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Abstract

Cerebellar granule neurons are the most numerous neuronal subtype in the central nervous system. Within the developing
cerebellum, these neurons are derived from a population of progenitor cells found within the external granule layer of the
cerebellar anlage, namely the cerebellar granule neuron precursors (GNPs). The timely proliferation and differentiation of
these precursor cells, which, in rodents occurs predominantly in the postnatal period, is tightly controlled to ensure the nor-
mal morphogenesis of the cerebellum. Despite this, our understanding of the factors mediating how GNP differentiation is
controlled remains limited. Here, we reveal that the transcription factor nuclear factor I X (NFIX) plays an important role in
this process. Mice lacking Nfix exhibit reduced numbers of GNPs during early postnatal development, but elevated numbers
of these cells at postnatal day 15. Moreover, Nfix~'~ GNPs exhibit increased proliferation when cultured in vitro, suggestive
of a role for NFIX in promoting GNP differentiation. At a mechanistic level, profiling analyses using both ChIP-seq and
RNA-seq identified the actin-associated factor intersectin I as a downstream target of NFIX during cerebellar development.
In support of this, mice lacking intersectin I also displayed delayed GNP differentiation. Collectively, these findings highlight
a key role for NFIX and intersectin 1 in the regulation of cerebellar development.
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Introduction

During nervous system development, transcription factors
play a variety of key roles, including the regulation of the
genes that control proliferation and self-renewal, differen-
tiation, migration and maturation. The cerebellum provides
a salient example of how different transcription factors
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mediate the development of neural stem cells and their prog-
eny (Heng et al. 2012; Kilpatrick et al. 2012; Piper et al.
2011). The cerebellum coordinates the timing and execution
of motor commands in response to sensory feedback from
the peripheral nervous system (Leto et al. 2015; Martinez
et al. 2013). In the developing rodent brain, the cerebellum
is ultimately derived at approximately embryonic day (E) 12
from precursor cells in the rhombic lip, a rapidly dividing
group of neuroepithelial cells located within the emerging
hindbrain (Chizhikov and Millen 2003). The specification
and proliferation of these cells is driven in large part by
transcription factors including OTX2, PAX6 and ATOH1
(Landsberg et al. 2005; Machold and Fishell 2005; Vernay
et al. 2005). These progenitor cells then migrate to populate
the outer surface of the cerebellar anlage (Miale and Sid-
man 1961), forming a secondary, transient proliferative zone
known as the external granule cell layer (EGL) (Chizhikov
and Millen 2003). The proliferation of these cells continues
well into the postnatal period, a process regulated by tran-
scription factors including PAX6, ZIC1 and ZIC3 (Aruga
2004; Engelkamp et al. 1999). During the first 2 weeks post-
natally, progenitor cells within the EGL differentiate into
immature granule neurons, which subsequently migrate
radially into the emerging cerebellum to the inner granule
layer (IGL), where they fully mature. Again, transcription
factors such as NEUROD1, MBH1, MBH2, ZIC1 and ZIC2
contribute to these processes (Aruga et al. 2002; Kawauchi
and Saito 2008; Pan et al. 2009).

Another suite of transcription factors that have been
shown to regulate development of the hindbrain and cer-
ebellum are the nuclear factor I (NFI) family (Heng et al.
2012; Kilpatrick et al. 2012). These transcription factors are
expressed in a variety of progenitor cell populations within
the developing (Chaudhry et al. 1997; Piper et al. 2014,
2010) and adult nervous system (Chen et al. 2017; Heng
et al. 2015), as well as by progenitor cells in other regions
of the body (Chang et al. 2013; Messina et al. 2010; Harris
et al. 2015). NFIs have been implicated in a variety of facets
of brainstem development (Kilpatrick et al. 2012). NFIB,
for example, has been shown to mediate basilar pontine
development, as precerebellar neurons and pontine neurons
exhibit delayed differentiation in the absence of this gene
(Kumbasar et al. 2009). NFIA and NFIB are also expressed
by granule neuron progenitors (GNPs) within the postna-
tal EGL, and by the progeny of these cells as they migrate
to, and differentiate within, the postnatal IGL (Wang et al.
2007). Importantly, many aspects of granule neuron migra-
tion and maturation are abnormal in Nﬁa_/ ~ mice, including
migration, axonal formation and arborisation of dendritic
processes (Wang et al. 2007, 2004). NFIs have further been
shown to control these processes via the regulation of genes
that mediate granule neuron maturation, including Tagl,
Wnt7a and Gabra6 (Wang et al. 2004, 2007, 2010). These
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findings highlight the critical role played by NFI transcrip-
tion factors in cerebellar development.

We have recently shown that another NFI family member,
NFIX, is highly expressed by GNPs within the postnatal
EGL (Fraser et al. 2017). Moreover, Nfix-deficient mice
exhibit delayed cerebellar development (Piper et al. 2011).
These findings are suggestive of NFIX mediating progeni-
tor cell differentiation within the postnatal cerebellum. Our
previous work within the forebrain supports this concept,
as we have shown NFIX to be a pivotal factor in promoting
neural stem cell differentiation within the neocortex (Camp-
bell et al. 2008; Heng et al. 2015) and hippocampus (Harris
et al. 2016; Heng et al. 2014), via the transcriptional regula-
tion of genes such as Sox9, Gfap, Insc and Bbx (Dixon et al.
2013; Harris et al. 2016; Heng et al. 2014). Here we sought
to define the mechanism by which NFIX regulates GNP
biology. We reveal that Nfix”'~ mice exhibit delayed GNP
differentiation in vivo, and that Nfix-deficient GNPs prolifer-
ate more extensively than control GNPs in vitro. Moreover,
we used both chromatin immunoprecipitation and sequenc-
ing (ChIP-seq) and RNA sequencing (RNA-seq) to identify
potential NFI targets within postnatal GNPs, and identified
intersectin I as a target for NFIX-mediated transcriptional
activation. Crucially, analysis of intersectin I mutant mice
revealed phenotypically similar cerebellar defects. These
findings thus provide novel insights into the transcriptional
regulation of GNP differentiation, revealing that NFIX-
mediated regulation of intersectin I plays a central role in
ensuring the timely differentiation of this postnatal neural
progenitor cell pool.

