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DEVELOPMENTAL BIOLOGY

Dual and opposing roles for the kinesin-2 motor, KIF17,
in Hedgehog-dependent cerebellar development

Bridget Waas', Brandon S. Carpenterz, Nicole E. Franks', Olivia Q. Merchant', Kristen J.Verhey‘,

Benjamin L. Allen™*

While the kinesin-2 motors KIF3A and KIF3B have essential roles in ciliogenesis and Hedgehog (HH) signal transduc-
tion, potential role(s) for another kinesin-2 motor, KIF17, in HH signaling have yet to be explored. Here, we investi-
gated the contribution of KIF17 to HH-dependent cerebellar development, where Kif17 is expressed in both
HH-producing Purkinje cells and HH-responding cerebellar granule neuron progenitors (CGNPs). Germline Kif17
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deletion in mice results in cerebellar hypoplasia due to reduced CGNP proliferation, a consequence of decreased HH
pathway activity mediated through decreased Sonic HH (SHH) protein. Notably, Purkinje cell-specific Kif17 deletion
partially phenocopies Kif17 germline mutants. Unexpectedly, CGNP-specific Kif17 deletion results in the opposite
phenotype—increased CGNP proliferation and HH target gene expression due to altered GLI transcription factor
processing. Together, these data identify KIF17 as a key regulator of HH-dependent cerebellar development, with
dual and opposing roles in HH-producing Purkinje cells and HH-responding CGNPs.

INTRODUCTION

Hedgehog (HH) signaling is a major mitogenic stimulus for postnatal
expansion of the developing cerebellum (1, 2). Sonic HH (SHH)
ligand is produced by Purkinje cells (PCs) and promotes cerebellar
granule neural progenitor (CGNP) proliferation (1-3). Shh deletion
within PCs results in cerebellar hypoplasia and reduced CGNP pro-
liferation (3). Conversely, increasing the dosage of Shh in PCs results
in cerebellar hyperplasia and the formation of additional cerebellar
lobes (4). Genetic deletion of other HH pathway components, namely,
Gli2 (a key transcriptional effector of the HH pathway), Gasl, or
Boc (essential HH pathway coreceptors), within CGNPs leads to cere-
bellar hypoplasia due to reduced CGNP proliferation (5, 6).

In addition to CGNPs, mature cerebellar granule neurons (CGNs)
and BG are HH responsive (6). Recent work demonstrated that ab-
rogating HH signaling within BG (through conditional Smo deletion)
results in a non—cell-autonomous reduction in CGNP proliferation
and mild patterning abnormalities (7). Notably, the role of HH sig-
naling within mature CGNs remains unclear.

A key organelle that is required for proper HH signaling in mice
is the primary cilium [reviewed in (8)]. Primary cilia are microtubule-
based organelles that project from the cell surface and act as signaling
centers for the HH pathway. Anterograde transport within primary
cilia is accomplished by the heterodimeric kinesin-2 motor, KIF3A/
KIF3B. Loss of either subunit in mice, Kif3a or Kif3b, leads to an
absence of primary cilia, dysregulation of HH signaling, and em-
bryonic lethality (9-11). Within the developing cerebellum, loss of
Kif3a within CGNPs leads to cerebellar hypoplasia due to reduced
CGNP proliferation and loss of mitogenic response to SHH ligand
(12). In addition to KIF3A/KIF3B function in ciliogenesis, KIF3A and
its adaptor protein, KAP3, regulate HH signaling by binding to and
regulating GLI transcription factors (13).

The kinesin-2 motor family contains two additional motor com-
plexes in mammals, heterodimeric KIF3A/KIF3C and homodimeric
KIF17 [reviewed in (14, 15)]. These motors are known as accessory
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motors, as they do not have clear roles within mammalian ciliogenesis
(16-18). Loss of Kif17 is well tolerated across several model organisms,
although KIF17 does have defined roles within several neuronal tis-
sues. Within Caenorhabditis elegans, loss of OSM-3, a KIF17 homo-
log, leads to disruption of the distal region of primary cilia in sensory
neurons (19, 20). In Danio rerio, loss of Kifl7 results in disrupted
photoreceptor outer segment development (21-23) and morpho-
logical changes to olfactory cilia (24). Kif17 deletion in mice leads to
short-term memory issues, learning disabilities and disruption of
NR2B trafficking in the hippocampus (17, 25). Given that KIF17 can
alter primary cilia with functional consequences in multiple neuro-
nal cell types across different species, we investigated the contribution
of KIF17 to HH signaling during postnatal cerebellar development.

Here, we find that Kif17 is expressed within SHH-producing PCs
and HH-responsive CGNPs. Germline Kif17 deletion leads to cere-
bellar hypoplasia, reduced CGNP proliferation, and decreased HH
target gene expression across multiple HH-responsive cell types.
PC-specific Kifl7 deletion displays similar phenotypes as the germline
mutant, demonstrating a requirement for KIF17 in PCs for proper
HH signaling, a finding that correlates with reduced SHH protein
levels within PCs in Kifl7 mutant animals. Conversely, CGNP-
specific Kifl7 deletion results in up-regulation of HH target genes
and increased CGNP proliferation in vitro and in vivo, a finding that
correlates with reduced GLI3 protein levels (a transcriptional repres-
sor of HH signaling). Together, these data suggest that KIF17 plays
dual roles in HH-dependent cerebellar development—promoting
HH signaling in PCs through the regulation of SHH ligand and re-
stricting HH signaling in CGNPs through the regulation of GLI
transcription factor processing.

