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SUMMARY

Folds in the cerebral cortex in mammals are believed
to be key structures for accommodating increased
cortical neurons in the cranial cavity. However, the
mechanisms underlying cortical folding remain
largely unknown, mainly because genetic manipula-
tions for the gyrencephalic brain have been unavai-
lable. By combining in utero electroporation and
the CRISPR/Cas9 system, we succeeded in efficient
gene knockout of Cdk5, which is mutated in some
patients with classical lissencephaly, in the gyrence-
phalic brains of ferrets. We show that Cdk5 knockout
in the ferret cerebral cortex markedly impaired
cortical folding. Furthermore, the results obtained
from the introduction of dominant-negative Cdk5
into specific cortical layers suggest that Cdk5 func-
tion in upper-layer neurons is more important for
cortical folding than that in lower-layer neurons.
Cdk5 inhibition induced severe migration defects in
cortical neurons. Taken together, our findings sug-
gest that the appropriate positioning of upper-layer
neurons is critical for cortical folding.

INTRODUCTION

Folding and expansion of the cerebral cortex during mammalian
evolution are considered to be crucial advances in acquiring
higher brain functions (Borrell and Gotz, 2014; Fietz and Huttner,
2011; Kriegstein et al., 2006; Lui et al., 2011; Molnar et al., 2006;
Poluch and Juliano, 2015; Rakic, 1995, 2009; Sun and Hevner,
2014; Zilles et al., 2013). The brains of humans, monkeys, and
ferrets have the folded cerebral cortex (gyrencephalic cortex),
whereas those of rodents often lack cortical folds (lissencephalic
cortex). Furthermore, human patients with cortical folding
malformations exhibit severe intellectual disability and epilepsy
(Barkovich et al., 2012; Francis et al., 2006; Guerrini and Marini,
2006; Poduri et al., 2013). Therefore, molecular and cellular
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mechanisms underlying formation and malformation of cortical
folds have been of great interest (de Juan Romero et al., 2015;
Fietz et al., 2010; Gertz and Kriegstein, 2015; Johnson et al.,
2015; Masuda et al., 2015; Toda et al., 2016). However, our
understanding of cortical folds is still rudimentary.

Candidate molecules responsible for cortical folding have
been identified by pioneering studies of human disorders that
exhibit anomalies in cortical folding, such as lissencephaly and
polymicrogyria (Barkovich et al., 2012; Fry et al., 2014; Walsh,
1999). In classical lissencephaly (also known as type | lissence-
phaly), cortical folds are severely reduced or absent, and as a
result, the surface of the brain becomes smooth. It has been
assumed that several molecules which are mutated in some
patients with classical lissencephaly such as LIS7 (also known
as PAFAH1B1), doublecortin (DCX), and cyclin-dependent
kinase 5 (CDKb) are involved in cortical folding (Kerjan and Glee-
son, 2007; Magen et al., 2015; Pilz et al., 1998). However, it has
not been experimentally tested if these genes really mediate
cortical folding. Furthermore, the mechanistic links connecting
these molecules and the macroscopic structures of folds have
not yet been elucidated. It has been hypothesized that radial
migration of neurons underlies folding of the cerebral cortex
because a radial migration defect was found in Cadk5 knockout
mice (Gilmore et al., 1998; Ohshima et al., 2007). However,
because the mouse brain does not have cortical folds, it has
been difficult to determine the cellular mechanisms involved in
cortical folding and the types of cells in which Cdk5 is respon-
sible for cortical folding using mice.

Another reason why uncovering the mechanisms of cortical
folding has been difficult to explore would be that rapid and effi-
cient in vivo genetic manipulations that can be applied to the
cerebral cortex of gyrencephalic mammals has been unavai-
lable. To overcome this limitation, we recently established a
genetic manipulation method for gyrencephalic carnivore ferrets
to express genes of interest using in utero electroporation (IUE)
(Kawasaki et al., 2012, 2013). Ferrets have well-developed brain
structures and have been widely used for various neuroscientific
research (Crowley and Katz, 2000; Fietz et al., 2010; Fujishiro
et al., 2014; Huberman et al., 2005; lwai et al., 2013; Kawasaki
et al., 2004; Martinez-Martinez et al., 2016; Poluch and Juliano,
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Figure 1. Expression Patterns of Cdk5
mRNA and Its Protein in the Developing
Ferret Brain

(A—C) RNAscope in situ hybridization was per-
formed on coronal sections of ferret brains at P6
with a Cdk5 probe (A and C) or a negative-control
probe targeting the bacterial dapB gene (B). The
sections were then stained with Hoechst 33342.
(C) Higher magnification images of Cdk5 expres-
sion in the cortical plate (CP), the intermediate zone
(12), and the inner subventricular zone/ventricular
zone (ISVZNVZ). (A and C) Cdk5 mRNA was
expressed strongly in the CP of the ferret cerebral
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2015; Ware et al., 1999; White et al., 1999). Using our IUE method
for ferrets, we recently demonstrated direct evidence for the role
of subventricular zone (SVZ) progenitors in cortical folding (Toda
et al., 2016). We further produced a ferret model of polymicrogy-
ria by expressing fibroblast growth factor 8 (FGF8) and investi-
gated the pathogenesis of polymicrogyria (Masuda et al.,
2015). We decided that our next endeavor would be gene
knockout in the ferret cerebral cortex. Because we recently
reported that gene knockout was efficiently achieved in the
mouse cerebral cortex by combining IUE and the CRIPSR/
Cas9 system (Shinmyo et al., 2016), we tried to combine our
IUE technique and the CRISPR/Cas9 system in ferrets. We found
that this combination resulted in efficient gene knockout in the
ferret cerebral cortex in vivo. By taking advantage of our gene
knockout method for ferrets, we successfully found that Cdk5
in cortical neurons is indeed required for cortical folding. Further-
more, we found that the inhibition of Cdk5 in layer 2/3 reduced
cortical folding, while that in layer 4 or layer 5/6 did not. These
results suggest that upper-layer neurons are more critical than
lower-layer neurons for cortical folding. Our findings provide
mechanistic insights into cortical folding.

RESULTS
Expression Patterns of Cdk5 in the Developing Ferret
Brain

We first examined the expression pattern of Cdk5 mRNA in the
ferret cerebral cortex at postnatal day 6 (P6). RNAscope in situ hy-
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cortex. (B) No signal was detected when the
negative-control probe was used. Scale bars,
500 um (A and B) and 50 um (C).