Methods
Animals and ethics approvals

This research involved the use of animals. Nfix** and
Nfix~'~ mice were used in this study with approval from
the University of Queensland Animal Ethics Committee
(AEC approval numbers: QBI1/143/16/NHMRC/ARC and
QBI/149/16/ARC). Itsnl-deficient animals were also used
in accordance with the recommendations of the Canadian
Council on Animal Care and animal care regulations and
policies of the Hospital for Sick Children, Toronto. Animals
were genotyped as previously described (Campbell et al.
2008; Sengar et al. 2013). Primer sequences are available
on request. All experiments were performed according to the
Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes. Pregnant females were produced by
placing male and female mice together overnight. The next
day, females were inspected for the presence of a vaginal
plug and, if present, this day was designated as EO. The
day of birth was designated as postnatal day (P) 0. Mice
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were housed in Optimice IVC caging, with double HEPA
filters and built in ventilation. Food and water was available
ad libitum.

Immunohistochemistry

Chromogenic immunohistochemistry and immunofluo-
rescence labelling was performed as described previously
(Fraser et al. 2017). Briefly, mice were anesthetised and
perfused transcardially with phosphate-buffered saline
(PBS), followed by 4% paraformaldehyde (PFA), then post-
fixed for 48—72 h before long-term storage in PBS at 4 °C.
Cerebella were isolated and embedded in 3% Noble agar
and sectioned in a sagittal plane at 50 um intervals using
a vibratome. Sections were placed sequentially across the
wells of a 6-well plate to ensure appropriate sampling from
different medio-lateral regions of the cerebellum. There were
between 6 and 8 cerebellar sections per well. Thus, for all
analyses we had > 6 sections per animal to image and ana-
lyse. Sections were mounted on slides before heat-mediated
antigen retrieval was performed in 10 mM sodium citrate
solution at 95 °C for 15 min. For chromogenic immunohis-
tochemistry, sections were incubated overnight in primary
antibodies at room temperature. A list of antibodies used in
this study is given in Table 1. The following day, sections
were rinsed in PBS, then incubated in a solution contain-
ing a biotinylated secondary antibody (Vector Laboratories)
for 1 h at room temperature, followed by processing with a
VECTASTAIN ABC kit for 1 h at room temperature (A used
at 1/500, B used at 1/500, Vector Laboratories). Sections
were rinsed again in PBS, then were processed for colour
reaction using a nickel-3,3’-diaminobenzidine (DAB, Sigma)
solution (2.5% nickel sulfate and 0.02% DAB in 0.175 M
sodium acetate) activated with 0.01% (v/ v) hydrogen per-
oxide. The colour reaction was stopped by rinsing multiple
times with PBS, and sections were then coverslipped with
DPX mounting medium (Thermo Fisher Scientific). For IF
labelling, sections were incubated at 4 °C overnight with
primary antibodies against the target proteins (see Table 1).
The following day sections were rinsed in PBS, then incu-
bated with the relevant Alexa Fluor® fluorescent second-
ary antibodies (Alexa 488 or Alexa 568, 1:250), for 1 h in
the dark at room temperature. Sections were rinsed in PBS,

then were counterstained with 4',6-diamidino-2-phenylin-
dole (DAPI), and mounted in fluorescent mounting media
(DAKO). For all experiments, at least three animals at each
age were analyzed.

Cerebellar imaging

All brightfield images were captured using a Aperio XT
Slide scanner and visualized using Aperio ImageScope
(Leica Biosystems). For fluorescence images, a Diskovery
inverted spinning disk confocal microscope using a 20X
objective and a 70-um pinhole (Nikon TiE; Nikon) was
used. We took ten consecutive 1-pm-thick optical sections
to generate a 10-um-thick z-stack. In all cases, the 10-um
z-stack was taken from the middle of the section to minimize
potential artefacts arising from the sectioning process such
as damage to the tissue. Image acquisition was performed
using NIS-elements Advanced Research software (Nikon).
For comparative analysis of Nfix”'~ and Nfix** mice, high
magnification images were taken of the same lobe of the
cerebellum, using at least five biological replicates at each
of the ages assessed. For Itsnl ™'~ and Itsnl*'* mice, at least
three biological replicates were used. For quantification of
granule neuron and proliferative markers (PAX6 and Ki67,
respectively), three 200 &m regions of the EGL were quan-
tified for each section. This ensured more representative
count of the EGL thickness. 1 pm-thick optical sections
were viewed in Fiji, and the ‘cell counter’ plugin used to
mark and quantify cells expressing respective markers in
each fluorescent channel. Cells co-expressing markers (for
example, PAX6 and Ki67) were also quantified this way,
and DAPI was used to visualize the cell nucleus, to ensure
accuracy, especially in areas of high cell density.

Granule cell isolation

GNPs from P7 Nfix** and Nfix~/~ mice were isolated using
the method outlined by Lee et al. (2009) and a papain disso-
ciation kit (Worthington Biochemical Corporation). Briefly,
the cerebellum was dissected from three wild-type and three
knockout mice and the tissue was dissociated using a 20
units/mL papain solution at 37 °C for 15 min. A single cell
suspension was obtained by trituration with a serum-coated

Table 1 Antibodies used in this

study Antibody Source species Company Catalogue number Dilution used Purpose
NFIX Mouse SIGMA SAB1401263 1/200;1/1000 IF/THC
PAX6 Rabbit Millipore AB2237 1/400 IF
NEUN Rabbit Millipore MAB377 1/200 IF
GFAP Rabbit DAKO 70334 1/1000 IF
PHH3 Rabbit Millipore 06-570 1/400 IF
Ki67 Mouse BD Pharmigen 550609 1/400 IF
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P1000 pipette tip and nuclear membranes were removed
using an albumin-ovomucoid inhibitor gradient. GNPs were
separated from other cells using a 30-60% percoll gradi-
ent. Purified GNP cells were then lysed in Trizol (Ambion)
and RNA isolated using an RNeasy miniprep kit (Qiagen).
RNA-sequencing was then performed on the samples using
the Illumina NextSeq High Output system (Illumina; 150 bp
read length, paired-end reads).

RNA-seq analysis

Three RNA-seq replicates each from P7 wild-type GNPs
and Nfix~'~ mice were aligned by TopHat2 (v2.0.9) (Trap-
nell et al. 2012) to the Mus musculus, UCSC, mm10 ref-
erence transcriptome and FASTA annotation downloaded
from the TopHat index and annotations page (https://ccb.
jhu.edu/software/tophat/igenomes.shtml). Cufflinks (v2.1.1)
(Trapnell et al. 2012) was used to assemble each replicate’s
transcripts from the alignment file generated by TopHat.
Cuffmerge was used to create a single assembly contain-
ing transcripts across all samples and replicates. Cuffdiff
was run using the merged set of transcripts and the three
replicate TopHat2 bam files from each sample. Atohl dif-
ferential expression data were obtained from Klisch and col-
leagues (Klisch et al. 2011), comparing RNA-seq expression
of E18.5 wild-type and Atohl~'~ cerebellar tissue.