RESULTS

Kif17 is expressed within PCs and CGNPs and is required for
normal cerebellar development

To investigate a role for the kinesin-2 motor, KIF17, in HH signal
transduction, we generated Kifl7 mutant mice on a congenic C5BL/6]
background. Specifically, we used Kifl7*“ mice (fig. S1A), where
the fourth exon, encoding the motor domain, is replaced with a lacZ
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cassette. Similar to previous work on Kifl7 (17, 22), but in contrast
to genetic deletion of other kinesin-2 family members (9, 10), Kif17
homozygous mutant animals are viable and fertile, with no gross
morphological abnormalities. Expression analysis revealed that Kif17
is expressed within the developing cerebellum, starting at postnatal
day 4 (P4) and continuing into adulthood (fig. S1, B to G). 5-bromo-
4-chloro-3-indolyl-beta-D-galacto-pyranoside (X-GAL) staining
of Kif17*"* and Kif17°“"*Z pups at P10 demonstrated Kif17 expres-
sion within the PC layer and, to a lesser degree, within the external
granule layer (EGL; Fig. 1, A and B). Kif17 is expressed in a graded
fashion along the anterior-posterior axis, with the strongest signal
detected within the posterior lobes (Fig. 1, A and B), not unlike the
expression of HH pathway target, Gli1, which has increased expression
in the posterior lobes compared to the medial lobes at P5 (6). To evalu-
ate whether the loss of KIF17 affected the HH-dependent cerebellar
development, we continued our analysis of Kifl 7™/~ cerebella at P10,
following the peak of HH-dependent CGNP proliferation. For our
analysis, we examined mid-sagittal cerebellar sections, where lobes
I'to IIT were considered anterior, while lobes VIII to X were considered
posterior (fig. S1, H and I).

To identify which cell(s) express Kif17, we performed immunofluo-
rescence for B-galactosidase (B-GAL) in Kifl7"* and Kif179%/"*
cerebella at P10 (Fig. 1, C to H). In posterior lobes of Kif17%/Z
cerebella, we observed punctate localization of f-GAL within the cell
bodies of PCs and in a subset of dendrites (Fig. 1G, arrowheads).
Further, we observed -GAL signal within CGNPs of the EGL (Fig. 1G,
bracket). To confirm expression within these two cell populations,
we performed fluorescence in situ hybridization in posterior (Fig. 1,1
to P) and anterior lobes (fig. S1, ] to Q) of Kifl7*/+ and Kif17aZ/lacZ
cerebella. In both regions of Kifl 7%%'*Z cerebella, we detected lacZ
puncta surrounding PC nuclei (Fig. 1, M and N, and fig. S1, N and
0) and CGNP nuclei (Fig. 1, O and P, and fig. S1, P and Q), corrobo-
rating the f-GAL localization results. Notably, Kifl7 expression was
not detected within BGs or mature CGNSs. In addition, Kifl7 expres-
sion persists in PCs through P21 (fig. S2, A to D). Last, reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR) analysis
confirmed Kif17 expression in CGNPs and verified efficient Kifl7
deletion in mutant animals (fig. S2, E and F). Together, these data
indicate that Kif17 is expressed in two cell populations in the develop-
ing cerebellum—SHH-producing PCs and SHH-responsive CGNPs.

While cerebellar area was not significantly reduced in P10 Kif17 ™/~
animals compared to Kifl7*'~ animals (fig. S2, L to N), analysis of
cortical (Fig. 1Q) and cerebellar (Fig. 1R) weights at P10 indicated
that Kifl7 mutant cerebella are significantly smaller than Kif17*'*
littermates. Notably, this difference persisted even after normalizing
cerebellar weight to cortical weight (Fig. 1S). No substantial difference
in cortices or cerebellar weights were detected in Kif17*~ animals
(fig. S2, G and I). Notably, cerebellar hypoplasia was still observed in
Kif17 mutant animals maintained on a mixed C57BL/6]; 12954/Sv]ae]
background (fig. S2 J). However, this phenotype was not observed
in Kifl7 mutants maintained on a congenic 12954/Sv]Jae] back-
ground (fig. S2 K). Together, these data suggest that KIF17 promotes
cerebellar development, albeit in a genetic background-dependent
fashion.

To determine whether KIF17-mediated cerebellar hypoplasia is
maintained during cerebellar development, cerebellar weights were
measured from P7 to P42 (fig. S20). While no reduction in cerebellar
weight was observed at P7 in Kifl7~'~ animals, significant reductions
were observed at all later time points (fig. S20). These data suggest
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that the cerebellar defects observed in Kifl7 mutant animals persist
throughout later postnatal cerebellar development and into adulthood.

Kif17 germline deletion results in reduced CGNP
proliferation and decreased Gli7 expression within all
HH-responsive cells

To assess whether Kif17 deletion affects CGNPs peak proliferation
observed on P7, we examined the percentage of proliferating CGNPs
and measured the thickness of the EGL in Kifl7*/* and Kif17"~ P7
cerebella (fig. S3, A to L). In both the anterior and posterior regions, we
observed reduced EGL thickness but no significant change in the per-
centage of Ki67*/PAX6" CGNPs in the EGL. Considering that Kif17
expression increases over developmental time and that cerebellar
weight is significantly reduced from P10 onward, we evaluated the
effects of Kif17 deletion at P10.

To further investigate which layers of the cerebellum are affected
by KIF17 loss, we measured PC dendrite length (Fig. 2A and fig. S4A)
and EGL thickness (Fig. 2B and fig. $4B). Although we did not detect
significant changes in PC dendrite length, we did observe significant
reductions in EGL thickness within both posterior and anterior lobes
of Kif17'~ cerebella (Fig. 2B and fig. $4B). Because previous work
demonstrated that reduced EGL thickness is associated with a reduc-
tion in CGNP proliferation (5), we next examined in vivo proliferation
of CGNPs in Kif17*/* and Kifl7~~ P10 cerebella. Within posterior
lobes, we observed a significant reduction in the percentage of Ki67"/
PAX6" cells and EQU*/PAX6" cells in the EGL (Fig. 2, C to J). Within
the anterior lobes, we similarly observed a significant reduction in
CGNP proliferation (fig. S4, C and D), although to a lesser degree.
Intriguingly, while there is a significant reduction in the percentage
of EdU™ cells, we also observed decreased EAU fluorescence within
posterior and anterior lobes of Kif17'~ cerebella (fig. $4, E and F).
Together, these data suggest that cerebellar hypoplasia in Kif17~/~
mice is due to reduced CGNP proliferation.

To determine whether decreased CGNP proliferation was associ-
ated with alterations in the levels of HH signaling in Kifl7~'~ cere-
bella, we quantified expression of the HH target gene, Glil, using
RT-qPCR and found it is significantly decreased in Kifl7~'~ P10
cerebella (Fig. 2K). Expression of other HH target genes, Ptchl, Ptch2,
and Cendl, also trend lower in Kifl7'~ cerebella (fig. 4, G to I). Be-
cause Glil is expressed in several HH-responsive cells in the developing
cerebellum (CGNPs, BGs, and CGNs), section in situ hybridization
for Glil was performed to define which cell population(s) displayed
down-regulated Glil expression [Glil probe specificity was validated
in Glil1™'" cerebella (fig. S4, ] to M)]. Unexpectedly, we found that
Glil expression is reduced across all HH-responsive cells (Fig. 2, L
to Q). In addition, reduced GliI expression persists in CGNs and BG
in P21 Kifl 77/~ cerebella (fig. S4, N to Q). Reduced Glil expression
within CGNs could be due to Kifl7 loss in its progenitors, CGNPs.
However, because we did not observe Kifl7 expression within BG,
we hypothesized that KIF17 acts in a non-cell-autonomous fashion
in SHH-producing PCs to regulate Glil expression.