(D) Cdk5 immunohistochemistry using coronal
sections of ferret brains at P6. As in the case of
Cdk5 mRNA, Cdk5 protein was most abundant in
the CP of the cerebral cortex. Cdk5 immunoreac-
tivity was also observed in axonal pathways in the
cerebral cortex including the inner fiber layer (IFL)
(arrowhead). Scale bar, 500 um.

Hoechst

bridization revealed that Cdk5 mRNA was

expressed preferentially in the cortical

plate (CP), where the majority of post-

mitotic neurons accumulate (Figures 1A-

1C). Cdk5 mRNA was also expressed in

the intermediate zone (1Z), which contains

migrating neurons, and was weakly ex-
pressed in the ventricular zone (VZ) and inner subventricular
zone (ISVZ) (Figures 1A and 1C). Consistently, when in situ hybrid-
ization with two distinct digoxigenin-labeled RNA probes was per-
formed, Cdk5 mRNA expression was observed predominantly in
the CP (Figures S1A and S1B). We next examined the expression
pattern of Cdk5 protein in the ferret cerebral cortex using anti-
Cdk5 antibody. Consistent with Cadk5 mRNA, Cdk5 protein was
most abundant in the CP (Figure 1D), indicating that Cdk5 is ex-
pressed in cortical neurons in the ferret brain. Cdk5 immunoreac-
tivity was also detected in axonal pathways in the cerebral cortex
including the corpus callosum (Figure S1C) and the inner fiber
layer (IFL) (Figure 1D, arrowhead). This result is consistent with
previous studies demonstrating that Cdk5 protein was also found
in the axons (Tsai et al., 1993) and our previous report that the
axons in the IFL are derived, at least partially, from cortical neu-
rons in ferrets (Kawasaki et al., 2013). Taken together with a pre-
vious report showing that Cdk5 is expressed in cortical neurons
inmice (Tsaietal., 1993), these results indicate that the expression
pattern of Cdk5 in the developing cerebral cortex is highly
conserved between mice and ferrets. In addition, our immuno-
staining also showed that the expression pattern of Cdk5 protein
was similar to that of Cdk5 mRNA in the hippocampus and the
thalamus (Figures S1D and S1E), suggesting that the anti-Cdk5
antibody used in this study specifically recognizes Cdk5 protein.
This is also supported by the fact that Cdk5 immunoreactivity de-
tected with this antibody was strongly reduced in the cerebral cor-
tex of ferrets in which the Cdk5 gene was knocked out by the
CRISPR/Cas9 system (see below for details) (Figures 2A and 2B).
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Figure 2. CRISPR/Cas9-Mediated Knockout
of the Cdk5 Gene in the Ferret Cerebral
Cortex

(A and B) pCAG-EGFP plus either pX330-Cdk5 or
control pX330 vector were introduced into the
ferret cerebral cortex by using IUE at E31. Coronal
sections were prepared at P6 and stained with anti-
Cdk5 antibody and Hoechst 33342. (A) Note that
many EGFP-positive cells remained accumulated
in the outer subventricular zone (OSVZ) of the
pX330-Cdk5-2385-¢electroporated cortex (lower
panels). (B) Higher magnification confocal micro-
scopic images of EGFP-positive cells in the CP and
the OSVZ. Cdk5 expression was observed in
EGFP-positive cells in the CP of the control brain
(upper panels, arrowheads). Note that Cdk5
expression was greatly suppressed in EGFP-pos-
itive cells in the OSVZ of the pX330-Cdk5-2385-
electroporated cortex (lower panels, arrows), while
it was not strongly affected in the CP (middle

Cdk5 / EGFP
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CRISPR/Cas9-Mediated Knockout of the Cdk5 Gene in
the Ferret Cerebral Cortex

We recently found that genes of interest could be knocked out
with high efficiency in the developing cerebral cortex by
combining the CRISPR/Cas9 system and IUE in mice (Shinmyo
et al., 2016). This result raised the possibility that gene knockout
can also be achieved in the cerebral cortex of ferrets. We there-
fore tried knockout of the Cdk5 gene in the developing ferret
cerebral cortex using our method. We chose five target sites in

the ferret cerebral cortex by using IUE at E31.
Coronal sections were prepared at P6 (D) and P16
(E) and stained with anti-GFP antibody. Arrow-
heads indicate representative images of EGFP-
positive cells in the CP of the control cortex (left)
and in the OSVZ of the pX330-Cdk5-2385-¢elec-
troporated cortex (right). Note that the morphol-
ogies of EGFP-positive cells were markedly
impaired by pX330-Cdk5-2385 at both P6 and P16.
Scale bars, 20 um.

(F) pPCAG-EGFP plus either pX330-Cdk5 or control
pX330 vector were introduced into the ferret ce-
rebral cortex by using IUE at E31. Coronal sections
were prepared at E39 and stained with Hoechst
33342. Note that all five pX330-Cdk5 constructs
inhibited radial migration of EGFP-positive cells.
Arrows and arrowheads indicate EGFP-positive
neurons in the CP and EGFP-positive axons in the
inner fiber layer, respectively. VZ, ventricular zone.
Scale bar, 200 pm.

Cdk5-2385

the Cdk5 gene: Cdk5-117 in exon 1;

Cdk5-810 in exon 2; and Cdk5-2338,

Cdk5-2356, and Cdk5-2385 in exon 7.
We cloned these five target sequences in the pX330 plasmid,
in which humanized Cas9 and synthetic chimeric guide RNA
(sgRNA) are simultaneously expressed under the chicken B-actin
hybrid and human U6 promoters, respectively (Cong et al.,
2013). To evaluate the effectiveness of this gene knockout
method in the cerebral cortex of ferrets, we first co-transfected
pCAG-EGFP and pX330-Cdk5-2385 targeting a region near
the serine 159, which is important for Cdk5 activation (Sharma
et al., 1999), into the ferret cerebral cortex using IUE at E31
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and prepared coronal sections at P6. Consistent with previous re-
ports that Cdk5 is required for radial migration of cortical neurons
inmice (Gilmore etal., 1998; Ohshima et al., 2007), radial migration
of EGFP-positive cells was markedly inhibited in the pX330-Cdk5-
2385-electroporated ferret cortex (Figure 2A, lower panels), while
almost all EGFP-positive cells migrated into the CP in the control
pX330-electroporated cortex (Figure 2A, upper panels). We next
examined the expression of Cdk5 protein in EGFP-positive cells
using immunohistochemistry. We found that Cdk5 expression
was greatly suppressed in EGFP-positive cells in the outer sub-
ventricular zone (OSVZ) of the pX330-Cdk5-2385-electroporated
cortex (Figure 2B, lower panels, arrows) compared with that in
control pX330-electroporated cortex (Figure 2B, upper panels,
arrowheads). A quantitative analysis revealed that Cdk5
expression was lost in 49% of EGFP-positive cells in the pX330-
Cdk5-2385-electroporated cortex (control, 1.7% + 1.7%; Cdk5-
2385, 48.7% + 5.9%; p < 0.01; Welch’s t test, n = 3 animals for
each condition). These results indicate that introduction of
pX3830-Cdk5-2385 using IUE efficiently knocked out the Cdk5
gene in the ferret cerebral cortex.