NFIX ChIP-seq

For chromatin immunoprecipitation, litters of P7 pups were
pooled for GNP isolation. Isolated GNPs were crosslinked
with 1% formaldehyde for 10 min, then were quenched with
glycine. Cells were lysed in RIPA buffer supplemented with
protease and phosphatase inhibitors (Roche) and sonicated
with a Bioruptor (Diagenonde) for six 15-min intervals of
30 s on, 30 s rest. Chromatin immunoprecipitation was per-
formed as described previously (Blythe et al. 2009), using
a mouse anti-NFIX antibody (Sigma-Aldrich). We have
previously shown the specificity of this antibody using tis-
sue from Nfix~~ mice (Chen et al. 2017). Briefly, immu-
nocomplexes were isolated with protein G-agarose beads
(Roche), washed once for 5 min with buffers 1 through 4.
Crosslinking was reversed by incubation with proteinase K
(Roche) at 60 degrees overnight. DNA was isolated by phe-
nol—chloroform extraction then incubated with RNAse A
(Roche) for 30 min before final cleanup with PCR columns
(Qiagen). Sequencing libraries were constructed using the
standard protocol for the NEBNext Ultra II DNA Library
Prep Kit for Illumina (New England BioLabs). Pooled librar-
ies were sequenced on an Illumina HiSeq2000 (Illumina;
30 bp single end read).
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ChiIP-seq analysis

Alignment was performed on both the NFIX ChIP-seq data
and ATOH1 ChIP-seq data set (GSE22111) by bowtie2
(Langmead and Salzberg 2012) to mm10. Unaligned reads
and reads which aligned to multiple locations were removed
leaving only uniquely mapped reads. MACS2 (Feng et al.
2012) was used to call narrow peaks with default parameters
for both datasets. Both experiments contained two biological
replicates and if both biological replicates shared a peak, it
was recorded using the maximum boundaries of the sup-
porting peaks to generate a merged set of peaks for each
experiment. Uniform 500 bp peaks from the NFIX ChIP-
seq data were created using a +250 bp window around peak
centres. This uniform set of peaks was input to MEME Suite
to perform de novo motif discovery using MEME-ChIP ver-
sion 5.0.1 (Bailey et al. 2009; Machanick and Bailey 2011).

Annotation of ChIP-seq peaks

A set of target genes were identified for both NFIX and
ATOH]1 by the following method. A promoter region was
defined as +2000 base pairs around a transcription start
site. ChIP-seq binding sites located in a promoter region
were annotated as proximal, while sites outside the promoter
region but overlapping gene boundaries (transcription start
to stop) were labelled as genic. All remaining binding sites
were labelled as distal. A binding site annotated as proximal
was assigned the nearest gene as a target while genic-binding
sites were assigned the overlapping gene as a target. Distal-
binding sites are difficult to assign target genes to, as they
are not necessarily regulating the nearest gene (by genomic
distance). CisMapper was used to annotate distal binding
sites and provide a secondary annotation to proximal and
genic sites, with resulting links filtered to a threshold of 0.05
(O’Connor et al. 2017).

After identifying a gene target for each NFIX binding
site; the associated p value from both the Nfix and Atohl
RNA-seq differential expression analyses was recorded.
Genes targeted by both Nfix and Arohl with a significant
(p <0.05) change in expression in both experiments were
extracted. Genes showing coordinated positive or nega-
tive log fold change values across both experiments were
selected to generate a putative set of genes under the con-
trol of Nfix and Afohl. Functional annotation was performed
using DAVID (6.8) on target genes identified for Nfix (Huang
da et al. 2009a, b).

DNase | hypersensitivity analysis
DNase I hypersensitivity (DHS) called peaks from whole

cerebellum at P7 across three replicates were retrieved from
Frank et al. 2015 (GEO: GSE60731). UCSC liftover was
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used to convert the mm9 files to mm10. If at least two rep-
licates shared a peak, it was recorded using the maximum
boundaries of the supporting peaks to generate a merged
DHS peak file. Transcription factors are known to bind
preferentially in regions of accessible chromatin (Guertin
and Lis 2013; Hughes 2011) and DHS was therefore used
to extract NFIX ChIP-seq peaks occurring in accessible
regions.

Neurosphere assays

GNPs were isolated from P7 wild-type and Nfix~/~ mice
and were seeded into a T25 flask in neurobasal stem cell
medium containing 20 ng/mL of epidermal growth factor
(EGF), 10 ng/mL of basic fibroblast growth factor (bFGF)
and 3.5 ug/mL of heparin. After 7 days, neurospheres were
dissociated using trypsin to form a single cell suspension.
Cells were counted and seeded at a density of 2.5x 10° cells
per T25 flask. Cells were passaged until passage three. Neu-
rospheres were counted and sphere diameter was measured
at each passage.

Medulloblastoma cell lines

The medulloblastoma cell lines DAOY, D283, and UW228
were maintained in RPMI medium containing 10% foetal
bovine serum. The MB4 primary cell line was maintained
in StemPro NSC SFM media (Thermo Fisher). 2.5 x 10°
cells were seeded into a 6-well plate and cells were lysed
in Trizol (Ambion) after 48 h. RNA was extracted using the
RNAeasy miniprep kit (Qiagen). cDNA was prepared from
RNA isolated from the medulloblastoma cell lines using a
Superscript III Reverse Transcription kit (Invitrogen). cDNA
was transcribed from human cerebellum RNA (Clontech)
and used as a control for comparison of gene expression
levels. qPCR was performed with the Quantifast SYBR kit

(Qiagen). Gene expression was calculated using 27 42¢
method relative to the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH).

qPCR analysis of target genes

RNA isolated from GNPs of wild-type and Nfix™'~ mice
at P7 was used to prepare cDNA as described previously
(Piper et al. 2014). qPCR was performed with Quantifast
SYBR Green (Qiagen) to detect gene expression levels of
the genes identified in the RNA-seq analysis. The primers
for these genes are listed in Table 2. Gene expression was
calculated using 2722 method relative to the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh).
All the samples were tested in triplicate within each experi-
ment, and each experiment was repeated three times.

