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Heterozygous mutations in the FOXGI gene manifest as
FOXG1 syndrome, a severe neurodevelopmental disorder char-
acterized by structural brain anomalies, including agenesis of
the corpus callosum, hippocampal reduction, and myelination
delays. Despite the well-defined genetic basis of FOXG1 syn-
drome, therapeutic interventions targeting the underlying
cause of the disorder are nonexistent. In this study, we explore
the therapeutic potential of adeno-associated virus 9 (AAV9)-
mediated delivery of the FOXGI gene. Remarkably, intracere-
broventricular injection of AAV9-FOXG1 to Foxgl heterozy-
gous mouse model at the postnatal stage rescues a wide
range of brain pathologies. This includes the amelioration of
corpus callosum deficiencies, the restoration of dentate gyrus
morphology in the hippocampus, the normalization of oligo-
dendrocyte lineage cell numbers, and the rectification of mye-
lination anomalies. Our findings highlight the efficacy of
AAV9-based gene therapy as a viable treatment strategy for
FOXG]1 syndrome and potentially other neurodevelopmental
disorders with similar brain malformations, asserting its ther-
apeutic relevance in postnatal stages.

INTRODUCTION

The recent advancement of genetic testing technology identified the
genetic cause of many neurodevelopmental disorders and greatly
facilitated the diagnosis of those disorders in clinics. A large propor-
tion of genetically defined neurodevelopmental disorders is caused by
the mutations of the genes that play an important role in brain devel-
opment. Many such disorders are associated with brain structural def-
icits, such as microcephaly, corpus callosum agenesis, underdevel-
oped hippocampus, and myelination deficits. A pivotal but
unresolved issue is if the perinatal brain malformations, particularly
those originated by neuronal defects in utero, can be reversed by
the treatment at postnatal stages by which the neurogenesis and
axonal wiring are largely completed.

The FOXG1 syndrome (FS), also previously known as a congenital
variant of Rett syndrome, results from mutations in a single allele

of the FOXGI gene, and thus FS patients are heterozygous for
FOXGI pathogenic variants.' > Most FS is caused by de novo muta-
tions in FS patients, although a small portion of FS is attributed to
the gonadal mutations in parents of FS patients.” As FS is caused
by the haploinsufficiency of FOXGI gene dosage, it is a suitable target
for AAV9-directed gene therapy for normalizing FOXG1 levels.
Notably, human magnetic resonance imaging studies revealed that
FS is associated with severe brain structural deficits, including micro-
cephaly, hypogenesis of the corpus callosum, delayed myelination,
and hippocampus atrophy.' > Clinically, FS is characterized by
various symptoms, including profound intellectual disability, invol-
untary and continuous jerky movements, feeding problems, sleep dis-
turbances, irritability, and excessive crying.' > Additionally, many
FS patients cannot speak or walk on their own and experience epi-
lepsy. As FS patients display autistic features, including repetitive
movements and poor social interaction skills, FS is considered an
autism spectrum disorder (ASD).” Interestingly, the gene duplication
for FOXGI is also linked to ASD.%” In addition, the human FOXGI
gene is one of the most strongly upregulated genes during neuronal
differentiation of induced pluripotent stem cells (iPSCs) derived
from a cohort of idiopathic ASD individuals.*” FOXGI has also
been implicated in Alzheimer’s disease, schizophrenia, and brain can-
cers.”'%"" These results highlight that controlling the FOXG1 dosage
is crucial for human brain development and function.
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The FOXGI gene encodes the transcription factor FOXG1, which is
crucial for forebrain development.'* In mice, complete elimination
of the Foxgl gene results in a drastic reduction of the cerebral hemi-
spheres in part due to reduced proliferation and precocious differen-
tiation of FOXG1-deficient neural progenitors.'™'® Foxgl haploin-
sufficiency in mice leads to disrupted forebrain development,
resulting in neocortex reduction, hippocampus abnormalities, and
corpus callosum agenesis,'*'” like human FS.">° This brain mal-
formation upon the loss of one Foxgl allele is attributed to a
decreased population of cortical intermediate progenitors and
reduced supragranular cortical layers.'*'®'” The axons of callosal
neurons in the cerebral cortex extend across the midline of the brain
and connect the two cortical hemispheres, forming the corpus cal-
losum. Importantly, deletion of only one FoxgI allele in cortical neu-
rons (FoxgI-conditional heterozygous mice, Foxg"*;NexCre, here-
in referred to as Foxgl-cHet) recapitulated Foxgl haploinsufficiency
conditions, including microcephaly, corpus callosum malformation,
and reduction of the cortical upper layers,'* suggesting that
FOXGI action in postmitotic neurons is required for the forebrain
development.