To investigate the mutations caused by pX330-Cdk5-2385, we
introduced pCAG-EGFP and pX330-Cdk5-2385 into the devel-
oping ferret cortex using IUE at E31. We then extracted genomic
DNA from EGFP-positive areas of the cerebral cortex at PO.
The target site of the Cdk5 gene was amplified with PCR and
sequenced using a next-generation sequencer. We found
several kinds of deletion mutations near the predicted cleavage
site in the Cdk5 gene (Figure 2C). This result suggests that intro-
duction of pX330-Cdk5-2385 induces insertion and deletion
(indel) mutations in the Cdk5 gene, leading to disruption of
endogenous Cdk5 function.

It has been demonstrated that Cdk5 is required not only for
radial migration of cortical neurons but also for multipolar-to-
bipolar transition during radial migration in the mouse cerebral
cortex (Gilmore et al., 1998; Ohshima et al., 2007). Therefore,
we examined the position and the morphology of the EGFP-pos-
itive cells in the ferret cortex at P6 and P16. In the control pX330-
electroporated cortex at P6, most EGFP-positive neurons
migrated into the CP and had a bipolar morphology with one
major leading process oriented toward the cortical surface (Fig-
ures 2D and S2A, control). In contrast, many EGFP-positive cells
in the pX330-Cdk5-2385-¢electroporated cortex exhibited radial
migration defects and abnormal morphologies with multiple pro-
cesses (Figures 2D and S2A, Cdk5-2385), suggesting that multi-
polar-bipolar transition is inhibited by pX330-Cdk5-2385. Similar
results were also obtained at P16. While EGFP-positive cells in
lower layers of the CP exhibited developed dendritic arbors in
the control cortex (Figures 2E and S2B, control), EGFP-positive
cells in the pX330-Cdk5-2385-electroporated cortex were still
positioned within the 1Z and the SVZ and kept their multipolar
morphology (Figures 2E and S2B, Cdk5-2385). These results
suggest that IUE of pX330-Cdk5-2385 efficiently disrupts the
Cdk5 genome in the ferret cerebral cortex.

Because we made five kinds of pX330-Cdk5 constructs, we
compared their effectiveness for disrupting Cdk5 function. We
co-transfected pCAG-EGFP and one of the pX330-Cdk5 con-
structs into the ferret cerebral cortex using IUE at E31. We
then prepared coronal sections at E39 and examined the distri-
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bution of EGFP-positive cells. In the control brain, which was
electroporated with the pX330 plasmid and pCAG-EGFP,
EGFP-positive cells were normally distributed in the CP (Fig-
ure 2F, control, arrows). In addition, EGFP-positive axons were
observed between the OSVZ and the ISVZ (Figure 2F, control,
arrowheads). In contrast, when pX330-Cdk5-117, pX330-
Cdk5-810, pX330-Cdk5-2338, pX330-Cdk5-2356, or pX330-
Cdk5-2385 were electroporated, radial migration of EGFP-posi-
tive cells was inhibited, and many EGFP-positive cells remained
accumulated in the 1Z and the SVZ (Figure 2F), suggesting that
the Cdk5 gene is disrupted by all of the pX330-Cdk5 constructs.
In the following experiments, we mainly used the pX330-Cdk5-
2385 construct to knock out the Cdk5 gene because pX330-
Cdk5-2385 seemed to inhibit the radial migration of EGFP-pos-
itive cells most effectively. Taken together, our data indicate that
combining our IUE for ferrets and the CRISPR/Cas9 system
should be useful for investigating gene functions in higher mam-
mals by knocking out genes of interest.

Reduced Cortical Folding in the pX330-Cdk5-2385-
Electroporated Brain

A previous report found a mutation in the CDK5 gene in human
patients with lissencephaly (Magen et al., 2015). Because
Cdk5 is abundantly expressed in cortical neurons, it has been
proposed that Cdk5 in cortical neurons is required for cortical
folding. To directly test whether Cdk5 in cortical neurons is
indeed essential for cortical folding, we introduced pCAG-
EGFP and pX330-Cdk5-2385 into the ferret cerebral cortex us-
ing IUE at E31, and the brains were prepared at P16, when
cortical folds have already been formed. Interestingly, we found
clear abnormalities in cortical folding of the EGFP-positive area
of the pX330-Cdk5-2385-electroporated cortex (Figures 3A
and 3B, squares in lower panels), while no apparent abnormal-
ities were observed in the control cortex electroporated with
the pX330 plasmid (Figures 3A and 3B, upper panels).

Hoechst staining of coronal sections revealed that the pX330-
Cdk5-2385-electroporated cortex had the following two charac-
teristics in abnormal cortical folding. First, the size of the gyrus in
the pX330-Cdk5-2385-transfected cortex was remarkably
smaller than that in the contralateral non-transfected side (Fig-
ures 3C and 3D; compare iii and iv, arrowheads). Second, the
depth of the sulcus in the pX330-Cdk5-2385-transfected cortex
was markedly shallower than that in the contralateral non-trans-
fected side (Figures 3C and 3D; compare iii and iv, arrows).

It was shown that a multiple-target CRISPR strategy, in which
multiple kinds of sgRNAs targeting the same gene were used,
was an efficient approach to induce biallelic mutations in the
target gene (Sunagawa et al., 2016). Thus, we introduced a
mixture of three kinds of pX330-Cdk5 constructs (pX330-
Cdk5-810, pX330-Cdk5-2356, and pX330-Cdk5-2385) into the
ferret cerebral cortex using IUE. We found that the cortex trans-
fected with these pX330-Cdk5 constructs showed impaired
cortical folding, which was similar to that in the pX330-Cdk5-
2385-transfected cortex (see Figures 3E-3G for details).