Results

Delayed EGL differentiation in the cerebellum
of postnatal Nfix '~ mice

In our preliminary description of the cerebellar phenotype of
Nﬁx" ~ mice, we demonstrated that these mice have reduced
numbers of PAX6-positive GNPs in the EGL at P5 in com-
parison to wild-type controls (Piper et al. 2011). Within
the embryonic forebrain of these mutant mice, radial glial
progenitor cells exhibit delayed differentiation (Dixon et al.
2013; Harris et al. 2016). We hypothesized that GNPs within
the EGL would exhibit a similar delay in differentiation
within Nfix™'~ mice. To test this hypothesis, we used PAX6-
immunocytochemistry to visualize GNPs within the EGL
of P5, P10 and P15 wild-type and Nfix”'~ mice. At PS5, there
were fewer GNPs in the EGL of mutant mice in comparison
to controls, whereas at P10, the number of these cells in

Table2 qPCR primers used in

. Gene Forward Rev

this study
Itsnl TCAGTTTCCCACACCTTTCG TCAGGCTAAGGAACTGCTGG
Kit CACATACACGTGCAGCAACA GAAGGCCAACCAGGAAAAGT
Serpine?2 ACGGCAAGACAAAGAAGCAG AGCCTTGTTGATCTTCTTCAGC
Dabl AACCAGCGCCAAGAAAGAC ATCAGCTTGGCTTTGTACCG
Hesl TCTGAGCACAGAAAGTCATCA AGCTATCTTTCTTAAGTGCATC
Dl TTCTCTGGCTTCAACTGTGAG CATTGTCCTCGCAGTACCTC
Notch3 AGTGCCGATCTGGTACAACTT CACTACGGGGTTCTCACACA
Neurodl ATGACCAAATCATACAGCGAGAG TCTGCCTCGTGTTCCTCGT
Rbfox3 GGCAAATGTTCGGGCAATTCG TCAATTTTCCGTCCCTCTACGAT
Gapdh GCACAGTCAAGGCCGAGAAT GCCTTCTCCATGGTGGTGAA
NFIX AGGACTGTTTTGTGACTTCCG GGTTGATGTTGTAGTAGCTGGG
GAPDH CCCTTCATTGACCTCAACTACAT TCCTGGAAGATGGTGATGG
ITSN1 GGGCCATAACTGTAGAGGAAAGA ACAGGTTGAGGTAACCCAGAT

@ Springer



816

Brain Structure and Function (2019) 224:811-827

both genotypes was comparable (Fig. 1a—d). Interestingly, at
P15 there were more PAX6-positive cells in the EGL of the
mutant in comparison to the control (Fig. le, f), indicative
of delayed GNP differentiation.

To quantify this phenotype, we performed co-immu-
nofluorescence labelling against PAX6 and the prolifera-
tion marker, Ki67, followed by confocal microscopy. We
performed cell counts within the EGL on confocal optical
sections of the emerging cerebellum. At PS5, there were
significantly more cells expressing PAX6 and Ki67 in the
wild-type EGL compared to the mutant (Fig. 2a—j). At P10,
however, the numbers of PAX6-positive cells and prolifer-
ating cells within the EGL was not significantly different
between genotypes (Fig. 2k—t). In contrast, there were sig-
nificantly more GNPs within the EGL of P15 Nfix™'~ mice
compared to the control, as the majority of these cells had
differentiated in wild-type mice by this age (Fig. 2u—dd).
A similar trajectory of GNP differentiation was observed
when we used a second marker for proliferation, the mitotic
marker phosphohistone H3 (PHH3; Fig. 3).

Nfix '~ GNPs exhibit increased proliferation in vitro

These findings led us to posit that NFIX mediates GNP dif-
ferentiation, and that the absence of this gene could lead to
elevated GNP proliferation, as has been previously reported
in the embryonic hippocampus of Nfix™'~ mice (Harris et al.
2016). To test this hypothesis, we isolated GNPs from the
EGL of P7 wild-type and Nfix~'~ mice using papain dis-
sociation and a percoll gradient (Lee et al. 2009; Fraser
et al. 2017). We performed qPCR on cDNA generated from

this tissue, and revealed that the expression of the stem
cell markers Hesl and Notch 3 was significantly elevated
in GNPs isolated from P7 Nfix”~ mice in comparison to
controls (HeslI: control 0.0051 + 0.0001, Nﬁx'/ ~0.0079 +
0.0003; Notch 3: control 0.0023 + 0.0001, Nfix~'~ 0.0038
+ 0.0002; p<0.01, ¢ test). Moreover, the analysis of two
markers for neuronal differentiation, Neurodl and NeulN
(Rbfox3) revealed significantly reduced expression of these
factors in GNPs isolated from P7 Nfix™'~ mice in comparison
to controls (Neurodl: control 0.53 + 0.01, Nfix™'~ 0.37 +
0.002; Rbfox3: control 0.13 + 0.003, Nfix™'~ 0.005 + 0.004;
p<0.01, t test). Next, we used the percoll gradient proto-
col to again isolate GNPs from the EGL of P7 wild-type
and Nfix~'~ mice and cultured these cells in a neurosphere
assay. We cultured cells for three passages, and quantified
both the number of spheres, as well as sphere diameter. At
each passage, there were significantly more spheres in cul-
tures derived from Nfix”~ EGL progenitors in comparison
to controls (Fig. 4a—c). Furthermore, whereas the major-
ity of wild-type spheres were less than 50 um in diameter,
in the mutant, the majority of spheres were over 70 um in
diameter (Fig. 4d). Interestingly, the expression of GFAP by
developing Bergmann glia was also delayed in the absence
of Nfix [Supp. Figure 1; (Piper et al. 2011)], suggesting that
a delay in glial differentiation could also potentially underlie
the accumulation of PAX6-positive cells within the EGL of
Nfix~'~ mice. However, our neurosphere data clearly indi-
cate elevated levels of proliferation in GNPs isolated from
Nfix™~ cerebella, indicating that NFIX plays a central role
in mediating the differentiation of cerebellar GNPs.

