 deficiency are attributable to
aberrant activation of mammalian target of rapamycin (mTOR) signaling. Our results
thus show that FBXL5 contributes to regulation of NSPC proliferation during mam-
malian brain development.

KEYWORDS SCF complex, brain development, iron regulation, ligase, mTOR, neural
stem cell, oxidative stress, ubiquitination

ron is an essential element for fundamental biological processes such as oxygen

transport, DNA synthesis, and oxidative phosphorylation (1). When iron is present in
excess, however, its ability to readily gain and lose electrons results in the formation of
damaging hydroxyl and lipid radicals (2). Iron levels are therefore strictly regulated at
both cellular and systemic levels, with aging and numerous pathological conditions,
including metabolic disorders, anemia, infections, and cancer, being associated with
iron dysregulation (3-5).

FBXL5 (F box and leucine-rich repeat protein 5) is a member of the F-box family of
proteins, which function as substrate recognition adapters for SCF-type ubiquitin
ligases (6, 7). FBXL5 senses iron and oxygen through its NH,-terminal hemerythrin-like
domain and promotes the degradation of iron regulatory protein 1 (IRP1) and IRP2 (8,
9), with regulation by the FBXL5-IRP axis being essential for the maintenance of iron
homeostasis at the cellular and systemic levels (10). IRPs are cytosolic RNA-binding
proteins and bind certain mRNAs that contain iron-responsive elements (IREs) and
encode proteins required for iron homeostasis, with such binding regulating the
translation or stability of these mRNAs (2). Under iron-limiting conditions, IRPs are
stabilized and participate in inhibitory binding to IREs in the 5" untranslated region
(UTR) of mRNAs for ferritin (which mediates iron storage) and ferroportin (which
mediates iron export), whereas their binding to IREs in the 3’ UTR of mRNAs for
transferrin receptor 1 (TfR1, which mediates iron uptake) and divalent metal transporter
1 (DMT1, which mediates iron transport) suppresses mRNA degradation by nucleases
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and thereby promotes synthesis of the encoded proteins. Together, these effects lead
to an increase in the size of the labile iron pool. FBXL5 deficiency results in sustained
accumulation of IRPs and unregulated iron uptake, eventually leading to iron overload
and the generation of reactive oxygen species (ROS) (10, 11).

The precise regulation of cell cycle progression and cell growth is essential for
development of the nervous system (12, 13). Neuroepithelial cells in the apical region
of the developing mammalian neocortex give rise to neural stem progenitor cells
(NSPCs), postmitotic neurons, and glial cells in a temporally and spatially controlled
manner. Although several signaling pathways, including those mediated by Wnt, Sonic
hedgehog, Notch, and fibroblast growth factor (FGF)-phosphatidylinositol 3-kinase
(PI3K), have been shown to regulate the proliferation and development of NSPCs (12,
14), the manner in which such signaling is maintained by metabolic conditions to
achieve proper control of neurogenesis remains a central question in neurodevelop-
mental biology (15, 16).

Recent studies suggest that iron metabolism plays an integral role in the mainte-
nance of brain homeostasis, with abnormal accumulation of iron in the brain having
been found to underlie the pathogenesis of several neurodegenerative diseases as well
as neuropsychiatric disorders at various developmental stages (17-19). Iron deposits
have thus been found in the substantia nigra and globus pallidus of individuals with
such conditions, whereas other brain regions such as the cortex and hippocampus
amass both ferric and ferrous iron (20-22). Changes in NSPC proliferation, differentia-
tion, and survival, as well as in neurite outgrowth and dendritic spine formation
induced by excess iron, have been linked to various aspects of disease pathogenesis,
but the metabolic and molecular consequences of iron excess remain largely unknown
(23, 24). A better understanding of how NSPCs are influenced by changes in iron
availability would thus be expected to provide insights into the complex nature of
NSPC biology in both normal and diseased states.

To examine how iron regulation contributes to neuronal development and main-
tenance, we generated mice that lack FBXL5 specifically in embryonic NSPCs. We found
that such FBXL5 ablation resulted in unregulated proliferation of NSPCs and conse-
quent defects in neurogenesis in the embryonic brain. The proliferative and functional
changes in NSPCs were associated with oxidative stress and activation of PI3K-Akt-
mTOR (mammalian target of rapamycin) signaling. Our results reveal the importance of
the regulation of iron metabolism in NSPCs and may have implications for a variety of
brain diseases.