We quantified the size of the gyrus on the electroporated side
and the contralateral side of brain sections (Figure S3A). To mini-
mize the variation of the size of the gyrus depending on the
position of coronal sections along the anterior-posterior axis,
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A B Figure 3. Cdk5 in the Developing Ferret Cortex Is
Bright field

Bright field Required for Cortical Folding

(A and B) Lateral (A) and dorsal (B) views of electroporated brains
at P16. pCAG-EGFP plus either pX330-Cdk5-2385 or control
' pX330 vector were introduced into the cerebral cortex of ferret
* brains by using IUE at E31, and the brains were prepared at P16.
Electroporated areas showed EGFP fluorescence (B, arrows).
Cortical folding was impaired in animals transfected with pX330-
Cdk5-2385 (squares). A, anterior; D, dorsal; P, posterior. Scale
bars, 4 mm.
(C and D) Coronal sections of the electroporated brains were
stained with Hoechst 33342. The areas within the boxes in the
left panels are magnified and shown in the right panels. Note
marked reductions in the depth of the sulcus (arrows) and in the
* size of the gyrus (arrowheads) on the pX330-Cdk5-2385-elec-
troporated side of the cortex compared with the non-electro-
porated side of the cortex and the cortex in control animals. The

asterisks indicate an ectopic cell population in the white matter.
EP, electroporated side; non-EP, non-electroporated side.
Scale bars, 2 mm (left panels) and 1 mm (middle panels).

(E-G) Quantification of the local GS ratio (E), the local Gll (F), and
the local SD ratio (G). See also Figure S3 for details. pPCAG-EGFP
plus either pX330-Cdk5-2385 (5 mg/mL), a mixture of three
pX330-Cdk5 constructs (triple targets, 1.67 mg/mL each), or
control pX330 vector (5 mg/mL) was introduced using IUE at
E31, and the brains were prepared at P16. The local GS (E) and
the local SD (G) ratios were significantly reduced in the cortices

transfected with pX330-Cdk5-2385 or three pX330-Cdk5 con-

Control
Control

Cdk5-2385
Cdk5-2385

(@)

EGFP / Hoechst EP non-EP

Control

structs. The local Gll value (F) was significantly larger in these
brains (n = 4 animals for control and triple targets, and n = 3 for
Cdk5-2385; **p < 0.01; *p < 0.05; Welch’s t test, two-tailed). Bars
represent mean + SEM.
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the value for the size of the gyrus on the electroporated side was
divided by that on the contralateral side to give the local gyrus
size ratio (local GS ratio). The local GS ratio would be 1 if the
size of the gyrus was the same between the electroporated
side and the other side and would be zero if gyrus formation
was completely blocked by genetic manipulation. Consistent
with our observations, we found that the local GS ratio was
significantly smaller in the cortices transfected with pX330-
Cdk5-2385 or a mixture of three pX330-Cdk5 constructs (triple
targets) than in the control cortex (control, 0.85 + 0.038; Cdk5-
2385, 0.28 + 0.036; triple targets, 0.31 + 0.055; **p < 0.01;
Welch’s t test) (Figure 3E).

To quantify the degree of inhibition of cortical folding, the
length of the complete inner contour was divided by that of the
outer contour of the cortex between two gyri in EGFP-positive
cortical areas (Figure S3B, local Gl). We then defined the local
gyrification inhibition index (local Gll) in which the local Gl value
on the contralateral side was subtracted by that on the electro-
porated side and then divided by that on the contralateral side
(Figure S3B). The local Gll value would be zero if cortical folds
were same between the transfected side and the other side
and would be larger than zero if cortical folds were suppressed
by genetic manipulation. We found that the local Gll value was
significantly larger in the cortices transfected with pX330-
Cdk5-2385 or three pX330-Cdk5 constructs than in the control
cortex (control, 0.011 + 0.041; Cdk5-2385, 0.23 + 0.034; triple
targets, 0.27 + 0.042; **p < 0.01; Welch’s t test) (Figure 3F).

Furthermore, we defined another index, the local sulcus depth
index (local SD), which represents the depth of the sulcus (Fig-
ure S3C). The local SD ratio would be 1 if the depth of the sulcus
was the same between the electroporated side and the other
side and would be zero if sulcus formation was totally blocked
by genetic manipulation. The local SD ratio in the cortices trans-
fected with pX330-Cdk5-2385 or three pX330-Cdk5 constructs
was significantly smaller than that in the control cortex (control,
1.00 + 0.019; Cdk5-2385, 0.31 + 0.084; triple targets, 0.29 +
0.086; *p < 0.05, **p < 0.01; Welch’s t test) (Figure 3G). Taken
together, these results clearly indicate that cortical folding is in-
hibited in the pX330-Cdk5-2385-electroporated cortex. Our
findings also indicate that Cdk5 in cortical neurons is indeed
required for cortical folding.

The pX330-Cdk5-2385-Electroporated Cortex Showed
Radial Migration Deficits of Cortical Neurons

It has been hypothesized that the impaired cortical folding in
human lissencephaly is caused by radial migration deficits of
cortical neurons (Kerjan and Gleeson, 2007). Consistent with
this hypothesis, in the pX330-Cdk5-2385-electroporated cortex,
we observed an ectopic cell population in the white matter
beneath reduced cortical folding (Figures 3C, 3D, and 4A, aster-
isks). Immunostaining with anti-NeuN antibody, which recog-
nizes post-mitotic neurons, showed that many cells in this cell
population were positive for NeuN (Figure 4B), suggesting that
radial migration of cortical neurons was impaired massively. In
contrast, immunostaining for the glial markers glial fibrillary
acidic protein (GFAP), glutamine synthetase (GS), adenomatous
polyposis coli (APC), and Olig2 showed that glial cells were not
accumulated in this cell population (Figures 4C and S4A-S4D).
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These results suggest that when the Cdk5 gene is knocked
out, the defect in radial migration of cortical neurons results in
impaired cortical folding in the ferret cortex.

Next, we investigated subtypes of cortical neurons showing
radial migration defects. Our previous studies showed that
when IUE was performed at E31, EGFP-positive neurons were
preferentially located in layer 5/6 (Kawasaki et al., 2012). Indeed,
when pCAG-EGFP and pX330 control plasmid were introduced
at E31, EGFP-positive neurons were predominantly localized in
layer 5/6, which is Ctip2- and FoxP2-positive (Figure 4D), rather
than in layers 2—-4, which are Cux7- and Rorb-positive. Interest-
ingly, although the ectopic cell population in the white matter of
the pX330-Cdk5-2385-¢electroporated cortex contained EGFP-
positive cells, there were not very many EGFP-positive cells
(Figure 4E). The proportion of EGFP-positive cells among
NeuN-positive cells in the ectopic cell population was 15.5% +
1.9% (n = 3 brains). To examine whether radial migration of
upper-layer neurons was inhibited, we performed in situ hybrid-
ization for Cux1 and Rorb, which are expressed in layers 2-4 and
layer 4, respectively (Figure 4F). We found that many cells in the
ectopic cell population expressed Cux1 rather than Rorb (Fig-
ure 4G). These results suggest that although the pX330-Cdk5-
2385-electroporated cortex showed radial migration deficits of
both upper-layer and lower-layer neurons, radial migration of
upper-layer neurons seemed to be preferentially impaired in
the pX330-Cdk5-2385-¢electroporated cortex.