Fig. 1 Delayed differentiation of GNPs in the cerebellum of Nfix-
deficient mice. Mid-sagittal sections of P5 (a-b’), P10 (c-d’) and P15
(e—f’) wild-type (a, c, e) and Nﬁx'/ ~ (b, d, f) mice stained with anti-
bodies against PAX6. The boxed regions in A-F are shown at higher
magnification in a’—f” respectively. The morphology of the cerebel-
lum appeared grossly normal in mice lacking Nfix. However, higher
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magnification views of the external granule layer (EGL) revealed that
this germinal zone was thinner at PS5 in mutant mice. At P10 the EGL
of the mutant was comparable to the control. At P15, whereas the
EGL was almost completely depleted in the wild-type, there were still
numerous PAX6-positive cells in this cellular layer of Nfix™'~ mice.
Scale bar (in a) a—£=250 pm, a’f” =25 pm
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Mutations in another NFI family member, Nfia, have
previously been implicated in medulloblastoma, a pae-
diatric cancer of the cerebellum (Genovesi et al. 2013).
Using a Sleeping Beauty transposon screen, Genovesi and
colleagues revealed that mutations to Nfia led to reduced
latency of medulloblastoma formation in a Prchl™~ back-
ground. Transposon insertions were also identified within
the Nfix locus in this screen (Genovesi et al. 2013), but the
role of NFIX in medulloblastoma is poorly defined. In light
of our data in the developing cerebellum, we analyzed NFIX
expression in three medulloblastoma cell lines (DAQY,
UW228 and D238), and a primary medulloblastoma cell
line (MB4). NFIX mRNA was significantly reduced in com-
parison to control mRNA isolated from the adult cerebel-
lum (Fig. 4e). A similar reduction in expression was also
obtained when we analyzed the expression of the other NFI
family members, NFIA, NFIB and NFIC (data not shown).
Collectively, these data are consistent with the in vivo cer-
ebellar phenotype of Nfix™'~ mice, and suggest that NFIX
acts to drive the differentiation of cerebellar GNPs.

Transcriptomic profiling reveals a broad suite
of potential targets of NFIX within GNPs

To define transcriptional targets for NFIX during GNP differ-
entiation, we undertook a range of bioinformatic approaches
using both published, and newly generated, transcriptomic
data, aimed at defining a small list of high-confidence tar-
gets that we could experimentally validate. To determine the
transcriptomic landscape in GNPs lacking Nfix, we first iso-
lated GNPs from both wild-type and Nfix~'~ cerebella at P7,
and performed transcriptomic profiling (RNA-seq) on the
RNA isolated from these cells. Analysis revealed 1402 genes
as being significantly misregulated in Nfix™~ GNPs in com-
parison to controls (Fig. 5a, Supp. Tablel). Gene Ontology
and Pathway analyses of these genes using DAVID (Huang
da et al. 2009a, b) identified a diverse range of processes
potentially controlled by NFIX within GNPs, including cell
adhesion, extracellular matrix organisation and axon guid-
ance (Fig. 5b).

To determine direct targets of NFIX in GNP differentia-
tion, we next performed ChIP-seq on DNA derived from
isolated P7 GNP preparations using an anti-NFIX anti-
body whose specificity has been previously demonstrated
(Chen et al. 2017; Vidovic et al. 2018). This experiment
identified 6910 specific NFIX binding peaks (Fig. Sc, Supp.
Table 2). Interestingly, a recent publication used DNase 1
hypersensitivity analysis on whole cerebellar tissue to inves-
tigate chromatin accessibility within these cells at differ-
ent stages in development (Frank et al. 2015). We posited
that NFIX ChIP-seq peaks identified within regions of open
chromatin would be more likely to regulate gene transcrip-
tion directly. As such, we filtered our NFIX ChIP-seq data

using the DNase 1 hypersensitivity data from P7 (Frank
et al. 2015), an analysis that revealed that 5843 of the NFIX
ChIP-seq peaks were found in regions of accessible chro-
matin at this age (Fig. 5c, Supp. Table 2). Finally, the inter-
section of the differentially expressed genes identified via
RNA-seq (Fig. 5a) with those genes identified as having an
NFIX ChIP-seq peak in an accessible region of chromatin
(Fig. 5c) identified 578 genes as being potential targets for
direct NFIX-mediated regulation within P7 GNPs (Fig. 5d,
Supp. Table 3). This analysis revealed a number of genes
previously implicated in cerebellar development, such as
Otx2 and Dabl, as well as a range of genes whose role in
cerebellar development has not been previously studied (e.g.
Hegl, Tiam?2). Interestingly, Nfix was also identified via this
filtering analysis, suggesting that NFIX autoregulates its
own expression within the context of GNP development.
To search for further ways in which we could refine our
list of potential NFIX target genes, we performed motif dis-
covery and enrichment analyses (Bailey et al. 2009; Machan-
ick and Bailey 2011) on the NFIX binding peaks isolated in
our ChIP-seq experiment. As expected, the conserved motif
bound by NFI transcription factors (Heng et al. 2012) was
identified as being enriched in our ChIP-seq peaks. Interest-
ingly, we also observed enrichment of the ATOH1 binding
motif within NFIX ChIP-seq peaks (Fig. 6a). ATOHI is
strongly and specifically expressed by GNPs, and has previ-
ously been shown to regulate the proliferation of these cells,
as well as concomitantly priming them for differentiation
(Klisch et al. 2011). This finding indicates that NFIX and
ATOHI could potentially regulate a common suite of genes
developmentally. Given this, we postulated that we could use
the analysis of ATOHI target genes to further refine our list
of potential NFIX targets. To do this, we used a recent analy-
sis of the ATOH1 targetome in cerebellar tissue (Klisch et al.
2011). This study mapped differential gene expression in
E18.5 cerebellar tissue isolated from Afohl-deficient mice,
as well as identifying potential direct targets of ATOH1 by
performing ChIP-seq on P5 cerebellar tissue (Klisch et al.
2011). Analysis of these two sequencing datasets identified
1551 genes as potential ATOHI targets (i.e. the target gene
contained at least one ATOH1 ChIP-seq peak, and was sig-
nificantly differentially expressed in E18.5 Atohl ™'~ cerebel-
lar tissue; Fig. 6b) (Klisch et al. 2011). The comparison of
these potential ATOH1 target genes with those 578 NFIX
target genes identified in our RNA-seq and ChIP-seq analy-
ses (Fig. 5d; Supp. Table 3) revealed 177 genes as potential
targets of both ATOH1 and NFIX in cerebellar development.
Critically, 90 of these genes were coordinately misregulated
in both Nfix™'~ GNPs and Atohl ™~ cerebellar tissue (Fig. 6b,
c¢). This list of putative NFIX targets included Nfix itself,
as well as other factors previously implicated in cerebel-
lar development, including Otx2, Robol and Dabl (Ver-
nay et al. 2005; Gallagher et al. 1998; Tamada et al. 2008).
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«Fig.2 Retention of GNPs in late postnatal Nfix”~ mice. Expression
of the nuclear marker DAPI (blue), the proliferative marker Ki67
(green), and PAX6 (red), a marker of GNPs and their progeny, in P5
(a-h), P10 (k-r) and P15 (u-bb) mice. The EGL in delineated by
brackets in panels ¢, g, m, q, w and aa. At P5 there were significantly
more PAX6-positive cells (i) and PAX6/Ki67 double-positive cells (j)
in the wild-type EGL in comparison to the mutant. At P10, there were
no significant differences in either PAX6- (s) or PAX6/Ki67-express-
ing (t) cells between groups. At P15, however, there were signifi-
cantly more PAX6-positive cells (cc) and PAX6/Ki67 double-positive
cells (dd) in the EGL of Nﬁx’/’ mice in comparison to the control.
*p <0.05, t test. Scale bar (in a)=25 pm