RESULTS

Targeted inactivation of Fbx/5 in NSPCs promotes cell proliferation. To explore
the importance of homeostatic iron regulation in NSPCs, we crossed previously estab-
lished FbxI5 floxed (FbxI5f°x/flox) mice (10) with mice harboring a Cre transgene under
the control of the Nestin promoter (Nestin-Cre mice) and thereby obtained Nestin-Cre/
FbxI5flox/flox mice (here referred to as Fbx/5 conditional knockout [cKO] mice). Cre
recombinase-mediated deletion of Fbx/5 reduced the abundance of the corresponding
mMRNA in the embryonic brain to ~35% of that in Fbx/5flox/flox (control) mice (Fig. 1A and
B). This reduced abundance of Fbx/5 mRNA was associated with an increased amount
of IRP2 protein, which in turn was accompanied by increased expression of TfR1 and
decreased expression of ferritin in the forebrain of Fbx/5 cKO mice (Fig. 1C). Similar
changes in protein abundance were not apparent in the liver of Fbx/5 cKO mice (Fig.
10), suggesting that deletion of Fbx/5 was specific to the central nervous system.
Newborn mutant mice died within a day of delivery and were readily distinguished
from control animals by their overall appearance, characterized by a curled posture
(kyphosis) and drooping forelimbs (Fig. 1D and E), both features which are often
observed in newborn mice with a neuromotor defect (25). Given that pulmonary alveoli
were not inflated in the mutant offspring (Fig. 1F), apnea is likely responsible for the
neonatal lethality.
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FIG 1 Targeted deletion of Fbx/5 in embryonic NSPCs impairs brain development and induces neonatal death. (A) PCR analysis
of genomic DNA isolated from the forebrain of mice of the indicated genotypes at E18.5. The positions of amplified fragments
corresponding to wild-type (WT), floxed (Flox), and deleted (exons 4 and 5, AE4-5) alleles of Fbx/5 as well as to the
Nestin-Cre transgene are indicated. Fbx/5F/F, FbxI5fox/flox; Fbx|5+/F, Fbx/5+/fox (B) RT and real-time PCR analysis of Fbx/5
mMRNA in the forebrain of mice of the indicated genotypes at E14.5 and E18.5. Normalized data are expressed relative to
the value for FbxI5fex/lox mice at E14.5 and are from three independent experiments. (C) Lysates of the forebrain or liver
from mice of the indicated genotypes at postnatal day 0.5 were subjected to immunoblot (IB) analysis with antibodies
to the indicated proteins. Hsp90 was examined as a loading control. (D) Overall appearance of control (Ctrl) and
Nestin-Cre/FbxI5fox/flox (Fbx|5 cKO) mice at postnatal day 0.5. The mutant embryo manifests drooping forelimbs (arrow)
and abnormal body curvature (arrowheads). (E) Summary of genotypes determined for live embryos generated from
intercrosses of Fbx/5fex/flox males with Nestin-Cre/FbxI5+/flox females or of Nestin-Cre/FbxI5+/fox males with Fbx/5fox/flox
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To examine whether Fbx/5 cKO mice manifest abnormal brain development, we
subjected brain sections from embryos or neonates to histological analysis. Fbx/5 cKO
mice showed increased cell numbers in several brain regions (Fig. 1G). Specifically,
whereas the number of cells in the cortical plate (CP) or outer intermediate zone (1Z) of
the cortex did not differ significantly between Fbx/5 cKO and control mice at embryonic
day 18.5 (E18.5), the numbers of immature cells in the cortical ventricular/subventricu-
lar zone (VZ/SVZ) and the inner I1Z were increased by ~40% and ~90%, respectively, in
the mutant (Fig. TH and I). Consistent with these results, cultured neurospheres derived
from the mutant embryos were larger than those from control littermates (Fig. 1J and
K). The addition of moderate amounts of ferric iron to the culture medium resulted in
a marked increase in the diameter of neurospheres from control embryos (Fig. 1L),
indicating that iron promotes the proliferation of VZ/SVZ-derived cells.

We hypothesized that loss of FBXL5 might affect the proliferation or survival of
NSPCs, with such an effect accounting for the increased cell numbers in the VZ/SVZ and
inner I1Z of the Fbx/5 cKO brain. Whereas the frequencies of apoptotic cells in the VZ/SVZ
and 1Z regions of the cortex did not differ significantly between the two Fbx/5
genotypes, it was markedly increased in the CP of the Fbx/5 cKO brain at E18.5 (Fig. 2A
and B). The number of proliferating cells marked with antibodies to phosphorylated
histone H3 (pHH3) was increased in the VZ/SVZ of the frontal cortex of the cKO mice
compared with the level in control mice (Fig. 2C and D). The number of cells positive
for the mitotic marker Ki67 was also increased in both the VZ/SVZ of the cortex and the
lateral ganglionic eminence of the mutant (Fig. 2E to H). Consistent with these results,
the number of cells positive for both bromodeoxyuridine (BrdU) incorporation and Ki67
in the VZ/SVZ of the cortex was increased by ~30% in the mutant (Fig. 2l and J),
whereas the frequency of cells that had recently exited from the cell cycle (BrdU*/
Ki67~) was significantly lower in the mutant mice than in control animals (Fig. 2K and
L), indicating that more cells were engaged in cell division in the brain of Fbx/5 cKO
embryos than in the control brain. Together, these results suggested that more cells are
produced in the VZ/SVZ but that more cells die at the CP in the mutant brain than in
the control brain, with the overall size of the brain of cKO embryos thus remaining
unchanged.