Inhibition of Cdk5 Function in Layer 2/3 Impaired
Cortical Folding

Because introduction of pX330-Cdk5-2385 using IUE at E31
disrupted the Cdk5 gene in most layers of the cerebral cortex,
it was unclear which neurons’ radial migration was important
for cortical folding. Our findings that the radial migration of
upper-layer neurons was more severely impaired by pX330-
Cdk5-2385 raised the possibility that upper-layer neurons are
more critical than lower-layer neurons for cortical folding. To
test this possibility, we blocked Cdk5 function in distinct popula-
tions of cortical neurons by introducing dominant-negative Cdk5
(DN-Cdk5) using IUE at E31, E34, and E37 (Borrell, 2010; Kawau-
chiet al., 2003; Ohshima et al., 2007). To make DN-Cdk5, Asp at
codon 144 of the Cdk5 protein was replaced with Asn, and as a
result, the kinase activity of Cdk5 was lost. This DN-Cdk5 has
been characterized in many papers and has been widely used.
It is well-known that this DN-Cdk5 suppresses the function of
endogenous Cdk5 (Kawauchi et al., 2003, 2006; Ohshima
et al., 2007).

First, we examined the distribution of EGFP-positive cells in
the control cortex electroporated with pCAG-EGFP and pCAG
vector (control plasmid for pCAG-DN-Cdk5). Consistent with
our previous results (Kawasaki et al.,, 2012), we observed
EGFP-positive cells in layers 5/6 and 2/3 in the control brain elec-
troporated at E31 and E37, respectively (Figure S5A, upper and
lower panels). In addition, IUE at E34 preferentially induced the
EGFP expression in layer 4 neurons (Figure S5A, middle panels).
It has been shown that glial cells are generated after upper-layer
neurons are produced in mice (Kriegstein and Alvarez-Buylla,
2009). To examine whether IUE at E37 resulted in the transgene
expression in glial cells in ferrets in addition to layer 2/3 neurons,
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Figure 4. Radial Migration of Cortical Neurons Was
Impaired in the pX330-Cdk5-2385-Electroporated Cortex
pCAG-EGFP plus either pX330-Cdk5-2385 or control pX330 vector
were introduced into the cerebral cortex of ferret brains by using
IUE at E31, and the brains were prepared at P16.

(A and B) Coronal sections of the electroporated brains were
stained with Hoechst 33342 and anti-NeuN antibody. The areas
within the boxes in (A) are magnified and shown in (B). Note that
many cells in the ectopic cell population (A, asterisk) were positive
for NeuN. Scale bars, 1 mm in (A) and 200 um in (B).

(C) Coronal sections of the electroporated brains were stained with
Hoechst 33342 plus either anti-GFAP, anti-GS, anti-APC, or anti-
Olig2 antibody. Note that glial cells were not abnormally accumu-
lated in the ectopic cell population. Scale bar, 200 um.

(D) Coronal sections of the control EGFP-electroporated brains
were stained with Hoechst 33342 plus either anti-Ctip2 antibody or
anti-FOXP2 antibody. Note that EGFP-positive cells were prefer-
entially observed in layer 5/6. Numbers indicate layers in the cortex.
Scale bar, 200 pm.

(E) Coronal sections of the electroporated brains were stained with
Hoechst 33342. Note that the ectopic cell population was
composed of EGFP-positive and EGFP-negative cells. Scale bar,
200 pum.

(F) Cux1 and Rorb expression in the control ferret cortex. Hoechst
33342 staining and in situ hybridization for Cux? or Rorb were
performed using coronal sections of the cerebral cortex at P16.
Cux1 mRNA was enriched in layers 2-4, whereas Rorb mRNA
selectively labeled layer 4. Scale bar, 200 um.

(G) Cux1 and Rorb expression in the ectopic cell population of the
pX330-Cdk5-2385-transfected cortex. Hoechst 33342 staining and
in situ hybridization for Cux? or Rorb were performed in coronal
sections of the pX330-Cdk5-2385-electroporated brains. Note that
Cux1 mRNA was abundantly expressed in the ectopic cell popu-
lation. Scale bar, 200 pm.
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we examined the expression of APC and GS. Our confocal
microscopic analysis revealed that all EGFP-positive cells were
positive for NeuN (Figure S5B, arrowheads), but negative for
APC and GS (Figure S5B, arrows). These results indicate that
IUE at E37 led to selective transgene expression in neuronal cells
in ferrets. Thus, IUE at E31, E34, and E37 enabled selective
transgene expression in layer 5/6, layer 4, and layer 2/3 cortical
neurons, respectively.

When we co-transfected EGFP and DN-CdkS5 into the ferret
cortex using IUE, we found that the vast majority of EGFP-posi-
tive cells were located in the IZ and SVZ (Figures 5A for E31, 5B
for E34, 5C for E37, DN-Cdk5, asterisks, and S5C, lower panels,
arrows). In contrast, most EGFP-positive cells migrated into the
CP in the control cortex (Figures 5A-5C, control, and S5C, upper
panels, arrowheads). These results indicate that CdkS5 is essen-
tial for radial migration of both upper-layer neurons and lower-
layer neurons because IUE of DN-Cdk5 at E31, E34, and E37
impaired radial migration of EGFP-positive neurons. Detailed
examination of cell morphology showed that DN-Cdk5 induced
abnormal morphologies with multiple short processes at P16
(Figure S5D). These results are consistent with our findings
from Cdk5 knockout experiments using the CRISPR system (Fig-
ures 2 and 3). Next, we examined cortical folding of the
DN-Cdk5-electroporated cortex. Interestingly, we found obvious
defects in cortical folding when DN-Cdk5 was expressed at E37
(Figure 5C, DN-Cdk5, arrows). Importantly, the defects in cortical
folding were observed in the area close to EGFP-positive trans-
fected areas (Figure 5C, DN-Cdk5, arrows), but not near EGFP-
positive areas in the control brain (Figure 5C, control, arrow-
heads). Interestingly, in contrast to IUE at E37, IUE at E31 or
E34 did not affect cortical folding even when DN-Cdk5 was
expressed (Figures 5A and 5B, DN-Cdk5, arrowheads). Consis-
tently, we found that the local GS ratio was significantly smaller in
the DN-Cdk5-transfected cortex than in the control cortex when
IUE was performed at E37 (control, 1.00 + 0.10; DN-Cdk5, 0.65
+ 0.12; p < 0.05; Welch'’s t test) (Figure 5D, right). In contrast, no
significant differences of the local GS ratio between DN-Cdk5-
transfected and control cortices were observed when IUE was
performed at E31 or E34 (Figure 5D, left and middle). These
results suggest that radial migration of layer 2/3 neurons is
more critical than those of layers 4-6 neurons for cortical folding.
In addition, it should be noted that we also measured the local Gil
and the local SD ratio, but did not find significant differences in all
conditions (Figures S5E and S5F). This is presumably because
the effect of DN-CdKS5 is weaker than that of Cdk5 knockout by
the CRISPR/Cas9 system, and the local GS ratio is most sensi-
tive to changes in cortical folding.