Interestingly, this analysis also revealed a range of genes that
have not previously been implicated in cerebellar develop-
ment, including Coro2b, and intersectin 1 (Itsnl; Fig. 6d).

Intersectin 1 is a target for transcriptional activation
by NFIX during GNP differentiation

Of those novel factors identified in our transcriptomic
screens, Itsnl was of particular interest to us. This gene
encodes a multi-domain scaffold protein that has been impli-
cated in regulating numerous cellular signalling pathways
(Herrero-Garcia and O’Bryan 2017). With relation to neu-
ronal development, /tsnl has been implicated in connectivity
at the cortical midline of the dorsal telencephalon, with defi-
ciencies to this gene correlated with aberrant higher order
cognition (Sengar et al. 2013). Mechanistically, Itsnl has
recently been implicated in neuronal migration within the
hippocampus as part of the reelin signalling pathway, via its
interaction with the reelin receptor VLDLR, and with Dabl,
a signalling molecule downstream of VLDLR (Jakob et al.
2017). Given the importance of reelin signalling for cerebel-
lar development (Vaswani and Blaess 2016), and the identi-
fication of Dabl in our transcriptomic screen, we focussed
on Itsnl as a target for NFIX in GNP differentiation. We
first validated our RNA-seq dataset by performing qPCR
on GNPs isolated from independent P7 Nfix™'~ and control
cerebella (Fig. 7a). In line with our sequencing results, Itsn/
mRNA was significantly reduced in Nfix'~ samples in com-
parison to controls, whereas the mRNA levels of Kit, ser-
pine 2 and Dabl were significantly increased in the mutant.
These data suggest that NFIX acts to promote the expression
of Itsnl during GNP differentiation. If this was the case,
we would hypothesize that mice lacking /tsnl would poten-
tially phenocopy those lacking Nfix with regards to cerebel-
lar development. To test this hypothesis, we analysed the
cerebellum of Jtsnl~~ mice at P15. Hematoxylin staining
revealed that foliation of the cerebellum was grossly normal
in these mice in comparison to controls (Fig. 7b, ¢). How-
ever, closer analysis of the EGL of mutant mice revealed
that the EGL of ItsnI~~ mice at P15 was markedly thicker
when compared to control mice (7B’, C’). Indeed, immu-
nofluorescence labelling with PAX6, followed by confocal

microscopy, revealed significantly more GNPs within the
EGL of Itsnl~~ mice at this age than controls (Fig. 7d—j).
Similarly, there were significantly more Ki67-expressing
cells in the EGL of mutant mice at this age in comparison
to wild-type controls (Fig. 7k). The expression of GFAP
by Bergmann glia was comparable between wild-type and
Itsnl ™'~ mice at this age (Supp. Fig. 2), although it is possi-
ble that GFAP expression was reduced at earlier time points
akin to what we observed with the Nfix mutant, and that this
may also have contributed to the enlarged EGL at P15 in the
absence of Itsnl. Finally, like NFIX, the expression of ITSNI
was also significantly reduced in medulloblastoma cell lines
(Fig. 71). Collectively, these data, in association with our
RNA-seq and ChIP-seq analyses, suggest that NFIX-medi-
ated regulation of Itsnl plays an important role in GNP dif-
ferentiation during cerebellar development.

Discussion

Studies into the role of the NFI family in cerebellar devel-
opment have highlighted a key role for these transcription
factors in mediating neuronal migration and synaptic matu-
ration (Kilpatrick et al. 2012). Here, we extend these find-
ings, revealing that NFIX regulates GNP biology within the
postnatal cerebellum. Indeed, the delayed differentiation of
GNPs in vivo in Nfix-deficient mice, coupled with the ele-
vated proliferation of Nfix'~ GNPs in vitro, are supportive
of a role for NFIX in promoting timely GNP differentia-
tion within the postnatal cerebellum. This is in accordance
with studies into the role of the NFI family during nervous
system development (Fane et al. 2017; Harris et al. 2015),
with impairments in neural stem cell differentiation observed
in the absence of NFIs from diverse regions of the brain,
including the neocortex (Piper et al. 2009), hippocampus
(Heng et al. 2014; Piper et al. 2014) and spinal cord (Matu-
zelski et al. 2017). Collectively, these data implicate the NFI
family, including NFIX, as key drivers of neural develop-
ment via the promotion of neural stem cell differentiation.
How do NFIs drive this process at a mechanistic level?
A number of studies have investigated the roles these
factors play during nervous system development. Early
studies using Nfi-deficient mice revealed severe delays in
astrocyte differentiation, suggesting a central role for this
family in gliogenesis within the cerebral cortex and spinal
cord (Deneen et al. 2006; Shu et al. 2003). More recently,
transcriptional profiling experiments such as microarrays,
coupled with molecular analyses and bioinformatics, have
identified a range of target genes in the developing and
adult nervous system that act to either repress stem cell
identity or to promote cellular differentiation (Harris et al.
2018, 2016). These include Apcddl, Mmd2 and Zcchc24
(spinal cord) (Kang et al. 2012), Insc, Sox9 and Ezh2
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Fig.3 Delayed proliferation
profile of GNPs in the absence
of Nfix. Transverse sections of
P5 (a—d), P10 (f-i) and P15
(k—n) wild-type and mutant
cerebella labelled with DAPI
(blue) and antibodies against the
proliferative marker phospho-
histone H3 (PHH3). At P5,
there were significantly more
proliferating cells in the EGL
of the wild-type (arrows in a,
b) in comparison the control
(arrowheads in ¢, d; quanti-
fied in e). At P10, however, the
rate of proliferation within the
EGL was comparable between
sample wild-types and mutants
(arrows in f-i; quantified in