PC-specific Kif17 deletion results in a non-cell-autonomous
HH loss-of-function phenotype

To directly assess KIF17 function in PCs, we conditionally deleted
Kif17 within PCs using a Shh“™ driver (Fig. 3A). The specificity of
Shh" was confirmed through breeding with Rosa26""“" reporter
mice (fig. S5, A to F). Consistent with previous reports (26), Shh“™
efficiently mediates recombination in Calbindin (CALB1)-positive
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Fig. 1. Kif17 is expressed within PCs and CGNPs and is required for normal cerebellar development. Whole-mount X-GAL staining of Kif17*/* (A) and Kif1 7922
(B) cerebella at P10. Scale bars, 500 pm. Asterisks denote endogenous -GAL activity in the choroid plexus (70). Immunofluorescent antibody detection of f-GAL (yellow)
in Kif17+/* (C to E) and Kif17°%?“Z (F to H) P10 posterior cerebellar lobes. Antibody detection of PAX6 (cyan) and Calbindin (CALB1, magenta) mark granule neuron nuclei
and PCs, respectively. White brackets denote the EGLs, white arrowheads indicate PC cell bodies, and yellow arrowheads indicate PC dendrites. Scale bars, 50 pm [(C) and
(P)]. Fluorescent in situ detection of lacZ mRNA (yellow; | to P) in Kif17*/* (I'to L) and Kif17°°°"*Z (M to P) P10 cerebella. Antibody detection of LIM1/2 [magenta; (1) and (M)]
and PAX6 [cyan; (K) and (O)] identify PC and CGNP nuclei, respectively. Dashed lines separate individual EGLs. Scale bars, 25 pm [(1), (K), (M), and (O)]. Quantitation of cortex
weight (Q), cerebellar weight (R), and cerebellar weight normalized to cortex weight (S) in P10 Kif17** and Kif17~/~ mice. Data are mean =+ SD. Each dot represents an
individual animal. P values were determined by a two-tailed Student’s t test. n.s., not significant.
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Fig. 2. Kif17 germline deletion results in reduced CGNP proliferation and decreased Gli1 expression within all HH-responsive cells. Quantitation of PC dendrite
length (A) and EGL (B) thickness in posterior lobes of P10 Kif17*/* and Kif17~/~ cerebella. Immunofluorescent analysis of CGNP proliferation in the posterior lobes of P10
Kif17+/* (Cto E) and Kif177/~ (F to H) cerebella. Antibody detection of PAX6 [green; (C) and (F)] and Ki67 [magenta; (D) and (G)]. Fluorescent azide detection of EdU [red; (E)
and (H)]. Scale bars, 50 pm [(C) and (F)]. Dashed line separates individual EGLs. Percentage of Ki67*/PAX6™ (1) and EAUT/PAX6™ (J) cells within the posterior lobes of P10
Kif17*/* and Kif17~~ cerebella. RT-qPCR detection of Gli1 expression (K) in P10 Kif17*/* and Kif17~/~ cerebella. Data are mean =+ SD. Each dot represents the average of
three to five images per individual animal [(A) and (B) and (1) and (J)] or an individual animal (K). P values were determined by a two-tailed Student’s t test. (L to S) Fluores-
cent in situ hybridization detection of Gli7 (yellow) in Kif17+/+ [(L) to (O)] and Kif177/~ [(P) to (S)] P10 cerebella. Whole cerebellar sections [(L), (M), (P), and (Q)] counter-
stained with 4',6-diamidino-2-phenylindole (DAPI) (blue). Arrowheads [(L), (M), (P), and (Q)] point to the EGL (CGNPs), while asterisks denote the IGL, containing CGNs.
Posterior lobe images [(N), (), (R), and (S)] with antibody detection [(O) and (S)] of PAX6 (cyan) and SOX2 (magenta) to label CGNs and BG, respectively. Scale bars, 500 pm
[(L) and (O)] and 50 pm [(N) and (Q)]. Dashed lines separate EGLs.
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Fig. 3. PC-specific Kif17 deletion results in a non-cell-autonomous HH loss-of-function phenotype. (A) Schematic representing conditional Kif17 deletion within PCs
using Shh"®. Arrows above exon 4 denote qPCR primers. Relative Kif17 expression (B) by RT-qPCR in Kif17"", Shh"eKif17**, and Shh":Kif17"" P10 whole cerebella. Cer-
ebellum weight normalized to cortex weight (C) P10 in P10 control and PC-specific Kif17 deletion mice. Quantitation of PC dendrite length (D) and EGL (E) thickness
within posterior lobes of P10 cerebella in Kif17", ShhKif17+/*, and Shh"®:Kif17"" mice. Immunofluorescent analysis of CGNP proliferation in Kif17"" (F to H) and
ShhKif17"" (1 to K) P10 cerebella. Antibody detection of PAX6 [green; (F) and (1)] and Ki67 [magenta; (G) and (J)]. Fluorescent azide detection of EdU [red; (H) and (K)].
Scale bars, 50 pm [(F) and (I)]. Percentage of Ki67*/PAX6" (L) and EdU*/PAX6™ (M) cells within the posterior lobes in P10 control and conditional Kif17 deletion cerebella.
Relative expression of Gli1 (N) and Ptch1 (O) measured by RT-qgPCR in P10 whole cerebella in Kif17"1 ShhCe:Kif17*"*, and Shh"®:Kif17"" mice. Data are mean + SD. Each dot
represents an individual animal [(B) and (C) and (N) and (O)] or an average of five images per animal [(D) and (E) and (L) and (M)]. P values were determined by a two-tailed
Student’s t test. Fluorescent in situ detection of Gli7 (yellow; P to S) and antibody detection of PAX6 [cyan; (P) and (R)] within posterior cerebellar lobes of P10 Sth’E;Kiﬁ 7
[(P) and (Q)] and Shhc’e;Kifl 7 [(R) and (S)] mice. Scale bars, 50 pm [(P) and (R)]. Dashed lines separate EGLs.
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PCs. Shh“" is a loss-of-function allele; however, reducing Shh dosage
does not alter cerebellar size in KifI 77/7;Shh*'~ pups compared to
Kifl7”"~ littermates (fig. $5G). RT-qPCR analysis revealed significantly
reduced Kif17 expression in Shh“"*Kif17"" cerebella (Fig. 3B), suggest-
ing efficient deletion within PCs (note that residual Kif17 expression is
likely due to the presence of Kifl7-expressing CGNPs). PC-specific
Kif17 deletion results in cerebellar hypoplasia measured by cerebellar
weight (Fig. 3C and fig. S5H) and cerebellar area (fig. S5, I to K),
reminiscent of Kifl7 germline deletion (cf. Fig. 1S and fig. S2, L to N).