Cell Proliferation and Apoptosis Were Not Affected in
the pX330-Cdk5-2385-Transfected Cortex

Our findings suggest that radial migration defects of cortical neu-
rons resulted in impaired cortical folding in the Cdk5 knockout
cortex (Figure 3). However, it remained possible that impaired
cortical folding was caused by decreased cell proliferation
and/or increased apoptosis. To test this possibility, we first
immunostained for the proliferation markers Ki-67 and phos-
pho-histone H3 (pHH3). We found that both Ki-67-positive (Fig-
ures S4E and S4F) and pHH3-positive (Figures S4G and S4H)

2138 Cell Reports 20, 2131-2143, August 29, 2017

cells were not affected by pX330-Cdk5-2385. We also investi-
gated neural progenitors by immunostaining for Pax6 and found
that Pax6-positive neural progenitors were not affected in the
pX330-Cdk5-2385-transfected cortex (Figures S4l and S4J).
We next performed immunostaining with anti-cleaved cas-
pase-3 antibody to detect apoptosis and found that cleaved
caspase-3-positive cells were not increased by pX330-Cdk5-
2385 (Figures S4K and S4L). Taken together, these results
suggest that cell proliferation and apoptosis were not involved
in the impaired cortical folding resulting from Cdk5 knockout.

DISCUSSION

Here, we established a gene knockout method for the gyrence-
phalic brain by combining IUE for ferrets and the CRISPR/Cas9
system. Using our method, we clearly demonstrated the indis-
pensable role of Cdk5 in cortical folding in the gyrencephalic
brain of ferrets. Furthermore, our data suggest that normal radial
migration of upper-layer neurons regulated by Cdk5 is essential
for cortical folding.

Establishment of a Gene Knockout Method for the
Cerebral Cortex of Gyrencephalic Mammals

The CRISPR/Cas9 system is widely used to generate gene
knockout animals. In this study, we demonstrated efficient
knockout of the Cdk5 gene in the ferret cerebral cortex by
combining the CRISPR/Cas9 system and our IUE method for fer-
rets. Our data showed that the pX330-Cdk5-2385-transfected cor-
tex has more severe defects in cortical folding than the DN-Cdk5-
transfected cortex (Figures 3 and 5), suggesting that pX330-Cdk5,
compared to DN-Cdk5, inhibited Cdk5 function more severely and
more massively. This result is presumably due to a difference in
technical features between the two experimental systems (Fig-
ure S5G). When EGFP plasmids and DN-Cdk5 plasmids are
co-transfected using IUE, Cdk5 functions are suppressed only in
EGFP-positive neurons produced immediately after IUE and those
in EGFP-negative descendant neurons produced after several
rounds of cell division are not. This is because plasmids are not
duplicated during cell division in neural progenitors.

In contrast, when the CRISPR/Cas9 construct pX330-Cdk5 and
EGFP plasmids are co-transfected, pX330-Cdk5 disrupts the
target genome in transfected cells, and all descendant neurons,
including both EGFP-positive and EGFP-negative neurons, have
the disrupted genome (Figure S5G). Therefore, it seems plausible
that IUE of pX330-Cdk5-2385 at E31 disrupts the Cdk5 gene in
neural stem cells and/or progenitor cells, resulting in generation
of both lower-layer neurons and upper-layer neurons lacking
Cdk5 function. A similar phenomenon was observed in a previous
report showing CRISPR/Cas9-mediated gene knockout in the
mouse brain using IUE (Kalebic et al., 2016). Thus, our data indi-
cate that the combination of the CRISPR/Cas9 system and IUE
is a powerful and efficient approach to achieve gene knockout
in the cerebral cortex of gyrencephalic mammals.

The Importance of Upper-Layer Neurons in Cortical
Folding

Although a mutation was identified in the CDK5 gene of human
patients with classical lissencephaly (Magen et al., 2015), it
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Figure 5. Cdk5 in Layer 2/3 Is Required for Cortical Folding in
the Ferret Cortex

(A-C) pCAG-EGFP plus either pCAG-DN-Cdk5 or control pCAG
vector were introduced into the cerebral cortex of ferret brains by
using IUE at E31 (A), E34 (B), or E37 (C), and the brains were prepared
at P16. Coronal sections of the electroporated brains were stained
with Hoechst 33342. The areas within the boxes in the left panels are
magnified and shown in the right panels. It should be noted that
cortical folding was impaired in brains electroporated with DN-Cdk5 at
E37 (C, arrows), but not E31 and E34 (A and B, arrowheads), although
radial migration of EGFP-positive cells was impaired in all cases
(asterisks). Scale bars, 3 mm (left panels) and 1 mm (middle panels).
(D) Quantification of the local GS ratio. The local GS ratio was signif-
icantly reduced in brains electroporated with DN-Cdk5 at E37 (n = 3
and 4 animals for DN-Cdk5 and control samples, respectively), but not
at E31 (n = 3 animals for each condition) and E34 (n = 3 animals for
each condition). *p < 0.05; N.S., not significant. Welch’s t test, one-
tailed. Bars represent mean + SEM.

Cell Reports 20, 2131-2143, August 29, 2017 2139

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

had not been directly tested if Cdk5 is involved in cortical folding
experimentally. We demonstrated that Cdk5 knockout in the
ferret cerebral cortex markedly impaired radial migration of
cortical neurons and cortical folding (Figures 3 and 4). This result
suggests that Cdk5 is critical for cortical folding. Furthermore,
our data using DN-Cdk5 suggests that radial migration of up-
per-layer neurons is more critical for cortical folding than that
of lower-layer neurons (Figure 5). Thus, we propose that the
appropriate positioning of upper-layer neurons is critical for
cortical folding.