Despite the recent advances in AAV9-directed gene therapy for cen-
tral nervous system diseases,””" the efficacy of this technology in cor-
recting prenatal brain malformations associated with neurodevelop-
mental disorders remains unclear. To explore this critical issue, we
assessed the effectiveness of postnatal administration of the FOXGI
gene using the AAV9 vector to counteract brain structural deficits
in a Foxgl haploinsufficiency mouse model. Our study reveals that
postnatal injection of AAV9-FOXGI substantially rescued the severe
brain anatomical impairments observed in FS. Our results highlight
that AAV9-directed gene therapy can be explored to treat neurodeve-
lopmental disorders presenting with brain structural abnormality.

RESULTS

Foxg1-cHet mice show corpus callosum agenesis and
anatomical changes in the hippocampus

The corpus callosum agenesis and microcephaly are the two cardinal
features of human FS.'~ In mice, the generation of cortical projection
neurons and their positioning within the cortex are accomplished by
birth, resulting in the formation of a six-layered cerebral cortex. The
callosal axonal bundles bridging the cortical hemispheres, which form
the corpus callosum, are evident by embryonic day (E) 16.5, and
the callosal connection is largely completed by postnatal day (P)
0 in mice.

Notably, Foxgl-cHet mice showed reduced cortex thickness and short-
ened corpus callosum,'” similar to human FS brains.! ™ The immuno-
staining with the axonal marker L1 (L1CAM) antibody revealed that
the loss of corpus callosum was prominent in the posterior region of
Foxgl-cHet brains at P3, compared with littermate control (Foxg!™"
or Foxgl'"* without Cre) mice (Figure S1). These results suggest that
the corpus callosum agenesis in Foxgl mutant mice is prenatal deficits
driven by neuronal differentiation, neuronal migration, and axon guid-
ance defects in embryonic brains.
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To determine if Foxgl-cHet mice show hippocampal morphology
changes similar to Foxgl global heterozygous mice,'”** we performed
immunostaining analysis with antibody against CTIP2 (BCL11B),
which is expressed in pyramidal cells in CA1 and CA2 areas and gran-
ular neurons in the dentate gyrus.”” This analysis revealed prominent
anatomical changes in the hippocampus of Foxgl-cHet brains at P27
(Figure 1A). Most strikingly, the length of the dentate gyrus was sub-
stantially reduced in Foxgl-cHet brains. The apex, where the enclosed
blade and exposed blade meet, was wider in angle, and the overall “V”
shape of the apex became unsharpened in the dentate gyrus of Foxgl-
cHet mice. Overall, Foxgl-cHet mice showed marked morphological
changes in the corpus callosum and hippocampus.

Foxg1-cHet mice display increased oligodendrocyte precursor
cells

Although delayed myelination and reduced white matter volume
were found frequently in FS,'* the role of FOXG1 in developing ol-
igodendrocytes remains unknown. Given that FOXGI is expressed in
oligodendrocyte precursor cells (OPCs) but downregulated as OPCs
differentiate into oligodendrocytes (Figure S2),”* we examined the
number and distribution of OPCs in P27 FoxgI-cHet brains using im-
munostaining analysis with antibodies against OLIG2, a marker for
the oligodendrocyte cell lineage with the highest expression in
OPCs,*”*® and myelin basic protein (MBP), a major myelin constit-
uent and a marker for oligodendrocyte differentiation and myelina-
tion. Interestingly, the number of OLIG2" OPCs was markedly
increased in the cortex of Foxgl-cHet mice (Figure 1B). In addition,
the intensity of MBP™ oligodendrocyte processes and branches were
reduced, indicating a deficiency in myelination in Foxgl-cHet mice
(Figure 1B). These data suggest a role of FOXG1 in oligodendrocyte
development.