FBXL5 ablation alters NSPC function. Recent models suggest that a reduced level
of cell cycle exit and generation of basally located intermediate progenitors would
affect corticogenesis (26-28). To explore potential NSPC abnormalities in FbxI5 cKO
mice, we evaluated brain cell composition with the use of various cell lineage markers.
Whereas the frequencies of Pax6-positive radial glial cells and nestin-positive stem and
progenitor cells in the cortex did not differ significantly between Fbx/5 cKO and control
mice at E14.5 (Fig. 3A, B, and I), the number of nestin-positive cells was substantially
greater in the mutant, in particular, in the VZ/SVZ, at E18.5 (Fig. 3C and I). The number
of Tbr2-positive intermediate progenitor cells was also increased in the mutant at E18.5
(Fig. 3D and I). We next examined whether the additional NSPCs generated in Fbx/5 cKO
mice contribute to formation of the specific layers of the CP. We detected an increase

FIG 1 Legend (Continued)

females. All genotypes at E14.5, E18.5, and postnatal day 0.5 (P0.5) are expected in equal numbers. (F) H&E staining of
lung tissue from control and Fbx/5 cKO mice at postnatal day 0.5. Scale bars, 100 wm. (G) H&E staining of the cerebrum
from control and cKO mice at postnatal day 0.5. The rostral-caudal axis for the sections is indicated, and the boxed areas
are shown at higher magnification in the insets. Scale bars, 200 um. (H) H&E staining of coronal sections of the forebrain
of control and cKO mice at E18.5. The boxed regions in the upper panels are shown at higher magnification in the lower
panels. CP, cortical plate; OlZ, outer intermediate zone; lIZ, inner intermediate zone; SVZ, subventricular zone; VZ,
ventricular zone. Scale bars, 50 um. (I) Relative cell numbers in the VZ/SVZ, 11Z, OIZ, and CP for each genotype (n = 3
mice, >6 sections per mouse) determined from sections similar to those in shown in panel H. (J) Representative
phase-contrast images of primary cultured neurospheres derived from control and Fbx/5 cKO mice at E14.5. Scale bar, 50
um. (K) Neurosphere diameter determined in three independent experiments for cultures similar to those shown in panel
J maintained for 3 days. (L) Neurosphere diameter determined in three independent experiments for cultures derived
from control embryos and maintained for 3 days in the presence of the indicated concentrations of ferric ammonium
citrate (FAC). Sections from control and Fbx/5 cKO mice were processed in parallel and imaged at the same settings. All
quantitative data are means *= SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test). NS, not significant.
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FIG 2 Ablation of FBXL5 results in increased proliferation of NSPCs. (A) Immunohistofluorescence analysis of cleaved
caspase-3 (Casp3) in representative sections of the cerebral cortex of control and Fbx/5 cKO mice at E18.5. Nuclei
were counterstained with DAPI. The boxed areas are shown at higher magnification in the insets. Arrows mark
apoptotic cells. LV, lateral ventricle. (B) Quantification of Casp3-positive cells in the indicated regions of the control and
FbxI5 cKO cortex (n = 3 mice, three sections per mouse) determined from sections similar to those shown in panel A.
(C) Immunohistofluorescence staining of phosphorylated histone H3 (pHH3) in coronal sections of the cortex of each
genotype at E16.5. Nuclei were stained with DAPI. (D) Quantification of pHH3* apical cells in sections (n = 3 mice, three
sections per mouse) similar to those shown in panel C. (E) Immunohistofluorescence staining of Ki67 in coronal sections
of the control and FbxI5 cKO cortex at E18.5. Nuclei were stained with DAPI. The boxed areas are shown at higher
magnification in the insets. (F) Quantification of Ki67* cells in the VZ/SVZ (n = 3 mice, three sections per mouse)
determined from sections similar to those shown in panel E. (G) Immunohistofluorescence analysis of Ki67 in coronal sections
of the lateral ganglionic eminence of each genotype at E18.5. Nuclei were stained with DAPI. (H) Quantification of Ki67+ cells in
sections (n = 3 mice, three sections per mouse) similar to those shown in panel G. (I) Immunohistofluorescence staining of Ki67
and BrdU in the cortex of each genotype at 1 h after pulse-labeling with BrdU in E18.5 embryos. (J) Quantification of the number
of cells positive for both Ki67 and BrdU determined from sections (n = 3 mice, three sections per mouse) similar to those shown
in panel I. (K) Immunohistofluorescence analysis of Ki67 and BrdU in the cortex of each genotype at 24 h after pulse-labeling with
BrdU in E14.5 embryos. (L) Quantification of the number of cells negative for Ki67 but positive for BrdU determined from sections
(n = 3 mice, three sections per mouse) similar to those shown in panel K. Sections from control and Fbx/5 cKO mice were
processed in parallel and imaged at the same settings. Scale bars, 50 um. All quantitative data are means *= SEM. *, P < 0.05; **,
P < 0.01 (Student’s t test).
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FIG 3 FBXL5 ablation alters NSPC differentiation in the brain. (A and B) Immunohistofluorescence staining of Pax6 or
nestin in coronal sections of the cortex of control and Fbx/5 cKO mice at E14.5. Nuclei were stained with DAPI. Scale
bars, 50 um. (C to H) Immunohistofluorescence staining of nestin, Tbr2, Cux1, Tbr1, MAP2, or GFAP, as indicated, in
coronal sections of the cortex at E18.5. Nuclei were stained with DAPI. Scale bars, 50 um. () Quantification of
immunoreactive cells in the cortex of each genotype (n = 3 mice, >6 sections per mouse) determined from sections
similar to those shown in panels A to H. Data are means + SEM. *, P < 0.05; **, P < 0.01 (Student’s t test).
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FIG 4 FBXL5 deficiency results in retention of immature cells and promotes astrogliogenesis in vitro. (A to C) Immunocytofluorescence
analysis of nestin and GFAP, MAP2 and GFAP, or 04, as indicated, in neurosphere cultures derived from control or Fbx/5 cKO embryos and
induced to differentiate for the indicated times. The boxed areas are shown at higher magnification in the insets. Nuclei were stained with
DAPI. Scale bars, 50 um. (D) Quantification of nestin-, GFAP-, MAP2-, or O4-positive cells at 3 or 7 days in vitro (DIV) for cultures similar
to those in shown in panels A to C. Data are means = SEM from three independent experiments. *, P < 0.05; **, P < 0.01 (Student’s t
test).