Although a number of hypotheses for the mechanisms of
cortical folding have been proposed (Kriegstein et al., 2006; Lui
etal., 2011; Zilles et al., 2013), the molecular and cellular mech-
anisms underlying cortical folding remain largely unknown. This
is mainly because genetic manipulation techniques for gyrence-
phalic mammals had been missing. Using our recently devel-
oped genetic techniques for ferrets, we show the importance
of upper-layer neurons in cortical folding. Because the ratio of
the number of upper-layer neurons to that of lower-layer neurons
is much greater in gyrencephalic humans than in lissencephalic
rodents (DeFelipe et al., 2002), it has been hypothesized that
expansion of upper layers in comparison to lower layers contrib-
utes to the development of cortical folds during evolution (Rich-
man et al., 1975). This hypothesis is consistent with our model,
which assumes that upper-layer neurons are more critical than
lower-layer neurons for cortical folding. It seemed plausible
that an expanded cortical surface produced by increased
upper-layer neurons is essential for generating the protrusions
of the cerebral cortex (i.e., gyri). This hypothesis is further sup-
ported by our previous studies using ferrets showing that upper
layers are preferentially decreased in gyri, when cortical folding
is impaired by Tbr2 inhibition (Toda et al., 2016). Furthermore,
upper layers are preferentially increased in polymicrogyria
induced by ectopic expression of FGF8 (Masuda et al., 2015).
It should be noted that the pX330-Cdk5-2385-transfected cortex
has more severe defects in cortical folding than the DN-Cdk5-
transfected cortex (Figures 3 and 5). This is presumably because
introduction of pX330-Cdk5, compared to DN-CdkS5, inhibited
Cdk5 function in layer 2/3 neurons more extensively, but it
remains possible that Cdk5 in lower-layer neurons also plays a
role in cortical folding.

A Conserved Role of Cdk5 for Radial Migration of
Cortical Neurons
Although the expression and functions of Cdk5 in the cerebral
cortex have been investigated in mice (Ohshima et al., 2007,
Tsai et al., 1993), those in higher mammals are largely unknown.
Our study showed that Cdk5 mRNA was predominantly ex-
pressed in the CP of the ferret cerebral cortex (Figures 1A-1C).
Interestingly, Cdk5 protein was abundantly distributed in the
IFL (Figure 1D), which is a prominent feature of the cerebral cor-
tex in higher mammals (Smart et al., 2002; Zecevic et al., 2005).
This result is consistent with previous studies demonstrating that
Cdk5 protein was also found in the axons (Tsai et al., 1993) and
our previous report that the axons in the IFL are derived, at least
partially, from cortical neurons in ferrets (Kawasaki et al., 2013).
We demonstrated that Cdk5 is essential for radial migration of
cortical neurons in the ferret cortex by two different loss-of-func-
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tion approaches (Figures 2 and 5). In addition, our data suggest
that Cdk5 is required for multipolar-to-bipolar transition during
radial neuronal migration in ferrets (Figures 2D, 2E, and S5D).
These are consistent with the results of Cdk5 knockout experi-
ments in mice (Ohshima et al., 2007). Furthermore, because
aberrant organization of the cortical layers was observed in
human patients with a loss-of-function mutation of CDK5 gene
(Magen et al., 2015), the function of Cdk5 in the cerebral cortex
seems to be highly conserved across mammalian species.

A Ferret Model of Classical Lissencephaly

Animal models of human disease are essential for understanding
the pathogenesis of diseases and exploring novel therapies.
Because rodents do not have a gyrated cortex, it is impossible
to create mouse models of human diseases which involve
abnormal cortical folding such as classical lissencephaly. Clas-
sical lissencephaly is caused by mutations of the LIST or DCX
genes (Pilz et al., 1998). These genes encode microtubule-asso-
ciated proteins that regulate cytoskeletal dynamics and are
required for radial migration of cortical neurons (Pramparo
etal., 2010; Wynshaw-Boris, 2007). Other genes that are associ-
ated with classical lissencephaly include reelin (RELN) and very
low density lipoprotein receptor (VLDLR), which are also essen-
tial for radial migration of cortical neurons (Boycott et al., 2005;
Hong et al., 2000). In this study, we showed that in the pX330-
Cdk5-2385-transfected cortex, cortical neurons displayed defi-
cits in radial migration and there was reduced cortical folding,
which is reminiscent of classical lissencephaly. In addition, we
found an ectopic cell population in the white matter, which is
similar to the subcortical band heterotopia observed in classical
lissencephaly (Barkovich et al., 2012). Therefore, our ferret
model using pX330-Cdk-2385 enabled us to investigate the
pathophysiological mechanisms of classical lissencephaly.
Importantly, because it takes only a few weeks to make our ferret
models, our technique combining IUE and the CRIPSR/Cas9
using ferrets could lead to uncovering the entire picture of the
molecular mechanisms underlying cortical folding and move us
closer to the ultimate goal of understanding the human brain
and its diseases.

EXPERIMENTAL PROCEDURES

Animals

Normally pigmented, sable ferrets (Mustela putorius furo) were purchased
from Marshall Farms (North Rose, NY). Ferrets were maintained as described
previously (Iwai and Kawasaki, 2009; Iwai et al., 2013; Kawasaki et al., 2004).
The day of conception was counted as embryonic day 0 (E0), and the day of
birth was designated as postnatal day 0 (P0). All procedures were performed
in accordance with protocols approved by the Animal Care Committee of
Kanazawa University.

IUE for Ferrets

IUE was performed as described previously (Kawasaki et al., 2012, 2013;
Masuda et al., 2015; Toda et al., 2016). For details, see the Supplemental
Experimental Procedures.