Generation and characterization of scAAV9-FOXG1 virus

To test if the delivery of the human FOXGI gene to Foxgl-cHet brains
rescues any cellular and morphological phenotypes, we generated the
self-complementary (sc) AAV9 vector, scAAV9-FOXGI, in which
chicken beta-actin promoter (pCBA)*’ drives the expression of the
codon-optimized human FOXGI gene (Figure 2A). To determine
the transduction efficiency and cell types of human FOXGI expres-
sion upon the delivery of scAAV9-FOXGI, we carried out an intra-
cerebroventricular (ICV) injection of scAAV9-FOXG1 virus into
wild-type mice at P1 and collected the brains at P15 and P22, and per-
formed RNAscope in situ hybridization assay*® with the fluorescence
probe designed to detect only the exogenous human FOXGI mRNA
but not the endogenous mouse Foxgl mRNA. As expected, human
FOXGI1 mRNA was detected only in scAAV9-FOXG1 virus-injected
brains, but not in uninjected control brains (Figure 2B), confirming
that human FOXGI in situ hybridization probe is specific to human
FOXGI and does not detect mouse Foxgl. Our data indicate that
scAAV9-FOXGI drives the expression of human FOXGI mRNA in
the brains. The distribution pattern of human FOXGI was similar be-
tween P15 and P22 (Figure 2B). Human FOXGI was expressed in the
brain areas that express mouse Foxgl endogenously, such as the cere-
bral cortex, olfactory bulb, hippocampus, and striatum (Figures 2B
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Figure 1. Foxg1-cHet brains display dentate gyrus abnormalities, aberrantly increased OLIG2* oligodendrocyte lineage cells, and myelination deficiency
(A) Immunohistochemical analysis with CTIP2 antibody reveals prominent anatomical changes in the hippocampus of Foxg7-cHet brains at P27, including the shorter dentate
gyrus length (yellow line in schematics) and wider apex angle between the two blades (red line in schematics). (B) Immunohistochemical analysis with antibodies against
OLIG2 and MBP shows increased OLIG2* OPCs and dysregulated MBP" myelination patterns in P27 Foxg1-cHet brains. Scale bars, 500 um (lower magnification images) or
100 pum (higher magnification images). n = 5 mice per condition. The representative images are shown.

and S3). In addition, it is also expressed in the brain regions lacking
endogenous mouse Foxgl expression, such as the thalamus, cere-
bellum, pons, and medulla (Figure 2B).

Overall, the postnatal ICV injection of scAAV9-FOXGI in mice trig-
gered the expression of exogenous human FOXGI in mouse brains.

scAAV9-FOXG1 enhanced FOXG1 protein expression in Foxg1-
cHet mice

The successful expression of human FOXGI following injection of
scAAV9-FOXGI in the postnatal brain prompted us to ask if
scAAV9-FOXGI can rescue phenotypes of Foxgl-cHet mice related
to pathophysiology FS. To this end, we injected scAAV9-FOXG1
into Foxgl-cHet mice at P1 and analyzed their brains at P27.

We tested the expression of FOXG1 using in situ hybridization assays.
Human FOXGI-specific in situ hybridization probe did not cross-
react with mouse Foxgl mRNA, as shown by the absence of red
fluorescence signal in control and Foxgl-cHet brains without
scAAV9-FOXG1 (Figures 3A and S4). In scAAV9-FOXGl1-injected
Foxgl-cHet brains, human FOXGI mRNAs were expressed in mouse
Foxgl-expressing regions, such as the cortex, hippocampus, striatum,
and non-Foxgl-expressing areas, such as the thalamus (Figure 3A).
Double in situ hybridization assays with human FOXGI-specific
and mouse Foxgl-specific probes revealed that human FOXGI was
expressed in mouse Foxgl-positive cells in the cortex, striatum, and

hippocampus, and was also detected in mouse Foxgl-negative cells
in the thalamus (Figure S4).

To assess the distribution pattern and overall level of FOXG1 protein
across different brain regions, we dissected specific brain areas and
performed western blot (WB) analysis using FOXG1 antibody that
recognizes both endogenous mouse FOXG1 and exogenous human
FOXG1 (Figures 3B and S5). The mouse FOXG1 protein was detected
in the cortex, hippocampus, striatum, and the sample combining thal-
amus and hypothalamus in control mice. FoxgI-cHet mice exhibited
reduced FOXGI levels in the cortex, hippocampus, and hypothala-
mus, where Nex-Cre is active,”’ but not in the striatum that does
not express Nex-Cre. Interestingly, FOXG1 proteins were detected
as double bands in scAAV9-FOXGl-injected brains, suggesting hu-
man FOXG1 protein-specific posttranslational modification. The
overall FOXG1 protein levels were elevated in scAAV9-FOXGI-in-
jected Foxgl-cHet brains relative to uninjected Foxgl-cHet brains.