in the total number of Cux1-positive neuronal cells although such an increase was not
apparent in the cohesive outer layers (layers Il to IV) of the mutant brain sections (Fig.
3E and I). The number of cells expressing other neuronal markers, such as Tbr1 (layer
VI) and microtubule-associated protein 2 (MAP2), was either unaffected or tended to be
reduced in the mutant cortex (Fig. 3F, G, and I). These results thus suggested that fewer
upper-layer neurons were produced in the E18.5 Fbx/5 cKO brain, whereas the number
of neurons in lower layers was not affected. In contrast, the number of glial fibrillary
acidic protein (GFAP)-positive astrocytes in the 1Z was substantially increased in the
mutant cortex (Fig. 3H and I).

To recapitulate the effects of FBXL5 inactivation on NSPC differentiation in an in vitro
system, we induced the differentiation of control and mutant neurospheres by with-
drawing growth factors from the culture medium and adding fetal bovine serum for 3
to 7 days (Fig. 4). The frequencies of nestin-positive and GFAP-positive cells were
increased for the mutant neurospheres compared with levels in the control cultures
after 3 days of differentiation (Fig. 4A and D). At 7 days in vitro, the percentage of
GFAP-positive astrocytes was markedly increased for the Fbx/5 cKO cells compared with
the level in the control cells (Fig. 4B and D), whereas that of MAP2-positive neurons was
reduced (Fig. 4B and D) and that of O4-positive oligodendrocytes was unchanged (Fig.
4C and D). These results thus suggested that differentiation of the mutant NSPCs in
culture was skewed toward astrocytes, consistent with our in vivo findings (Fig. 3I).
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Iron accumulation induces oxidative stress in the Fbx/5 cKO brain. Given that
both accumulation of IRPs and iron deposition were previously observed in FbxI5—/~
embryos (10), we examined the brain of FbxI5 cKO embryos for similar effects. As in
FbxI5—/~ embryos, we found that the abundance of TfR1 mRNA was markedly in-
creased in the brain of Fbx/5 cKO embryos compared with the level in control embryos
(Fig. 5A). Immunoblot analysis also revealed accumulation of IRP2 (but not that of IRP1)
in the forebrain of FbxI5 cKO embryos, which likely accounted for the associated
upregulation of TfR1 (Fig. 5B). We next investigated the effects of such IRP2 upregu-
lation on cellular iron homeostasis. We thus examined the abundance of iron in serial
brain sections of E18.5 embryos with the use of diaminobenzidine (DAB)-enhanced
Turnbull and Perls’ stains, which are specific for ferrous (Fe2*) and ferric (Fe3*) iron,
respectively (29). Both ferrous and ferric iron deposition was detected in the mutant
cortex (Fig. 5C). The nonheme iron content of the brain, but not that of the liver, was
also increased in FbxI5 cKO embryos (Fig. 5D).

The increased iron abundance in the mutant brain would be expected to induce
ROS production, given that intracellular free iron induces oxidative stress (30). Consis-
tent with this notion, the fluorescence emitted by the ROS-sensitive dye 2',7'-
dichlorofluorescein diacetate (DCFDA) was significantly increased in neurospheres
derived from FbxI5 cKO embryos compared with that from control embryos (Fig. 5E). In
addition, the expression levels of genes for catalase, glutathione peroxidase 1 (GPx1),
and superoxide dismutase 1 (SOD1), which is upregulated by ROS, were found to be
significantly increased in the forebrain of mutant embryos (Fig. 5F). Importantly,
exposure of mutant neurospheres to the antioxidant N-acetylcysteine (NAC) for 3 days
under differentiation-inducing conditions was sufficient to reduce the number of
nestin-immunoreactive cells to control levels (Fig. 5G and H). These results thus
suggested that FBXLS5 is required for proper control of the abundance of proteins that
contribute to iron homeostasis and consequent prevention of oxidative stress during
corticogenesis.

The mTOR pathway is activated in the FbxI5 cKO brain. ROS have been shown
to activate the PI3K-Akt-mTOR pathway through reversible inactivation of phosphatase
and tensin homolog (PTEN) in NSPCs (31-33). Consistent with this finding, immuno-
blot analysis revealed that the fraction of oxidized PTEN was increased in the
forebrain of FbxI5 cKO mice at E18.5 (Fig. 6A). Evaluation of the activation status of
key downstream molecules in the PI3K-Akt-mTOR pathway revealed that the phos-
phorylation levels of Akt, ribosomal protein S6, and 4E-BP1 in the forebrain were
increased in the mutant compared with levels in the control (Fig. 6B). Of note, the
phosphorylation of signal transducer and activator of transcription 3 (STAT3) was
markedly increased in the mutant, consistent with the previous observation that
STAT3 phosphorylation was increased in mice that lack tuberous sclerosis complex
(TSC) and show hyperactivation of mTOR (34). The levels of the mTOR-associated
proteins Raptor and Rictor did not differ between Fbx/5 cKO and control mice (Fig.
6B). Immunohistofluorescence analysis also showed an increased level of S6 phos-
phorylation in the cortex of the mutant animals at E18.5 (Fig. 6C and D). Further-
more, the stimulatory effect of elevated ROS levels in FBXL5-deficient NSPCs on the
number of nestin-positive cells in differentiating neurospheres was abolished by
the PI3K inhibitor LY294002 (Fig. 6E and F), suggesting that this effect may be
dependent on the PI3K pathway.