DNA Constructs for IUE

pCAG-EGFP was described previously (Wakimoto et al., 2015). pCAG-DN-
Cdk5-IRES-EGFP was kindly provided by Dr. Mikio Hoshino and Dr. Takeshi
Kawauchi (Kawauchi et al., 2003). DN-Cdk5 was made by replacing Asp at



codon 144 of the Cdk5 protein with Asn (Nikolic et al., 1996). We co-trans-
fected 0.5 mg/mL pCAG-EGFP and 3.0 mg/mL DN-Cdk5 into the ferret cere-
bral cortex. pX330 plasmid was obtained through Addgene (Mashiko et al.,
2013). The pX330-Cdk5 plasmids expressing human Cas9 and sgRNA were
prepared by inserting sgRNA oligonucleotides into the Bbsl site of pX330.
Twenty-nucleotide sequences followed by the protospacer-adjacent motif
(PAM) sequence were used as seed sequences for sgRNA. The sgRNA target
sequences for Cdk5 are shown in Table S1. If the first nucleotide was not G, we
added an extra G at the 5’ end because the U6 promoter prefers a G for tran-
scriptional initiation. We transfected pX330-Cdk5-2385 (3.0 or 5.0 mg/mL) or a
mixture of three pX830-Cdk5 constructs (pX330-Cdk5-810, pX330-Cdk5-
2356, and pX330-Cdk5-2385, 1.67 mg/mL each) with 0.5 mg/mL pCAG-
EGFP into the ferret cerebral cortex. Plasmids were purified using the
EndoFree plasmid maxi kit (QIAGEN, Germany).

In Situ Hybridization

RNAscope in situ hybridization was performed using RNAscope 2.5 HD detec-
tion reagent kit (Advanced Cell Diagnostics) in accordance with the manufac-
turer’s instructions with modifications. Ferrets were deeply anesthetized and
transcardially perfused with 4% paraformaldehyde (PFA) in PBS. Dissected
brains were post-fixed overnight with 4% PFA in PBS. To make coronal
sections, the brains were cryoprotected by 3-day immersion in 30% sucrose
in PBS and embedded in OCT compound. Sections of 16-um thickness
were prepared using a cryostat and pretreated with protease. A Cdk5 probe
(GenBank: XM_004765944.2), which was designed by Advanced Cell Diag-
nostics, was hybridized with the target Cdk5 RNA. A dapB probe (GenBank:
EF191515) targeting the bacterial dapB gene was used as a negative control.
The signal was amplified using a multi-step process, followed by hybridization
to horseradish peroxidase-labeled probes and chromogenic precipitate devel-
opment. The sections were then subjected to Hoechst 33342 staining.

In situ hybridization using digoxigenin-labeled RNA probes was performed
as described previously (Kawasaki et al., 2004). Briefly, sections of 16-um
thickness were incubated overnight with digoxigenin-labeled RNA probes in
hybridization buffer (50% formamide, 5 x saline-sodium citrate buffer, 5x Den-
hardt’s solution, 0.3 mg/mL yeast RNA, 0.1 mg/mL herring sperm DNA, and
1 mM dithiothreitol). The sections were then incubated with an alkaline phos-
phatase-conjugated anti-digoxigenin antibody (Roche) and were visualized
using NBT/BCIP as substrates. The sections were then subjected to Hoechst
33342 staining.

We used digoxigenin-labeled RNA probes for ferret Cdk5, Cux1, and Rorb.
Cux1 and Rorb probes were kindly provided by Dr. Clifton W. Ragsdale. Two
independent ferret Cdk5 cDNA fragments were amplified by RT-PCR and in-
serted into the pCRII vector. Two sets of primers (sets 1 and 2) were used to
amplify these ferret Cdk5 cDNA fragments. The sequences of the set 1 primers
were 5'-GCCGCGATGCAGAAATACGAG-3' and 5-CGAAATACTTCTTA
AGGTCCT-3'. The sequences of the set 2 primers were 5-CTGTGGT
ACCGCCCACCGGAT-3" and 5-GGGGTTACACTTCAGGAGGTT-3'. The re-
sults obtained with the set 1 and the set 2 primers are shown in Figures S1A
and S1B, respectively.

Immunohistochemistry

Immunohistochemistry was performed as described previously with modifica-
tions (Kawasaki et al., 2000; Toda et al., 2013). For details, see the Supple-
mental Experimental Procedures.

Microscopy

Epifluorescence microscopy was performed with a BZ-9000 microscope
(KEYENCE, Japan). Confocal microscopy was performed with a FLUOVIEW
FV10i (Olympus, Japan) and a LSM 5 PASCAL (Carl Zeiss, Germany).

Next-Generation DNA Sequencing

EGFP-positive regions of the cerebral cortex transfected with pCAG-EGFP
and pX330- Cdk5-2385 were dissected under a fluorescent microscope,
and genomic DNA was extracted using the DNeasy Blood & Tissue Kit
(QIAGEN, Germany). Genomic DNA including the sgRNA target site was
PCR-amplified using KOD Plus DNA polymerase (TOYOBO, Japan) with the
following primers: 5-GCAGCTTTCTATCCAGAAGGTGT-3 (forward) and

5-TGGGGCAGAATAATGTTTTGGGT-3 (reverse). The PCR amplicons were
subjected to the construction of a library for lllumina sequencing with the
KAPA Hyper Prep Kits for lllumina (Kapa Biosystems, Wilmington, MA). In brief,
after being purified using AMPure XP beads (Beckman Coulter, Brea, CA), the
PCR amplicons were subjected to end repair, A-tailing, adaptor ligation, and
PCR ampilification for library construction with the KAPA Hyper Prep Kits for
lllumina. The library was sequenced using an lllumina MiSeq sequencer (lllu-
mina, San Diego, CA) with 2x 300-bp paired-end module. The sequence reads
with substantially lower quality (with quality scores <20 on each base) were
trimmed with Trimmomatic (Bolger et al., 2014). After trimming, the high-qual-
ity sequence reads with a length of at least 200 bp were mapped to the target
region of the Mustela putorius furo reference sequence (MusPutFur1.0 scaf-
fold00118) using bwa 0.7.12 (Li and Durbin, 2009). CIGAR string in the gener-
ated sequence alignment (sam) file was referred to in order to detect sequence
reads with deletions from the reference. Sequence reads with deletions were
extracted from the bam file, and the reads were reconstructed as fastq files
using samtools 1.2 (Li et al., 2009). The deletion-filtered reads were realigned
to the reference genome and classified according to the deletion pattern using
Sequencher 5.1 (Gene Codes Corp., Ann Arbor, MI). The number of reads in
each deletion pattern was counted to determine the frequency of deletions.

Calculation of the Local GS Ratio, the Local Gll, and the Local SD
Ratio
See the Supplemental Experimental Procedures.

Quantification of Cdk5 Expression
See the Supplemental Experimental Procedures.

Quantification of Glial Markers
See the Supplemental Experimental Procedures.

Quantification of Ki-67, pHH3, Pax6, and Cleaved Caspase 3
See the Supplemental Experimental Procedures.

Statistical Analyses

Statistical analyses were performed using Statcel3 software (OMS Publishing,
Japan). To assess statistical significance, p values were determined by the
unpaired Welch’s t test. “n” means the number of animals.
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