J)- At P15, the situation was
reversed, with there being
significantly fewer proliferating
cells within the EGL of wild-
type mice (double arrowheads
in k, 1) in comparison to mutant
mice (arrows in m, n; quantified
in 0). ¥p<0.05, ***p <0.001 ¢
test. Scale bar (in a)=25 pm
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and (hippocampus) (Harris et al. 2016; Heng et al. 2014;
Piper et al. 2014), as well as Bbx and Hes! (cerebral cor-
tex) (Dixon et al. 2013; Piper et al. 2010). The advent of
genome-wide profiling using techniques such as RNA-seq
and ChIP-seq now means that the direct targets of tran-
scription factors like NFIX can be investigated globally
in a more rigorous manner. To the best of our knowledge,
this is the first study that has investigated downstream
targets of a specific NFI family member within the nerv-
ous system using these techniques co-operatively. Moreo-
ver, when coupled with available data relating to chro-
matin accessibility (Frank et al. 2015) and the ATOH1
targetome (Klisch et al. 2011), this study provides a sig-
nificant conceptual advance in our understanding of the
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transcriptional landscape regulated by NFIX within the
postnatal cerebellum.

One of the novel targets identified as a potential regulator
of GNP biology downstream of NFIX using these techniques
was the scaffold protein intersectin 1. The gene coding for
this factor contained NFIX ChIP-seq peaks near its 3' UTR,
and was significantly downregulated in the absence of Nfix.
Moreover, mice lacking Itsnl phenocopied Nfix™'~ mice
with regards to delayed differentiation of GNPs within the
postnatal EGL. These data suggest that ITSN1 contributes
to the differentiation of GNPs. At this stage, it is unclear
precisely how ITSN1 regulates the differentiation of GNPs.
However, given the nature of this protein as a scaffold capa-
ble of binding and influencing many signalling pathways
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Fig.4 Nfix”'~ GNPs exhibit elevated proliferation in vitro. GNPs
were isolated from P7 wild-type and Nfix™'~ cerebella and were cul-
tured in a neurosphere assay for multiple passages. At passage 3,
wild-type spheres (a) were smaller and fewer in number than those
derived from Nfix™'~ GNPs (b). Indeed, there were significantly more
spheres derived from Nfix”~ GNPs at each passage in comparison to

(Herrero-Garcia and O’Bryan 2017), there are many poten-
tial means by which ITSN1 could mediate GNP differentia-
tion. For example, ITSN1 has been shown to regulate Ras
family GTPases, including Ras, with ITSN1 postulated to
promote Ras activation (Adams et al. 2000). As RAS signal-
ling has previously been shown to be required for the pro-
liferation of GNPs postnatally (Sanchez-Ortiz et al. 2014),
abnormal activation of this factor, and the downstream ERK-
MAPK pathway, may potentially contribute to the phenotype
evident in these mice. ITSN1 has also been shown to medi-
ate caveolin-mediated endocytosis (Gubar et al. 2013). This
may be particularly pertinent for GNP biology, as the contin-
ued proliferation of these cells is controlled, at least in part,
by sonic hedgehog (Shh) released by Purkinje cells (Roussel
and Hatten 2011). Endocytosis of the Shh receptor, Ptchl, to
the lysosome plays a key role in continued GNP proliferation
(Yue et al. 2014). It is feasible that ITSN1 may contribute to
this process. Looking forwards, proteomic studies performed
on postnatal GNPs will provide a framework in which to
understand the molecular partners of ITSN1, and so the pro-
cesses this scaffold protein may regulate in vivo.
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the control (c). Moreover, at passage 3, spheres derived from Nfix™/~
GNPs were on average larger than controls (d). e qPCR revealed that
different medulloblastoma cell lines had significantly lower NFIX
expression in comparison to normal cerebellar tissue. *p<0.05,
*##%p <(0.001 ANOVA. Scale bar (in a)=30 pm

Our findings also suggest a potential role for NFIX in
medulloblastoma, a malignant childhood cancer of the cer-
ebellum. Another NFI family member, NFIA, was recently
linked to the formation of medulloblastoma using a Sleep-
ing Beauty transposon screen to identify genetic modifiers
of tumour formation in Ptchl heterozygous mice (Genovesi
et al. 2013). This study also identified Nfix as being signifi-
cantly enriched as a tumour suppressor. In humans, recent
gene expression analyses of patient medulloblastoma sam-
ples revealed that NFIX expression is significantly lower in
type 3a and type 3y medulloblastomas, subtypes with poor
prognosis and increased frequency of metastasis (Cavalli
et al. 2017). Although both of these studies identified NFIX,
Shh and type 3 medulloblastoma subgroups are character-
ised by different oncogenic drivers. However, preliminary
data suggest that Hedgehog-dependent tumours, including
medulloblastomas and basal cell carcinomas, are capable
of switching oncogenic pathways, and hence becoming
more metastatic (Ransohoff et al. 2015; Zhao et al. 2015).
It remains to be tested whether NFI family members play a
role in this transition, or appear as tumour suppressors solely
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Fig.5 Transcriptomic profiling of Nfix~ GNPs. a Volcano plot rep-
resenting the transcriptional profile of P7 Nfix”~ GNPs in compari-
son to controls. Red dots represent the 1402 significantly misregu-
lated genes in P7 Nfix”'~ GNPs as identified by RNA-sEq. b Gene
Ontology (DAVID 6.8) analysis, showing those biological processes,
cellular components and molecular functions misregulated in P7
Nfix”'~ GNPs, as well as KEGG pathways identified as being abnor-
mal in these cells. ¢ To narrow the list of potential NFIX target genes,

due to their pro-differentiation roles. Furthermore, haploin-
sufficiency to NFIX in human patients culminates in Malan
Syndrome, a disorder characterised by overgrowth of many
organ systems, including the brain (Klaassens et al. 2015;
Malan et al. 2010). This implies a pro-differentiation role for
NFIX during development, and is consistent with our work
on NFIX in the cerebellum.