To examine whether the aberrant proliferation and differentiation of NSPCs in Fbx/5
cKO mice are indeed attributable to mTOR activation, we examined whether pharma-
cological inhibition of mTOR might reverse Fbx/5 mutant phenotypes. Treatment of
pregnant dams with rapamycin at E14.5 attenuated the difference in cellularity of the
VZ/SVZ and inner IZ regions apparent between Fbx/5 cKO and control embryos at E18.5
(Fig. 7A and B). In addition, the increase in the number of NSPCs positive for nestin and
Ki67 was no longer apparent in mutant embryos exposed to rapamycin (Fig. 7C and D).
Immunoblot analysis also revealed that the increase in the phosphorylation level of
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FIG 5 Iron accumulation and oxidative stress in the brain of Fbx/5 cKO mouse embryos. (A) RT and real-time PCR analysis
of TfRT mRNA in the brain of control and Fbx/5 cKO mice at E14.5 or E18.5. Normalized data from three independent
experiments are expressed relative to the corresponding values for control mice at E14.5. (B) Immunoblot analysis of
forebrain extracts from E18.5 mice of the two genotypes with antibodies to the indicated proteins. The asterisk indicates
a nonspecific band. (C) DAB-enhanced Turnbull or Perls’ staining of the forebrain of E18.5 control and Fbx/5 cKO mice. (D)
Nonheme iron content of the cerebrum and liver of control (n = 3) and Fbx/5 cKO (n = 3) mice at E18.5. (E) Flow cytometric
analysis of DCFDA fluorescence in neurospheres derived from the E14.5 forebrain of the two genotypes. The ROS level in
the neurospheres was assessed by determination of the relative mean fluorescence intensity in three independent experiments.
(F) RT and real-time PCR analysis of catalase (Cat), GPx1, and SOD1 mRNAs in the forebrain of E14.5 and E18.5 mice. Data are from
three independent experiments. (G) Immunofluorescence analysis of nestin in neurospheres derived from the forebrain of control
or FbxI5 cKO mice at E14.5. The cells were cultured with T mM NAC or vehicle for 3 days under differentiation-inducing conditions.
Nuclei were stained with DAPI. The boxed areas are shown at higher magnification in the insets. (H) Quantitative analysis of
nestin-positive cells in sections similar to those in shown in panel G. Data are from three independent experiments. Scale bars,
50 wm. All quantitative data are means * SEM. *, P < 0.05; **, P < 0.01 (Student's t test).
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FIG 6 Activation of mTOR signaling in the brain of Fbx/5 cKO mouse embryos. (A) Immunoblot analysis of PTEN
in forebrain extracts from E18.5 control and Fbx/5 cKO mice. Electrophoresis was performed under reducing
[+ dithiothreitol (DTT)] or nonreducing (— DTT) conditions. The positions of reduced (Red) and oxidized (Oxi)
forms of PTEN are indicated. (B) Immunoblot analysis of forebrain extracts from E18.5 mice of the two
genotypes with antibodies to total or phosphorylated (p-) forms of the indicated proteins. The asterisk
indicates a nonspecific band. (C) Immunohistofluorescence staining of phosphorylated S6 in coronal sections
of the cortex at E18.5. Nuclei were stained with DAPI. Scale bars, 50 um. (D) Quantification of cells positive
for phospho-S6 in sections (n = 3 mice, three sections per mouse) similar to those shown in panel C. Data are
means * SEM. **, P < 0.01 (Student’s t test). (E) Immunofluorescence analysis of nestin in neurospheres
derived from the cerebrum of control or FbxI5 cKO mice at E14.5. The cells were cultured with 10 uM LY294002
or DMSO vehicle for 3 days under differentiation-inducing conditions. Nuclei were stained with DAPI. The
boxed areas are shown at higher magnification in the insets. Scale bars, 50 um. (F) Quantitative analysis of
cells positive for nestin in experiments similar to the experiment shown in panel E. Data are means * SEM
from three independent experiments. *, P < 0.05 (Student’s t test).