To monitor changes in FOXGL1 protein levels at the cellular scale, we
conducted immunostaining analyses using two different FOXGI an-
tibodies and measured the fluorescence signal intensity in each
FOXGI" single cell in the cortex (Figures 3C-3E). FOXG1 protein
levels were significantly reduced in Foxgl-cHet cortex relative to
the control cortex. Consistent with in situ hybridization and
WB results, administration of scAAV9-FOXGI increased the
overall FOXG1 protein levels in Foxgl-cHet cortex significantly
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(Figures 3C-3E). Together, our data show that the reduced FOXG1
levels in Foxgl-cHet brains were restored upon injection of
scAAV9-FOXGI.

scAAV9-FOXG1 restored the corpus callosum and cortical
neurons in Foxg1-cHet mice

Next, we asked if the postnatal expression of FOXGI can rescue the
prenatal defects caused by Foxgl haploinsufficiency.'*'”"? The
abrupt disconnection of L1 callosal nerves at the midline and the for-
mation of the Probst bundle were evident in the posterior cortex of
Foxgl-cHet mice at P27 (Figures 4A and 4B), indicating that the
corpus callosum agenesis is not reversed in Foxgl-cHet mice during
postnatal brain maturation. Strikingly, the callosal connections were
recovered in  scAAV9-FOXGl-injected  Foxgl-cHet brains
(Figures 4A and 4B). The thickness of the corpus callosum in the ante-
rior region was comparable between control and Foxgl-cHet brains
and was not affected by scAAV9-FOXG1 injection (Figure S6).

To test if postnatal FOXG1 expression influences the number of
cortical neurons, we assessed the number of CTIP2" deep-layer neu-
rons and upper-layer cells above the CTIP2" layer. Intriguingly,
scAAV9-FOXGI injection rescued the reduced number of cortical
neurons in Foxgl-cHet mice (Figures 4D and 4E), but it did not
restore cortical thickness (Figure 4F).

Together, these data demonstrate that the postnatal expression of
FOXGI via scAAV9-FOXG1 was sufficient to rescue the corpus cal-
losum agenesis and cortical neuronal reduction, the phenotypes es-
tablished prenatally.

Further, the widened angle of the apex of the
dentate gyrus was restored by scAAVY-
FOXG1 (Figures 5A-5C). Our data indicate that the postnatal
FOXG1 expression using scAAV9-FOXG1 rescues the hippocampal
abnormalities.

scAAV9-FOXG1 normalized OPC numbers and restored
myelination in Foxg7-cHet mice

Next, we examined if scAAV9-FOXGI can affect the overproduction
of OPCs and myelination defects in Foxgl-cHet brains. The quantifi-
cation of OLIG2" OPCs revealed that scAAV9-FOXG! injection
normalized the increased number of OPCs in Foxgl-cHet mice
(Figures 6A and 6B). The immunostaining with MBP antibody re-
vealed that scAAV9-FOXGI injection restored the overall myelina-
tion pattern and MBP expression levels in the Foxgl-cHet cortex
(Figures 6A-6C). Notably, the rescued callosal axons crossing the
midline in the posterior Foxgl-cHet cortex were myelinated (Fig-
ure S7). Together, our data suggest that the postnatal injection of
scAAV9-FOXGL1 can resolve OPC and myelination deficits in the
Foxgl haploinsufficiency condition.

DISCUSSION

In this paper, we showed that Foxgl-cHet mice exhibit deficits in
the cortex, hippocampus, and myelination (Figure 7), recapitulating
the primary brain phenotypes of FOXGI haploinsufficiency, such as
microcephaly, corpus callosum agenesis, underdeveloped hippocam-
pus, and myelination defects." > Most FS patients are heavily
dependent on caregivers throughout their lives due to severe neuro-
logical and behavioral issues. However, current medical treatments
for FS prioritize only symptom management as there are no avail-
able options to remedy the underlying causes of the disease.
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Therefore, there is an urgent unmet need to develop therapeutics for
FS. Importantly, our studies uncovered that AAV9-directed delivery
of FOXGI after birth can rescue brain deficits of FOXGI haploinsuf-
ficiency, remarkably, including structural defects evident at birth
(Figure 7). Thus, for the first time to our knowledge, our study
proves the validity of the AAV9-directed gene therapy in treating
FS and other neurodevelopmental disorders with similar brain
structural defects.