A key advance we have made in this work is to use RNA-
seq, ChIP-seq (this study) and chromatin accessibility (Frank
et al. 2015) to define the potential targets of NFIX during
development. This approach enabled us to identify 5843
high-confidence NFIX ChIP-seq peaks. Through the combi-
nation of our RNA-seq analysis, these high-confidence peaks
were subsequently linked to 578 target genes. Motif discov-
ery further led us to identify ATOH1 as a factor that may
bind to similar genes as NFIX during GNP development.
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we performed ChIP-seq on wild-type P7 GNPs with an anti-NFIX
antibody. This revealed 6910 NFIX binding peaks. We compared this
with a published DNase I hypersensitivity analysis of P7 cerebel-
lar tissue (Frank et al. 2015). Of the 6910 ChIP peaks, 5843 were in
regions of accessible chromatin. We then compared the 4621 genes
associated with these 5843 NFIX peaks with our RNA-seq data (a).
This analysis identified 578 potential NFIX target genes (d)

Published data pertaining to the loss of Atohl expression
(Klisch et al. 2011) revealed that Nfix is downregulated in
Atohl™'~ cerebellar tissue, suggesting that ATOH1 poten-
tially regulates Nfix expression. Indeed, a number of genes
were commonly misregulated in both RNA-seq perturbation
data sets (Fig. 6b). Therefore, genes bound by NFIX and
showing expression changes in both datasets where NFIX
was perturbed, albeit using different approaches, were con-
sidered to be high-confidence target genes of NFIX.
Ultimately, this focussed, multifaceted approach led us to
identify 90 potential NFIX target genes. While we focussed
here on Itsni, the role of NFIX in mediating other genes iden-
tified via this screen offers a number of interesting avenues of
future research. For example, the factors mediating the tran-
scriptional activation of the Nfis themselves is very poorly
defined. Our findings suggest that NFIX may autoregulate
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Fig.6 Combined analysis of Nfix”~ GNPs and Atohl™~ cerebellar
tissue. a MEME-suite de novo motif discovery run on NFIX ChIP-
seq peaks revealed both the NFI motif, and the ATOHI1 motif, sug-
gesting the two transcription factors potentially regulate a common
suite of target genes. b Comparison of 1551 genes bound by ATOH1
and misregulated in Atohl™~ cerebellar tissue (Klisch et al. 2011)
and 578 genes bound by NFIX and misregulated in Nfix™'~ GNPs
identified 177 shared target genes. Of the 177 shared target genes, 90
were coordinately misregulated (i.e. up in both datasets, or down in
both datasets) in both Afohl ™~ cerebellar tissue (Klisch et al. 2011)
and Nfix”'~ GNPs. These 90 genes are listed in ¢, with those genes in

itself, a finding consistent with a recent report identifying
NFIB as a regulator of Nfix expression in the developing spi-
nal cord (Matuzelski et al. 2017). Moreover, investigating
the expression and role of other novel factors highlighted in
this screen will enhance our understanding of GNP biology.
Another point to consider is the fact that we filtered our target
gene list (RNA-seq and ChIP-seq; Fig. 5d) following our use
of motif enrichment, which identified the ATOH1 consensus
binding site within our NFIX ChIP-seq peaks (Fig. 6a, b). We
filtered our gene list based on those genes that were also poten-
tial targets of ATOHI [i.e. contained an ATOHI1 ChIP-seq
peak, and were differentially regulated in Atohl-deficient cer-
ebellar tissue (Klisch et al. 2011)]. Many potential NFIX target
genes (401 in total) were not identified in the ATOH1 data-
sets, and as such, many more avenues remain to study novel
targets of NFIX in GNP differentiation (e.g. Tiam2, Lingo3,

red being downregulated in Nfix”~ GNPs, and those genes in green

being upregulated in Nfix”'~ GNPs. The remaining 87 genes were not
coordinately misregulated in the two datasets (i.e. expression was up
in one dataset and down in the other, or vice versa). d Shows genome
browser tracks for the regions around the Itsnl and Dabl genes. The
tracks reveal NFIX binding sites from our ChIP-seq dataset (NFIX_
full, dark green), NFIX binding sites that appear in regions of acces-
sible chromatin (NFIX_filtered, light green) and regions of open
chromatin from published DNase 1 hypersensitivity analysis (DHS,
red). Itsnl has binding events occurring intronically and Dabl has
binding events occurring distally and intronically

Adamtsl). Finally, we also filtered our NFIX ChIP-seq peaks
by only considering those peaks located within open chromatin
(Frank et al. 2015). An interesting finding of our ChIP-seq data
was that many of the peaks were located in regions of closed
chromatin. This suggests that NFIX may play roles in addi-
tion to regulating direct gene transcription. Indeed, NFIs have
previously been shown to bind to histone H3, and to regulate
nucleosomal architecture (Fane et al. 2017; Esnault et al. 2009;
Muller and Mermod 2000). NFIB was also shown recently
to regulate chromatin accessibility in small cell lung cancer
in a manner that promoted tumour metastasis (Denny et al.
2016). Looking forward, defining the functional significance
of NFIX binding to closed regions of chromatin may provide
new insights into how these factors regulate neural stem cell
biology.
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Fig.7 Intersectin 1 is a downstream target for NFIX in GNP devel-
opment. a qPCR performed on P7 GNPs from wild-type and Nfix™'~
mice revealed significantly reduced levels of Itsnl. Levels of Kit,
serpine 2 and Dabl were, conversely, significantly elevated in the
mutant in comparison to the controls. b, ¢ Mid-sagittal sections of
P15 wild-type (b) and Irsnl™~ (c) mice stained with hematoxylin.
Gross morphology of the cerebellum was not altered in the absence
of Itsnl. The boxed regions in b and ¢ are shown in b’ and ¢’, respec-
tively. These reveal that the EGL is markedly larger in Jtsn] ™~ mice
on comparison to the controls. d—i Immunofluorescence staining with
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PAXG6 revealed that, whereas few PAX6-expressing cells remained
in the EGL of wild-type mice (d-f) at this age, there were numer-
ous PAX6-expressing GNPs in the EGL of Itsn] ™~ mice (g—i). Quan-
titation of the EGL of P15 mice revealed significantly more PAX6-
expressing (j) and PAX6/Ki67-expressing (k) cells in the EGL of
the mutant in comparison to the control at P15. 1 qPCR revealed that
different medulloblastoma cell lines had significantly lower ITSNI
expression in comparison to normal cerebellar tissue. *p<0.05,
*#p <0.01, **¥p <0.001 ¢ test
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