4E-BP1 in the mutant forebrain was prevented by rapamycin treatment (Fig. 7E).
Consistent with these in vivo data, the increase in the number of cells positive for
phosphorylated S6 or for GFAP apparent in FbxI5 cKO neurospheres was attenuated by
rapamycin (Fig. 7F to H). Finally, the increased proliferation of nestin-positive NSPCs in
neurospheres derived from FbxI5 cKO mice was not significant after treatment with
rapamycin (Fig. 7l and J). Collectively, these results suggested that the increase in the
number of NSPCs in FbxI5 cKO mice is attributable to aberrant activation of mTOR
signaling.
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FIG 7 Inhibition of mTOR ameliorates the impaired function of FBXL5-deficient NSPCs. (A) H&E staining of coronal sections of the forebrain
of control and FbxI/5 cKO mouse embryos exposed to rapamycin (Rapa) or vehicle (Veh) from E14.5 to E18.5 before analysis. (B) Quantification
of relative cell numbers in the VZ/SVZ and inner IZ regions of sections (n = 3 mice, three sections per mouse) similar to those shown in panel
A. (C) Immunohistofluorescence staining of nestin and Ki67 in coronal sections of the forebrain for embryos exposed to rapamycin or vehicle
as described for panel A. Nuclei were stained with DAPI. (D) Quantification of Ki67* cells in sections (n = 3 mice, three sections per mouse)
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DISCUSSION

The present study reveals that FBXL5 is a key regulator of iron levels in embryonic
NSPCs and that, as such, it ensures the proper maintenance and differentiation of these
cells. Furthermore, we show that FBXL5 regulates NSPC expansion by affecting signal-
ing molecules downstream of ROS and mTOR that have previously been implicated in
NSPC proliferation (33, 34).

Whereas some previous studies have suggested that increased ROS levels in NSPCs
in the SVZ of the mouse forebrain might be associated with the proliferative or
activation status of these cells (33, 35), others based on the conditional deletion of Foxo
or Fip200, both of which contribute to the regulation of intracellular ROS production,
have suggested that increased ROS levels in NSPCs result in cell death (36-38). These
previous findings have led to the proposal that moderate ROS levels promote both
symmetric and asymmetric division of NSPCs, whereas levels that are too high impede
NSPC division or eventually result in cell death (30). It is therefore plausible that ROS
levels in the brain of Fbx/5 cKO embryos are within the range of those that promote
NSPC proliferation.

An association between mTOR activity and iron concentration has been suggested
by both in vitro and in vivo studies (39). The activity of mTOR was thus found to be
reduced by iron chelation in monkey COS-1 cells (40), human myeloid leukemia K562
cells (41), and red blood cells from mice challenged with a low-iron diet (42). On the
other hand, the activity of the mTOR-containing complexes mTORC1 and mTORC2 was
shown to be increased in the forebrain of two genetic mouse models of iron deficiency
(CAMKIla-Cre/DMT1flox/flox and CAMKIla-tTA-driven overexpression of a nonfunctional
dominant negative form of TfR1) (43). These apparently inconsistent results suggest
that the effect of iron deficiency on mTOR activity might be context dependent. In the
case of Fbx/5 cKO mice, we found that increased iron levels result in activation of mTOR
signaling in vivo, likely through a distinct mechanism, that is, oxidative stress-mediated
inactivation of PTEN. Further studies of the effects of iron status in different tissues are
warranted to provide further insight into the regulation of mTOR signaling by this
element.

Our conditional mouse model recapitulates several distinctive neurodevelopmental
phenotypes of PTEN inactivation and mTOR activation, including aberrant expansion of
VZ/SVZ regions, increased frequency of astrocytes, and altered cortical neurogenesis
(34, 44-46). We found that the level of STAT3 phosphorylation was increased in the
FBXL5-deficient brain. STAT3 was previously shown to act in a synergistic manner with
mTOR to induce the transcriptional activation of STAT3 target genes, such as those for
GFAP and serpinA3 (47). Such a mechanism may explain the link between mTOR
hyperactivation and both an increased frequency of astrocytes and neuronal loss in the
developing forebrain (34). Given that such features have been suggested to be respon-
sible for early neurodevelopmental conditions such as epilepsy and autism spectrum
disorder (45, 48), our results provide a possible connection between excess iron and
mTOR activation under these conditions (Fig. 7K). The amount of non-protein-bound
iron has recently been shown to be increased in the brain of a rodent model of autism
as well as in human patients (17, 49). Whether mTOR signaling is in part responsible for
iron overload pathophysiology warrants further investigation with the use of preclinical
model systems (18, 20). If so, therapeutic approaches based on both iron chelation and
mTOR inhibition may prove effective for human neurological diseases.

FIG 7 Legend (Continued)
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similar to those shown in panel C. (E) Quantification of the relative 4E-BP1 phosphorylation level by immunoblot analysis of forebrain extracts
from embryos treated with rapamycin or vehicle as described for panel A. (F and I) Immunocytofluorescence staining of phospho-S6 and GFAP
or of nestin in neurospheres derived from control or Fbx/5 cKO embryos and cultured in the presence of 100 nM rapamycin or DMSO vehicle
for 3 days under differentiation-inducing conditions. Nuclei were stained with DAPI. (G, H, and J) Quantification of cells positive for
phospho-S6, GFAP, or nestin, as indicated, in experiments similar to those shown in panels F and I. Data are from three independent
experiments. (K) Molecular and other phenotypes shared by Fbx/5 cKO mice and mouse models of mTOR activation in the developing brain.
See the text for details. The boxed areas in panels C, F, and | are shown at higher magnification in the insets. Scale bars, 50 um. All quantitative

data are means = SEM. *, P < 0.05; **, P < 0.01 (Student’s t test).
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MATERIALS AND METHODS

Mice. Fbx/5fox/flox mice (10) were intercrossed with Nestin-Cre transgenic mice (50) to produce
Nestin-Cre/FbxI5fox/flex offspring. Mice were genotyped by PCR analysis of genomic DNA with primers for
FbxI5 (5'-CAGGCAAGTGGACAGAAAAGCAAC-3', 5'-CATTTAGCCCAGTACCTGCCTGTG-3’, and 5'-TGTCAAA
GACAAAACCAGAGTCGG-3') and for Nestin-Cre (5'-TCGACCAGTTTAGTTACCC-3" and 5'-AGGTTCGTTCAC
TCATGGA-3'). All animals were maintained under specific-pathogen-free conditions, and all experiments
were approved by the animal ethics committee of Kyushu University.