As with Kif17 germline mutants, PC dendrite length is unaltered
in PC-specific Kifl7 mutant pups in either posterior (Fig. 3D) or
anterior (fig. S5L) lobes. However, there is a significant reduction in
EGL thickness, specifically in posterior lobes (Fig. 3E and fig. S5M).
Consistent with Kifl 7'~ mice, analysis of CGNP proliferation revealed
a significant reduction in the percentage Ki67* cells and EAU™ cells
within both the posterior and anterior lobes of Shh“™*%*;Kif17"/
mice compared to control littermates (Fig. 3, F to M, and fig. S5, N
and O). In addition, we observed significant reductions in the ex-
pression of multiple HH target genes, including GliI and Ptchl
(Fig. 3, N and O) as well as Ptch2 and Ccndl, as measured by RT-qPCR
(fig. S5, P and Q). Fluorescence in situ hybridization revealed reduced
Glil expression in Shh““F;Kif17"" cerebella within CGNPs, BGs,
and CGNs (Fig. 3, P to S). These data demonstrate that PC-specific
Kif17 deletion partially phenocopies germline Kifl7 mutant cerebella
through reduced EGL thickness, decreased CGNP proliferation,
and down-regulation of HH target genes. One possibility is that the
HH loss-of-function phenotype could be due to PC alterations. While
we did observe an overall reduction in the number of PCs per section
with Kif17 deletion (fig. S5, R to U), we did not observe any gross
differences in PC morphology or density in either Kifl7 germline
deletion or PC-specific Kif17 deletion cerebella (fig. S5, V to AA).

Moreover, defective ciliogenesis is associated with the loss of PCs
(27), and deletion of OSM-3/Kif17 results in primary cilia defects in
C. elegans and D. rerio (19-24). However, we did not observe a signifi-
cant difference in PC ciliary length within the anterior and posterior
lobes of P10 Kif17*/* and Kif17™"~ cerebella (fig. S6, A to F). Together,
these data establish an essential role for KIF17 within SHH-producing
PCs during cerebellar development.

KIF17 regulates SHH protein in the developing

posterior cerebellum

The reduction of HH target gene expression across multiple HH-
responsive cells in Kifl7 mutant cerebella suggested a non-cell-
autonomous role for KIF17 in HH signal transduction. Given that
SHH, the only HH ligand expressed in the developing cerebellum, is
produced by PCs, we explored a role for KIF17 in PC regulation of
SHH localization and release. Initially, examination of Shh expression
by RT-qPCR revealed that Shh transcripts are down-regulated in both
Kif17~"~ mice (Fig. 4A) and PC-specific conditional Kif17 mutants
(Fig. 4B). Next, we assessed the protein levels of SHH ligand and
observed that levels of N-terminal SHH (N-SHH) are subtly, but not
significantly, decreased in the cerebella of Kifl7 germline mutants
[Fig. 4, C and D; SHH antibody specificity was validated in Shh™~
tissue (fig. S6G)].

We also examined levels of the HH coreceptor, BOC, which is
expressed in PCs (5) and has been recently demonstrated to regulate
SHH localization in cytonemes of NIH/3T3 cells (28). Notably, levels
of Boc transcripts (fig. S6, H and I) and BOC protein are unaltered
in Kif17 mutant cerebella (fig. S6, ] and K). However, Scube2, which
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encodes a key regulator of SHH protein release (29, 30), is signifi-
cantly reduced in P10 cerebella from both Kif17~~ (Fig. 4E) and PC-
specific Kifl7 mutant animals (Fig. 4F). Given the reduced levels of
Scube2, we speculated that KIF17 could affect SHH ligand release or
secretion.

To assess a role for KIF17 in SHH release, we used a gain-of-
function approach, where COS-7 cells were driven to express epitope-
tagged KIF17 [KIF17:hemagglutinin (HA)] and either full length
[SHH:green fluorescent protein (GFP)] or N-SHH (Fig. 4G). While
KIF17 expression does not alter the levels of secreted N-SHH (fig. S6L),
we did observe increased levels of secreted full-length SHH (Figure 4H).
We also observed significantly increased levels of intracellular SHH,
including full-length SHH:GFP, N-SHH:GFP, and N-SHH when co-
expressed with KIF17 (Fig. 41 and fig. S6, M and N).

To investigate KIF17-mediated regulation of intracellular SHH
levels in vivo, we used an antibody directed toward the C terminus
of SHH [SHH antibody specificity was validated in P10 cerebella of
Shh conditional mutant animals (ShhCeER1aZ, fig. S6, O to W)]. Intra-
cellular SHH is detected in the Golgi/endoplasmic reticulum (horizontal
arrowheads) and within the cell bodies of PCs of Kifl7*'~ and Kif17~/~
littermates (vertical arrowheads, Fig. 4, ] to M, and fig. S6, X and Y).
However, SHH levels are significantly reduced in the posterior lobes
of Kif17~"~ P10 cerebella (Fig. 4N). Notably, SHH levels are not signifi-
cantly altered in anterior lobes of Kifl7~'~ mice (fig. S6Z). Given that
intracellular SHH is not significantly altered in anterior lobes, these
data provide an explanation for the lack of a statistically significant
reduction in SHH protein in whole cerebellar lysates (Fig. 4, C and
D). Together, these gain- and loss-of-function data suggest that KIF17
acts in PCs to stabilize intracellular SHH protein and promote SHH
release specifically within the posterior lobes. This is supported by
the down-regulation of HH target genes across the multiple HH-
responsive cell types (CGNPs, BGs, and CGNs) following PC-specific
Kif17 deletion. We propose that the reduction of SHH protein ulti-
mately results in decreased CGNP proliferation and cerebellar hypo-
plasia in Kif17 deletion mice (Fig. 40).