Intriguingly, postnatal scAAV9-FOXG1 injection rescued the reduc-
tion of cortical neurons in the Foxgl-cHet cortex. Given that overall
neurogenesis is completed by birth in mice and FOXG1 plays a role in
promoting neuronal survival,”’ a plausible mechanism for neuronal
rescue is that increased FOXG1 levels via scAAV9-FOXGI injection
prevented aberrant neuronal cell death in Foxgl-cHet cortex, rather
than promoting the production of cortical neurons. This will be a sig-
nificant topic for future studies.

The corpus callosum is a large bundle of myelinated axons that con-
nect the two cerebral cortex hemispheres. Therefore, it facilitates the
bilateral integration of sensory and motor information with social in-
teractions, executive functions, and language.31 Callosal projection

axons remains constant during the active myeli-
nation phase in mice,” suggesting that the for-
mation of callosal axonal bundles is primarily accomplished by birth.
Agenesis of the corpus callosum is a brain abnormality that leads to a
partial or total absence of the corpus callosum and is one of the most
frequent congenital brain malformations, affecting three to seven
people per 1,000 births.>* The leading cause of corpus callosum agen-
esis is embryonic developmental abnormalities, such as dysregulated
neuronal differentiation and axonal guidance.’* Many neurodevelop-
mental disorders, including FS and autism, present with corpus cal-

losum abnormalities.' >

Given that the formation of the callosal axon bundle is accomplished
prenatally, it is thought that corpus callosum agenesis is extremely
difficult to resolve by postnatal treatment. Strikingly, our study re-
vealed that postnatal expression of FOXGI via scAAV9-FOXGI in-
jection can reconnect the callosal axons, leading to the substantial re-
covery of the corpus callosum. Notably, scAAV9-FOXGI rescued the
corpus callosum defects and the reduced cortical neuronal numbers.
These results suggest that restoring the callosal nerves may involve
axonal regrowth and the restoration of callosal neurons. Together,
our results shed light on developing a gene therapy strategy for treat-
ing various neurodevelopmental conditions associated with prenatal
brain abnormalities.
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The hippocampus is critical in memory, learning, and emotional
behavior. The dentate gyrus is the primary gateway for input forma-
tion into the rest of the hippocampus and one of only a few brain areas
of continuous adult neurogenesis in mammals.”> The mammalian
hippocampus formation starts early in embryos, but the hippocampus
continues to develop in postnatal stages up to the first 4 weeks in
mice.” Foxgl plays an important role in both embryonic hippocam-
pal morphogenesis and postnatal development of the dentate gy-
rus.'”***® Accordingly, Foxgl heterozygous mice show markedly
reduced hippocampus volume.'”** In particular, FoxgI global hetero-
zygous mice exhibit a reduction of dentate granule cells due to
impaired neurogenesis in the postnatal dentate gyrus, likely contrib-
uting to cognitive deficits in contextual fear conditioning.””” Our
study found that Foxgl-cHet mice also exhibited dentate gyrus abnor-
malities (Figures 5A and 7). Given the role of FOXGI in both embry-
onic and postnatal hippocampus development, the remarkable rescue
of dentate gyrus morphology by scAAV9-FOXGI in FoxgI-cHet mice
(Figures 5 and 7) is likely to be, at least partly, attributed to restoring
postnatal FOXG1 action. These results suggest that the restoration of
FOXGI levels after birth may lead to the significant rescue of FS

CTIP2

Molecular Therapy: Methods & Clinical Development

Figure 4. scAAV9-FOXG1 injection rescues the

%TAF;% corpus callosum agenesis and reduces the number

of cortical neurons in Foxg1-cHet brains
(A and B) Immunohistochemical analysis with the axonal

upper marker L1 antibody in P27 brain sections containing the

layer posterior corpus callosum. *Probost bundles. Scale bars,
200 um (lower magnification images) or 100 pm (higher
magnification images). (B) Quantification of posterior

deep corpus callosum thickness. (C-F) Immunohistochemical

layer analysis with the deep-layer marker CTIP2 antibody in P27
cortex. The upper-layer cells above CTIP2* cells (blue
brackets, C) and CTIP2* deep-layer neurons (red
brackets, C) were quantified in (D) and (E), respectively.