Neurosphere formation and differentiation assays. A neurosphere formation assay was per-
formed as previously described (50). Cortical cells isolated from embryos at embryonic day 14.5 (E14.5)
were suspended in Neurobasal medium (Invitrogen) supplemented with 1% penicillin-streptomycin
(Invitrogen), 1% L-glutamine (Invitrogen), B27 (Invitrogen), basic fibroblast growth factor (FGF) (20 ng/ml;
R&D Systems), and epidermal growth factor (20 ng/ml; Invitrogen) and were then plated at clonal density
(2.0 X 10* cells/ml) in Ultra-Low Attachment 24-well plates (Corning) and cultured for 3 to 7 days. For
a differentiation assay, dissociated neurospheres (1 X 10° cells) were suspended in Neurobasal medium
supplemented with 1% penicillin-streptomycin, 1% L-glutamine, B27, and 1% fetal bovine serum (Gibco),
plated on glass coverslips that had been coated with poly-L-lysine (Sigma-Aldrich), placed in 24-well
plates, and then cultured for an additional 3 to 7 days. Culture was performed in the absence or presence
of N-acetylcysteine (NAC; Sigma-Aldrich), LY294002 (Cell Signaling Technology), or rapamycin (R-5000; LC
Laboratories).

Immunocytofluorescence analysis. Cells from neurosphere differentiation cultures were fixed for 10
min with 4% paraformaldehyde in phosphate-buffered saline (PBS), permeabilized with 0.1% saponin,
and exposed to 5% bovine serum albumin (BSA) before incubation with primary antibodies and Alexa
Fluor-conjugated secondary antibodies as described below for tissue sections. The primary antibodies
included those to nestin (rat-401; Millipore), to MAP2 (ab7756; Abcam), to GFAP (ZO334; Dako), to O4
(MAB1326; R&D Systems), and to phosphorylated S6 (2211; Cell Signaling Technology).

Iron histochemistry. Pregnant mice were anesthetized by intravenous injection of pentobarbital
sodium (648 mg/kg of body weight) and then perfused first with 50 mM hydrogen sulfide in deionized
water and then with 4% paraformaldehyde in PBS. Iron was detected in cryostat sections of embryos by
diaminobenzidine (DAB)-enhanced Perls’ or Turnbull staining. Tissue sections were washed with deion-
ized water, incubated for 30 min with Perls’ reagent (5% potassium ferrocyanide in 5% HCI) or Turnbull
reagent (5% potassium ferricyanide in 5% HCI), and then washed again in deionized water before
incubation at room temperature first for 15 min with unactivated DAB (0.05% DAB in deionized water)
and then for 10 min with activated DAB (0.05% DAB in 1% H,0,). Tissue sections from control and mutant
mice were processed at the same time to allow monitoring and detection of nonspecific staining.

Immunohistofluorescence staining. Immunofluorescence staining of paraffin-embedded or frozen
sections was performed as described previously (50). The brain isolated from embryos at E14.5 to E18.5
was fixed overnight at 4°C with 4% paraformaldehyde in PBS. Paraffin-embedded sections (4 um) were
prepared and stained with hematoxylin-eosin (H&E) for routine histological examination or left unstained
for immunofluorescence analysis. H&E-stained sections were examined with a light microscope (Axio-
Imager A1; Zeiss), and images were acquired with a digital camera (AxioCam HRc; Zeiss) and AxioVision
software (version 4.4; Zeiss). For immunofluorescence analysis, sections were depleted of paraffin,
rehydrated, treated for antigen retrieval, and exposed to 5% BSA before incubation overnight at 4°C with
primary antibodies. Frozen sections (16 wm) were also exposed to 5% BSA before incubation overnight
at 4°C with primary antibodies. The primary antibodies included those to pHH3 (9701; Cell Signaling
Technology), to Ki67 (SP6; Thermo Scientific), to cleaved caspase-3 (9661; Cell Signaling Technology), to
Pax6 (AB5409; Chemicon), to nestin (rat-401; Millipore), to Tbr1 (ab31940; Abcam), to Thr2 (AB2283;
Millipore), to Cux1 (sc-13024; Santa Cruz Biotechnology), to MAP2 (ab7756; Abcam), to GFAP (Z0334;
Dako), to NG2 (AB5320; Millipore), to myelin basic protein (MBP) (AB980; Millipore), to phospho-S6 (2211;
Cell Signaling Technology), and to ferritin (F6136; Sigma-Aldrich). Sections were counterstained with
4’ 6-diamidino-2-phenylindole (DAPI). Immune complexes were detected with secondary antibodies
labeled with Alexa Fluor 488 or 546 (Invitrogen). Images were acquired with a laser scanning confocal
microscope (LSM700; Zeiss) and ZEN imaging software (Zeiss).