Kif17 deletion promotes CGNP proliferation in vitro

To investigate a role for KIF17 in CGNPs, we isolated and cultured
wild-type and Kifl 7'~ CGNPs in vitro (31). HH-dependent prolifera-
tion was measured in response to treatment with either smoothened
agonist (SAG) or N-SHH conditioned media (N-SHH CM). Unex-
pectedly, Kif17/~ CGNPs display increased baseline proliferation
compared to Kifl7*'~ and Kif17""* CGNPs (fig. S7, A to G). Treatment
with either SAG or N-SHH CM resulted in increased CGNP prolifera-
tion, as measured by EdU/5-bromo-2’-deoxyuridine (BrdU) incor-
poration (fig. S7, E and F) or luminescence-based quantitation
of adenosine 5'-triphosphate levels (ficg. S7G). In addition, we
cultured CGNPs from Kif17"" and Shh“™;Kif17"" littermates and
evaluated their proliferation in vitro (fig. S7, H to M). We ob-
served no significant differences of CGNP proliferation in Kif17"/!
and Shh“Kif17"" cultures, confirming increased proliferation in
Kif17™/~ CGNPs is a cell-autonomous phenotype. Notably, these
results are distinct from those observed in CGNPs lacking Boc, which
encodes for an essential HH coreceptor (5). Direct comparison of
Kif17”"~ CGNP and Boc™’~ CGNP proliferation confirmed that Kif17
deletion results in increased baseline and HH-stimulated CGNP
proliferation (fig. S8A). These data contrast with CGNP prolifera-
tion in vivo (cf. Fig. 2, C to J), suggesting distinct and opposing roles
for KIF17 in PCs and CGNPs.

60f17



SCIENCE ADVANCES | RESEARCH ARTICLE

Whole
A - B C cerebellum D
Shh i +H+ /- n.s.
.. P=oos : ore KIft7 ++ (P=0.3533)
.§ %15 P=0027 p- 9017 g
3 [ I
g £, zs 1
500 2 @3 T
= g, ZzNos . <
2 ©
0.0 ShhCre - + + §
Kift7 ++ - Kifl7 i+ £
0.0
E F Scube2 Kif17 ++ -I-
Scube2 £oo00n
P=00259 oy ns.
§ g et sHH  |lbaPusHH/Giantin
B1o{ - 210 —_—
& )
205 §°5 !
S % ¥
['4 Kl N
00 0.0 ~—
Kift7 —++ - Shpoe =+ olls
Kif17 i+ A ol X
o
S
G sHHGFP + - - + - L(—
N-SHH - + - - 2
KIFI7HA — — + + + off &
SHH:GFP ol
- B
75 kDa T
©| 50kDa X
e}
@ 37kDa a-SHH
= - S| B
20kDa - & s+ N
P =0.0041
250 kDa 3
150 kDa =——— a-HA 3 e
100 kDa 8
~ Q
75 kDa [ ~aSHH:GFP .
o 50kDa ’”8.‘<N-SHH:GFP 2
© - T
9| 37kDa a-SHH 5
- ' ‘“ - ‘ Kifl7 ++ - -
20kDa M N-SHH o Posterior lobe
53 o, I——— - 3-TUB +Proliferation
CGNPs YHH target genes
(Gli1, Cend1)
H P =0.0055 1 P=00116
3
28 ~ 28 £ Deletion of Kif17
2 © .
ge, 25'e = Purkinje
&3 %E”’ 3 cell +Shh. +SHH
%Té” 8 2 transcript protein
FE T 505 8
[ZR= (2= o
0 0.0 *
SHH:GFP + - + SHH:GFP +
KIF17HA - +  + KIF17HA - BGs/ vHH target genes
CGNs  (Glit, Ptch1)

Fig. 4. KIF17 regulates SHH protein in the developing cerebellum. RT-qPCR analysis of Shh expression (A to B) in P10 whole cerebella. Western blot detection of SHH,
using an N-terminal-directed antibody (C) in Kif17*/* and Kif17~~ P10 whole cerebella. Antibody detection of Calbindin (x-CALB1) confirmed equal loading across lanes.
Arrowhead denotes secreted N-SHH (19 kDa). Molecular masses (in kilodalton) of protein standards are on the left. Quantitation of N-SHH (D) normalized to Calbindin in
Kif17*/* and Kif17~~ in P10 whole cerebella. RT-qPCR analysis of Scube2 expression (E and F) in P10 whole cerebella. Western blot analysis (G) of media and cell lysates
from COS-7 cells expressing HA-tagged KIF17 (KIF17:HA), full-length SHH fused to GFP (SHH:GFP), or N-SHH. Blots were incubated with antibodies directed against SHH
(a-SHH) and HA (a-HA). Antibody detection of p-tubulin (a—B-TUB) confirmed equal loading across lanes. Arrowheads denote full-length SHH:GFP (68 kDa), N-SHH:GFP
(42 kDa), or N-SHH (19 kDa). Molecular masses (in kilodalton) of protein standards are on the left. Quantitation of full-length SHH:GFP in media (H) and COS-7 cell lysates
(1) normalized to B-tubulin. Immunofluorescent detection of SHH using a C-terminal-directed antibody (green; J to M). DAPI denotes nuclei [blue; (K) and (M)]. Antibody
detection of Giantin [magenta; (K) and (M)] in P10 posterior cerebellar sections from Kif17*/~ [(J) and (K)] and Kif17~"~ [(L) and (M)] mice. Horizontal arrowheads indicate
SHH localization to Golgi/ER, while vertical arrowheads denote cytoplasmic localization. Scale bars, 10 pm [(J) and (L)]. Quantitation of SHH fluorescence (N) in posterior
cerebellar lobes of P10 Kif17+/+, Kif17+/', and Kif17~~ mice. Data are means + SD. Each dot represents an individual animal [(A) and (B) and (D) and (F)], independent ex-
periment [(H) and (1)], or the average of five images per animal (N). P values were determined by a two-tailed Student’s t test. (0) Summary of PC-specific Kif17 deletion on
HH ligand production and HH responses in the developing cerebellum.
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Given the altered baseline CGNP proliferation, we examined the
levels and processing of the HH pathway transcriptional repressor,
GLI3, in Kifl7 mutant animals. Western blot analysis of GLI3 full
length (GLI3™") and repressor (GLI3®) in P10 cerebella (fig. S8B) re-
vealed significant reductions in both GLI3*" and GLI3" in Kif17~/~
cerebella (fig. S8, C and D). Furthermore, the ratio of GLI3™ to GLI3R
is significantly increased in Kifl 7 mutant cerebella (fig. S8E). These data
suggest that, similar to other kinesin-2 mutants (32), KIF17 regulates
GLI3 processing in CGNPs. Together, these data suggest that KIF17
negatively regulates HH signaling in a cell-autonomous fashion within
CGNPs, potentially through regulation of GLI3 repressor.