upper (F) Quantification of the cortex thickness. The error bars

layer represent the standard deviation of the mean. *p < 0.05;
*p < 0.01; **p < 0.001; ***p < 0.0001; ns, non-

deep significant in one-way ANOVAs. n = 5 mice per

layer condition. The representative images are shown.
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layer symptoms in humans as FOXGI continues to
play a crucial role in brain maturation and
function.
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Oligodendrocytes are primarily responsible for
the myelination of axons in the brain to enable
the rapid transmission of neural information.
While delayed myelination 1is frequently
observed in neuroimaging studies of FS pa-
tients," > the role of FOXGI in oligodendro-
cyte lineage development remains elusive.
Our studies uncovered that, in the developing
brain, Foxgl haploinsufficiency results in
increased OPCs and dysregulated myelination.
This is consistent with the neuropathological
finding that human fetal brains with FOXGI mutations display
increased OPCs.”® The molecular mechanism by which a reduced
Foxgl dosage leads to increased OPCs is an important subject for
future studies with significant clinical implications. Given the
expression of FOXG1 in OPCs, FOXGI1 may play a key role in pro-
moting OPC differentiation during brain development. It is also
possible that OPCs increase to compensate for myelination deficits®
caused by a lower level of FOXGL. In either case, Foxgl haploinsuf-
ficiency can increase OPCs and impair myelination. Intriguingly,
our study uncovered that the postnatal injection of scAAV9-
FOXG1 normalized the aberrantly increased OPCs and rectified
myelination defects in Foxgl-cHet brains (Figures 6 and S7). These
results suggest that FOXG1 gene therapy has potential therapeutic
values in treating symptoms related to glial cells, such as delayed
myelination.' ™ The key question that warrants further investiga-
tion is if this exogenous FOXG1-mediated correction of myelination
is due to the restored FOXG1 levels in glial or neuronal lineage. In
this regard, it is noteworthy that a copy of the Foxgl gene is deleted
by Nex-Cre in our Foxgl-cHet model."* Given that Nex-Cre is active
in intermediated progenitor cells and cortical projection neurons,*’
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it is possible that a reduced FOXG1 level affected the fate of inter-
mediated progenitor cells or other Nex-Cre-active progenitors to
promote oligodendrocyte lineage status. Alternatively, reduced
FOXGI1 levels in neurons may affect oligodendrocyte homeostasis
indirectly. Understanding the mechanisms of OPC normalization
and myelination restoration will help design effective gene therapy
for FS, as such gene therapy strategy may require the restoration
of FOXGI levels not only in neurons but also in neural progenitors
and glial lineage.

In the future, the following points should be considered in devising
more therapeutically relevant AAV9-FOXGI1 vectors. First, given
the crucial role of FOXGI gene dosage in human brain development
and function® and the association of elevated FOXG1 expression
with tumors,'>*'* it is important to achieve expression levels com-
parable to the endogenous FOXG1 levels. Second, since FOXG1 ex-
hibits a cell-type-specific expression pattern in the brain rather than
broadly expressed throughout the brain,** it will be ideal to restrict
FOXG1 expression to endogenous FOXGl-expressing cell types.
Third, as Foxgl heterozygous mouse models show FS-like behav-
ioral deficits, such as hyperactivity, memory deficits, and social
behavior deficits,”>* it can be evaluated if the therapeutic AAV9-
FOXG1 rescues these behavioral phenotypes in addition to brain
structural deficits in FS animal models. Fourth, it will be vital to

Figure 5. scAAV9-FOXG1 injection rescues the
hippocampal malformation in Foxg7-cHet brains
(A) Immunohistochemical analysis with CTIP2 antibody
reveals the restoration of the dentate gyrus length and
apex angle in P27 Foxgl-cHet mice by neonatal
injection of scAAV9-FOXG1. Scale bars, 500 um (lower
magnification images) or 100 pm (higher magnification
images). (B and C) Quantification of dentate gyrus length
(B) and apex angle (C). The error bars represent the
standard deviation of the mean. *p < 0.01;
**p < 0.001; ***p < 0.0001; ns, non-significant in one-
way ANOVAs. n = 5 mice per condition. The
representative images are shown.