BrdU labeling. Pulse-labeling with bromodeoxyuridine (BrdU; Sigma-Aldrich) was performed by
intraperitoneal injection of pregnant dams at E18.5 with BrdU (50 ng/g) 1 h before isolation of embryos
for analysis. The embryos were fixed in PBS containing 4% paraformaldehyde and embedded in paraffin.
Sections were stained overnight at 4°C with biotin-conjugated mouse antibodies to BrdU (BD Biosci-
ences), and immune complexes were then detected with Alexa Fluor 488-conjugated streptavidin
(Invitrogen). For analysis of cells that had recently exited from the cell cycle, pregnant dams were injected
with BrdU at E14.5, and embryos were isolated 24 h later for immunostaining with antibodies to BrdU
and with those to Ki67 (SP6; Thermo Scientific). The percentage of cells labeled with BrdU that were
negative for Ki67 was determined.

Rapamycin administration. Rapamycin (R-5000; LC Laboratories) was prepared as a stock solution
(10 mg/ml) in dimethyl sulfoxide (DMSO), which was stored at —20°C and then diluted before each
administration with a solution containing 5% Tween 80 and 5% polyethylene glycol 400 (Sigma).
Pregnant dams were injected intraperitoneally with rapamycin (0.2 mg/kg) or vehicle at E14.5, and
embryos were isolated for analysis at E18.5.

Total nonheme iron determination. Total nonheme iron was measured as described previously (10,
51). Tissue was dried for 48 h at 45°C, weighed, digested for 48 h at 65°C in acid solution (10%
trichloroacetic acid in 10% HCI), and then mixed with 5 volumes of chromogen solution (0.01%
bathophenanthroline-disulfonic acid, 0.1% thioglycolic acid, 7 M sodium acetate) and incubated for 10
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min at room temperature before measurement of absorbance at 535 nm. A certified iron standard
solution (Nakarai) was used to determine iron levels.

Intracellular ROS measurement. Dissociated neurospheres derived from E14.5 mouse cortical tissue

were labeled for 30 min at room temperature with 5 uM 2',7'-dichlorofluorescein diacetate (DCFDA;
Invitrogen) in PBS, washed three times with PBS, suspended in Neurobasal medium containing pro-
pidium iodide (5 wg/ml), and incubated for 1 h at room temperature before flow cytometric analysis with
a FACSCalibur instrument (BD Biosciences) and Cell Quest software (BD Biosciences).

RT and real-time PCR analysis. Reverse transcription (RT) and real-time PCR analysis were per-

formed as previously described (52) with mRNA isolated from embryos with the use of the Isogen
reagent (Nippon Gene). The sequences of PCR primers (forward and reverse, respectively) were 5'-TCT
TCCTCCTGAGGTAATGCTGTCC-3" and 5'-CACAAAGATCCTGTTTTTGCCAGC-3’ for FBXL5, 5'-GGTGATCCAT
ACACACCTGGCTT-3" and 5'-TGATGACTGAGATGGCGGAA-3' for TfR1, 5'-GCAGATACCTGTGAACTGTC-3’
and 5'-GTAGAATGTCCGCACCTGAG-3' for catalase, 5'-CCTCAAGTACGTCCGACCTG-3" and 5'-CAATGTCG
TTGCGGCACACC-3’ for GPx1, 5'-AAGGCCGTGTGCGTGCTGAA-3’ and 5'-CAGGTCTCCAACATGCCTCT-3’ for
SOD1, and 5'-GCTTCCTGGAGGGTGTCC-3" and 5'-GGACTCGTTTGTACCCGTTG-3" for RPLPO (ribosomal
protein, large, P0). Data were normalized by the corresponding amount of RPLPO mRNA.

Immunoblot analysis. Immunoblot analysis was performed as previously described (53) with

antibodies to IRP1 (sc-14216; Santa Cruz Biotechnology), to IRP2 (generated by K. Iwai, Osaka University),
to TfR1 (13-6800; Invitrogen), to ferritin (F6136; Sigma-Aldrich), to Akt (2967), to Thr3°8-phosphorylated
Akt (2965), to Ser#73>-phosphorylated Akt (4060), to TSC2 (4308), to mTOR (2983), to Raptor (2280), to
Rictor (2114), to S6 (2217), to Ser?3>/236-phosphorylated S6 (2211), to 4E-BP1 (9644), to 4E-BP1 phos-
phorylated at Thr37/46 (2855), Ser®> (9451), or Thr7° (9455), to STAT3 (9132), to Tyr7°>-phosphorylated
STAT3 (9131), and to Hsp90 (610419; BD Biosciences). Identification of reduced and oxidized forms of
PTEN was performed as described previously (54) with antibodies to PTEN (9188). All antibodies were
from Cell Signaling Technology unless indicated otherwise. The band intensities were normalized with
corresponding Hsp90 abundance and quantitated with the use of ImagelJ software (National Institutes of
Health).

Statistical analysis. Results for continuous variables are presented as means * standard errors of the

means (SEM). Comparisons between two groups were performed with Student’s t test for independent
samples. A P value of <0.05 was considered statistically significant.
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