CGNP-specific Kif17 deletion results in a cell-autonomous HH
gain-of-function phenotype

To directly assess KIF17 function in CGNPs in vivo, we crossed Kifl 7'
mice to animals carrying Atoh1Cre (Fig. 5A), which specifically drives
recombination in CGNPs [(33) and fig. S9, A to F]. We used RT-
qPCR to confirm efficient Kif17 deletion in AtohlCre;Kifl 7 cer-
ebella (Fig. 5B and fig. S9G). While Kifl7 expression is reduced in
Atoh1Cre;Kif17"" cerebella, Kif17 expression is unexpectedly in-
creased in AtohlCre;Kif17*'* cerebella (fig. S9G). Next, we assessed
cerebellar size in AtohlCre;Kif1 7" animals, which is unchanged
compared to control animals (Fig. 5C and fig. S9, H to K). These data
are in contrast to Kifl7 germline mutants and PC-specific Kifl7 dele-
tion (cf. Figs. 1S and 3C). While PC dendrite length is not significantly
changed in either posterior (lobes VIII to X) or anterior (lobes I to
IV) regions of Atoh1Cre;Kif1 7"/ cerebella (Fig. 7D and fig. S9L), EGL
thickness is increased, specifically in posterior lobes of AtohICre;Kif17"
cerebella (Fig. 5E and fig. SOM). Notably, increased EGL thickness
appears to be due to increased CGNP proliferation (as assessed by
the percentage of EQUY/PAX6" cells in the EGL) in both posterior
(Fig. 5M) and anterior (fig. S90) lobes of AtohICre;Kif1 A1 cerebella.
RT-qPCR analysis revealed increased HH target gene expression in
Atoh1Cre;Kif17"" cerebella compared to control littermates (Fig. 5,
N and O, and fig. S9, P to R). In situ hybridization confirmed that
the increase in HH target gene expression is restricted to CGNPs in
the posterior lobes, while no changes were observed in HH-responsive
BGs and CGNs (Fig. 5T and fig. S9S). Together, these data indicate
that CGNP-specific Kifl7 deletion results in increased HH pathway
activity and CGNP proliferation, leading to a thicker EGL within
posterior lobes of the developing cerebellum.

CGNP-specific Kif17 deletion results in reduced GLI protein,
increased CGNP proliferation, and elongated primary
cilia in vitro
Given that other kinesin-2 motors regulate GLI processing and traf-
ficking, including in the cerebellum (11, 12, 32), we examined the
consequences of CGNP-specific Kifl7 deletion on Gli expression
and GLI protein levels. Gli2 and Gli3 expression are increased in
Atoh1Cre;Kifi 7/ cerebella (fig. S10, A and B), similar to Glil. However,
Western blot analysis (Fig. 6A) revealed significantly reduced levels
of GLI1 and GLI2/protein (Fig. 6, B and C). Similar to what was
observed in Kif17™'" cerebella (cf. fig. S8, B to E), GLI3 full length
and GLI3 repressor levels are also reduced (Fig. 7, D and E); further,
the ratio of full length (GLI3™) to repressor (GLI3Y) is increased in
Kif17 mutant CGNPs (Fig. 6F).

We also assessed potential physical interactions between KIF17 and
GLI proteins, as previously demonstrated for other Kinesin-2 motors
(13). Co-immunoprecipitation of epitope-tagged KIF17 (KIF17:HA)
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and GLI transcription factors (MYC:GLI1, MYC:GLI2,and MYC:GLI3)
suggested that KIF17 can indeed physically interact with all three
GLI proteins (fig. S10C).

Reduction of both full-length and processed forms of GLI is
reminiscent of suppressor of fused (SUFU) loss-of-function cerebella
(34). In addition, loss of GLI2 or GLI3 leads to loss of ciliary localiza-
tion of SUFU (35). We examined ciliary localization of SUFU [SUFU
antibody validated in Sufu_/ ~ MEFs (36) (fig. S10, D to I)] in control
and Atoh1Cre;Kif1 71 CGNPs in response to SAG (fig. S10,J to V). We
detected SUFU at the tips of cilia in both Kif17" and Atoh1Cre;Kif17""
CGNPs, albeit a lower percentage of SUFU" cilia was observed in
Atoh1CreKifl 7" CGNPs. Together, these data suggest that KIF17
affects GLI stability and/or processing, potentially through regulating
SUFU-GLI interactions.

We noted that Atohl expression is increased in animals with
CGNP-specific Kif17 deletion (fig. SI1A); previous work demon-
strated that ATOHI1 promotes ciliogenesis and maintains CGNP
responsiveness to HH (37). However, analysis of CGNP primary
cilia length in AtohlCre;Kifl 7" P10 cerebella revealed no signifi-
cant change in vivo (P = 0.4534 for posterior lobes and P = 0.0886
for anterior lobes; fig. S11, B and C). In contrast, when we examined
primary ciliary length in SAG-treated CGNPs in vitro, we found
that CGNPs lacking Kifl7 display increased ciliary length (Fig. 6, G
to L), with an average ciliary length of 1.46 pm (compared to 1.1 pm
in control animals); notably, some primary cilia reached lengths of
5 pm (Fig. 6K).