Ctip2 DAPI

determine the postnatal time window in which
AAV9-FOXGI can correct the brain structural
and behavioral abnormalities in FS animal
models.

In sum, we provide a proof-of-concept for
AAV9-directed gene therapy in treating FS
patients. We demonstrated that scAAV9-
FOXGI can successfully rescue several brain
structural and cellular deficits related to hu-
man FS phenotypes,' > including corpus cal-
losum agenesis, dentate gyrus malformation,
aberrant number of OPCs and neurons, and
myelination defects, in the preclinical animal
model of Foxgl-cHet mice (Figure 7). Our
findings have substantial implications for clin-
ical translation, particularly because scAAV9-FOXGI1 was shown
to have the potential to rescue the prenatally malformed brain
structure.

MATERIALS AND METHODS

Viral preparation of scAAV9-FOXG1

A codon-optimized human FOXGI coding sequence (CDS) construct
was generated and commercially synthesized (Genscript, Piscataway,
NJ). The human FOXG1 CDS was subcloned in AAV vectors under
the chicken beta-actin promoter (pCBA), modified SV40 intron, and
bovine growth hormone poly A terminator (Figure 2A). Self-comple-
mentary scAAV9-pCBA-FOXG1 was produced by transient transfec-
tion procedures using a double-stranded AAV2-ITR-based vector,
with a plasmid encoding Rep2/Cap9 sequence as previously
described,*® along with an adenoviral helper plasmid pHelper (Stra-
tagene, Santa Clara, CA) in HEK293 cells at Andelyn Biosciences (Co-
lumbus, OH).

Mice and ICV injection

The mice were housed at 12 h dark/12 h light cycle, 25°C, and 50%
humidity conditions. All housing and analyses complied with the
guidelines of the Institutional Animal Care and Use Committee
of the University at Buffalo. Foxgl™™ mouse’ and Nex-Cre”
lines were described previously. All experiments were conducted
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Figure 6. scAAV9-FOXG1 injection normalizes aberrantly increased OLIG2* oligodendrocyte lineage cells and reduced myelination in Foxg1-cHet brains
(A) Immunohistochemical analysis with antibodies against OLIG2 and MBP reveals the normalized OLIG2™ cell numbers and the recovered myelination pattern in SCAAV9-
FOXG1-injected Foxg1-cHet brains compared with uninjected Foxg7-cHet brains. Scale bars, 500 um (lower magnification images) or 100 um (higher magnification images).
(B and C) Quantification of OLIG2* cells (B) and MBP fluorescence signals (C). The error bars represent the standard deviation of the mean. **p < 0.01; ***p < 0.0001; ns, non-
significant in one-way ANOVAs. n = 5 mice per condition. The representative images are shown.

on mice with the C57BL/6 background, and Foxgl-cHet mice were
generated by crossing FoxgF"*”* with Nex-Cre mice. Neonatal
pups were ICV injected within 36 h after birth. ICV injection
was performed under cryoanesthesia and using 10 pL Hamilton
micro-syringe into the lateral ventricle of a single hemisphere.
Each AAV9 virus was diluted to 1 x 10" vg/mL and injected at
a 5 uL volume per mouse.

RNA in situ hybridization

Expression of human FOXGI mRNA by AAV9 virus injected into
mouse brains was analyzed by RNAscope (Advanced Cell Diagnos-
tics) fluorescence in situ hybridization. The human FOXGI-specific
probe was synthesized by Advanced Cell Diagnostics, and frozen
brain sections of mice at indicated ages were cut in 20 um. The brain
sections were hybridized with human FOXGI-specific or mouse
Foxgl-specific probe, and the signal was detected by incubating
with Opal 570 fluorophore (Akoya Biosciences) according to the
manufacturer’s protocols. Three mouse brains and at least three sec-

tions of each brain were analyzed, and the representative images are
shown in Figures 2B and 3A.