Because HH signaling also regulates cilia length (38) and cilio-
genesis (39), we investigated whether increased ciliary length was a
cause or a consequence of HH pathway activity. We antagonized HH
signaling in vitro by adding bone morphogenetic protein (BMP)
ligands, either BMP2, which has been previously shown to antago-
nize SHH-induced CGNP proliferation (40) or BMP10, which is
significantly up-regulated in Kif17~'~ cerebella (fig. $11D). While
Bmp10 expression is up-regulated in Kif17 '~ whole cerebella, it is
not altered in Kifl 77/~ CGNPs (fig. S11D). These data are consistent
with the observed differences in Kif17’~ CGNP proliferation in vivo
and in vitro (cf. Fig. 2 and fig. S7, A to G) and suggest that there are
multiple BMP sources in the cerebellum. Bmp10 is also expressed
in PCs and CGNs in rodent cerebella [Allen Institute Developing Brain
Atlas, (41)]. Notably, both BMP2 and BMP10 effectively attenuate HH-
mediated CGNP proliferation in both KifI 7" and Atoh1Cre;Kif17""
cultures (Fig. 6L and fig. S11, E to M). However, BMP2 and BMP10
treatment reduced ciliary length specifically in AtohICre;Kifl A1
CGNPs (Fig. 6, M to S, and fig. S11N), resulting in average ciliary
lengths of 1.18 pm (BMP2) and 1.17 pm (BMP10). Together, these
data suggest that high levels of HH pathway activation in Kifl7 mutant
CGNPs result in increased ciliary length, which can be attenuated
by BMP signaling.

DISCUSSION

In this study, we investigated a role for the kinesin-2 motor KIF17 in
HH-dependent cerebellar development. Our work revealed that Kif17
is expressed in both SHH-producing PCs and SHH-responsive CGNPs.
PC-specific Kif17 deletion and germline KifI7 deletion similarly result
in reduced EGL thickness due to reduced HH target gene expression
and decreased CGNP proliferation. Conversely, CGNP-specific Kif17
deletion increased EGL thickness due to increased HH target gene
expression and increased CGNP proliferation (Fig. 7). This work
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Kif17 deletion both in vivo and in vitro.

identifies dual and opposing roles for KIF17 in HH-dependent cer-
ebellar development—first, as a positive regulator of HH signaling
through regulation of SHH protein levels within PC, and second, as
a negative regulator of HH signaling through regulation of GLI
transcription factors in CGNPs.

KIF17 function in SHH-producing PCs

Here, we demonstrated that KIF17 is required in PCs to mediate
proper HH-dependent cerebellar development and that KIF17 regu-
lates SHH protein levels within PCs. Specifically, we visualized intra-
cellular SHH using a C-terminal antibody, which revealed reduced
SHH protein in Kifl7 mutant cerebella, both within the presumed
endoplasmic reticulum/Golgi apparatus and more broadly within
PC cell bodies. Notably, SHH is translated as a 45-kDa precursor
protein, which undergoes autocatalytic cleavage into a 19-kDa N-
terminal fragment and 25-kDa C-terminal fragment (42-44). The
N-terminal fragment is dually lipidated with cholesterol at the C
terminus and palmitate at the N terminus to produce active ligand
[reviewed in (45)]. While the 25-kDa C-terminal SHH fragment
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does not transduce HH signaling, the C-terminal HH fragment
does target N-HH to axons and growth cones in the developing retina
of Drosophila melanogaster (46). One model for KIF17 action in PCs
is the transport of SHH-containing vesicles along microtubules to
distinct locations within these cells. This model has precedence with
a previously described role for KIF17 in the vesicular trafficking of
NR2B in the hippocampus (17, 25). Furthermore, this is consistent
with the reduced levels of SHH protein in KifI7 mutants, as NR2B
levels are also reduced when its vesicular trafficking is disrupted in
Kif17 mutants. This model is also consistent with the results from
KIF17 gain-of-function experiments demonstrating increased in-
tracellular SHH protein accumulation (this study). Notably, PCs
contain primary cilia (27). It remains to be determined whether
KIF17-mediated regulation of SHH is cilia dependent. Further-
more, we cannot rule out similar trafficking-related effects of KIF17
on other HH pathway components, such as SCUBE2 and DISP, both
of which regulate SHH protein release from cell surfaces. We also
cannot distinguish between KIF17-mediated effects on SHH traffick-
ing versus potential impacts on SHH protein stability. Distinguishing
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between these possibilities would require robust methods to culture
PCs ex vivo, which are currently lacking. Last, while we observed a
reduction in the total number of PCs per section, we did not observe
any gross morphological changes or altered density of PCs with
Kif17 deletion. In addition, while we did not observe a significant
difference in PC ciliary length with KifI7 deletion, we cannot rule
out a subtle defect in cilia structure that could be resolved with elec-
tron microscopy. Future studies assessing PC specification, prolifera-
tion, and survival will reveal greater insight into KIF17 function during
cerebellar development. Along these lines, it remains to be explored
whether PC function or the secretion of other PC-derived ligands, such
as insulin-like growth factor 1, could also be affected by Kif17 deletion.

KIF17 regulation of GLIs in CGNPs

In addition to a non—cell-autonomous role for KIF17 in PCs, we also
established a cell autonomous role for KIF17 in CGNPs, where Kif17
deletion results in a HH gain-of-function phenotype—increased
CGNP proliferation and up-regulation of several HH target genes.
CGNP-specific Kif17 deletion results in reduced protein levels of all
three HH transcriptional effectors, GLI1, GLI2, and GLI3. Previous
work established GLI1 and GLI2 as transcriptional activators in the
developing cerebellum, where Gli2 deletion results in a HH loss-of-
function phenotype (4, 6). Given these roles for GLI1 and GLI2, we
were surprised to find that CGNP-specific Kifl7 deletion results in a
HH gain-of-function phenotype. However, the concomitant loss of
GLI3 repressor in Kifl7 mutant CGNPs suggests that GLI repressor
function is a significant mediator of CGNP proliferation. Notably,
reduction of GLI activator and repressor protein is consistent with
previous work where cerebellar-specific Sufu deletion also results in
increased CGNP proliferation (34). GLI3 also acts during early embry-
onic cerebellar development in mesencephalon and rhombomere 1
patterning through the regulation of Fgf8 expression (47). Together,
these data suggest that KIF17 in CGNPs promotes GLI3 repressor
formation to restrict proliferation in the postnatal cerebellum, con-
sistent with previous work demonstrating central roles for other
kinesin-2 motors in GLI processing (11, 32, 48).