Immunohistochemical analysis and image acquisition

Dissected brains were fixed in 4% paraformaldehyde in phosphate-
buffered saline at 4°C overnight, equilibrated in 30% sucrose, and
embedded in Tissue Frozen Medium (Electron Microscopy Sciences)
for frozen sectioning. Then, 18-um brain sections were prepared on a
cryostat (CM1950, Leica). Position-matched sections were stained us-
ing standard immunohistochemical techniques. Sections were stained
with the primary antibody followed by secondary species-specific an-
tibodies conjugated to fluorophores (Jackson ImmunoResearch), and
then counterstained with DAPI to reveal nuclei. The primary anti-
bodies include rabbit anti-OLIG2 (Millipore AB15328, 1:1000), rat
anti-L1 (NCAM) (Millipore MAB5272, 1:1000), rat anti-CTIP2 (Ab-
cam AB18465, 1:1000), rat anti-MBP (Millipore MAB386, 1:500),
rabbit anti-FOXG1 (Sigma SAB2102981, 1:1000) and rabbit anti-
FOXG1 (Abcam ab196868, 1:1000) antibodies. The secondary
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antibodies from Jackson ImmunoResearch Laboratories include
donkey anti-rat Cy3 (Cat.712-165-153, 1:500), donkey anti-rabbit
Alexa Fluor 647 (Cat.711-605-152, 1:500), and goat anti-rat Alexa
Fluor 594 (Cat.112-585-167, 1:500).

Image data were collected through a DM6 fluorescence microscope
and analyzed by Leica Software LasX. Images were further processed
using Photoshop CS5 (Adobe, San Jose, CA). Counting on OLIG2
positive cells was conducted using five brain sections per mouse. In
each brain section, three areas were selected to count in the cortex.
One region of interest (ROI) (x = 1 mm; y = cortex thickness) per
each area immunostained with anti-OLIG2 was counted for the num-
ber of positive cells.

High-resolution confocal images (60x magnification, 2 x 4 tiles) were
employed in CellProfiler*® for the automated quantification of immu-
nofluorescent intensity in each cortex cell. The following pipeline was
implemented: The Crop module was utilized to eliminate unnecessary
areas in the images. The Identify Primary Objects module, employing
Global thresholding, the Otsu approach, and based on object intensity
settings, was employed to recognize FOXG1 antibody immunostaining
signal in each individual cell. The settings were adjusted to capture all
positive signaling while minimizing noise. The Measure Object Inten-
sity module was used to generate intensity data for further analysis. The
Export to Spreadsheet module was applied to export all data into Excel
format for subsequent processing. The integrated intensity represents
the sum of pixel intensities over all pixels in a cell.

WB analysis

The cortex, hippocampus, striatum, and hypothalamus and thal-
amus tissues were lysed in RIPA buffer (Cell Signaling, #9806)
supplemented with Protease Inhibitor Cocktail (Cell Signaling,
#5870) for 1 h at 4°C. Protein concentrations were determined us-
ing a BCA protein assay kit (Thermo, 23225). Subsequently, 10 nug

by ICV injection of scAAV9-FOXG1 in Foxg1-cHet
mice

Foxg1-cHet brains exhibit corpus callosum abnormalities,
structurally altered dentate gyrus, increased OPCs,
reduced cortical neurons, and myelination deficiency. All
these phenotypes are rescued upon scAAV9-FOXG1 in-
jection.

Foxgl-cHet +
scAAV9-FOXG1

N\

of protein per well was loaded onto Novex

Tris-Glycine Mini Protein Gels, 10%-20%

e (Thermo, XP10202BOX), and electrophoresis

. was conducted at 100 V for 1.5 h. Proteins

were then transferred to a 0.22-um PVDF

using the eBlot transfer kit

(GenScript). Following blocking in 5% nonfat

milk for 1 h, the membrane was cut into

bands and incubated overnight at 4°C with

FOXG1 (1:1000, Abcam, abl196868) and GAPDH (1:1,000,

Thermo, MA1-16757) antibodies. Next, the membrane was rinsed

five times in TBST, and then incubated with the corresponding

secondary antibodies at room temperature for 1 h, rinsed five

times with TBST, and developed with Pierce ECL Western Blotting
Substrate (Thermo, 32109).

membrane

Statistical analyses

The data were analyzed using GraphPad 9 (Prism, San Diego, CA).
One-way ANOV As were run using genotype as between-subject vari-
ables. A repeated-measures ANOVA was used to analyze values of
OLIG2-positive cell counting and DG length measuring. All bars
and error bars represent the mean + SEM, and significance was set
at p < 0.05 (***p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns,
not significant).
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