GLIs require primary cilia for proper processing and transcrip-
tional activity [reviewed in (8)]. Furthermore studies have established
ciliary tip localization of KIF17 (49), similar to GLI transcription factor
localization during HH activation (50, 51). One model for KIF17 regu-
lation of GLI protein levels in CGNPs is through ciliary trafficking or
localization. Notably, this is consistent with recent work demon-
strating that GLI interactions with KIF7 promote ciliary localization
(52). Unfortunately, the lack of suitable KIF17 antibodies precludes
rigorous testing of this hypothesis. Other possible roles for KIF17 in
CGNPs include the regulation of GLI trafficking and stability as well
as interactions with other ciliary proteins that regulate GLI process-
ing, such as SUFU, KIF7, or PKA (53-55). We observe that SUFU
does localize to the tips of cilia with the loss of KIF17, although at a
reduced proportion. This may be due to KIF17 interactions with
SUFU or due to the reduced abundance of GLI transcription factors.
Previous literature demonstrates that the loss of GLI2 or GLI3 results
in a loss of ciliary SUFU (35).

Kinesin motors and HH signaling

While previous studies have explored the requirements for kinesin
and dynein motors in HH-responding cells [reviewed in (8)], the
current study highlights a novel role for kinesin-2 motors in HH-
producing cells, complementing recent work examining KIF3B and
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SHH in the developing limb bud (56). Notably, individual Kifl7
deletion in PCs is sufficient to result in a HH loss-of-function pheno-
type. It remains to be seen whether other kinesin-2 motors also func-
tion in SHH-producing cells in the cerebellum. Another outstanding
question is whether KIF17 functions in HH-producing cells in other
tissues. Specifically, the subgranular zone of the hippocampus and
subventricular zone rely on proper HH signaling for neurogenesis
(57-60). While KIF17 has a well-defined role in NR2B trafficking in
the hippocampus (17, 25), the potential contribution of KIF17 to HH
signaling in the hippocampus has not yet been examined.

In addition to its neural-specific contributions, KIF17 has several
described functions in the testes, although loss-of-function studies
have yet to be performed (61-65). Desert HH (DHH) is expressed in
Sertoli cells, and Dhh deletion results in a loss of HH-responsive
Leydig cells (66). While we did not observe infertility in Kifl7 mutant
mice, it will be of interest to investigate the consequences of Kifl7
deletion on HH-dependent spermatogenesis. Future studies inves-
tigating the contribution of other kinesin-2 motors, particularly
KIF3A/KIF3B, in HH-producing cells (e.g., in the notochord or zone
of polarizing activity) will be of high interest. Last, this work raises
the question of potential contributions from KIF3C, another acces-
sory kinesin-2 motor, to HH signal transduction.

MATERIALS AND METHODS

Animal models

Kif17" germline mutant mice have been previously described (22).
These mice were maintained on two different congenic C57BL/6] and
129S4/SvJae] backgrounds after backcrossing for at least 10 genera-
tions. Kiﬂ?q animals carrying Kifl7 conditional alleles were generated
from the initial knock-in allele from EUCOMM through cross-
ing Kif1 714 animals to ubiquitous Flippase mice obtained from
the Jackson Laboratory [strain 011065, (67)] to generate Kifl 7imic,
Kif1 7" mice. These mice were maintained on a congenic C57BL/6] back-
ground. AtohICre animals were obtained from the Jackson Laboratory
[strain 011104, (33)] and maintained on a C57BL/6] background.
Mice carrying the Shh" allele [strain 005622] were provided by
D. Gumucio and previously described (26). These mice were back-
crossed for at least 10 generations to C57BL/6] animals to create a con-
genic line. All animal procedures were reviews and approved by the
Institutional Animal Care and Use Committee at the University of
Michigan, USA. Experiments performed in this paper were completed
with littermate controls.

Whole-mount X-GAL staining

Postnatal cerebella were dissected in 1X phosphate-buffered saline
(PBS) (pH 7.4) and cut in half with a razor before fixation (1%
formaldehyde, 0.2% glutaraldehyde, 2 mM MgCl,, 5 mM EGTA,
and 0.02% NP-40) on ice for 20 min. After fixation, the cerebella
were washed three times for 5 min with 1X PBS (pH 7.4) on a rocking
platform. B-GAL activity was detected with X-gal staining solution
[5 mM K3Fe(CN)g, 5 mM K4Fe(CN)g, 2 mM MgCl,, 0.01% Na deoxy-
cholate, 0.02% NP-40, and X-gal (1 mg/ml)]. The signal was developed
for 24 hours at 37°C, changing the staining solution after 12 hours.
After staining, cerebella were washed three times for 5 min with 1X
PBS (pH 7.4) and post-fixed in 4% paraformaldehyde for 30 min
at room temperature on a rocking platform, followed by three 5-min
washes in 1X PBS (pH 7.4). Cerebella were photographed using
a Nikon SMZ1500 microscope and stored in 1X PBS (pH 7.4).

120f17



SCIENCE ADVANCES | RESEARCH ARTICLE

Section immunofluorescence

Section immunofluorescence was performed as described in (68).
Briefly, cerebella were dissected in 1X PBS (pH 7.4) and cut in half
using a razor. For all experiments except for f-GAL and SHH visual-
ization, cerebella were fixed with 4% paraformaldehyde (Electron
Microscopy Sciences) for 1 hour on ice. For f-GAL immunofluores-
cence, cerebella were fixed (1% formaldehyde, 0.2% glutaraldehyde,
2 mM MgCl,, 5 mM EGTA, and 0.02% NP-40) on ice for 20 min. For
SHH visualization, cerebella were fixed in Sainte Marie’s solution
(95% ethanol and 1% acetic acid) at 4°C on a rocking platform for
24 hours. Following fixation, cerebella were washed three times for
5 min with 1X PBS (pH 7.4) on a rocking platform and cryoprotected
overnight in 1X PBS + 30% sucrose on a rocking platform. Then,
cerebella were washed three times for 1 hour in 50% optimal cutting
temperature (OCT) compound (Thermo Fisher Scientific, 23-730-
571) before embedding in 100% OCT compound. Sections were
collected on a Leica CM1950 cryostat at 12-pum thickness for all ex-
periments, except for SHH visualization, which were sectioned at
9-pm thickness. Slides were then washed three times for 5 min with
1X PBS (pH 7.4). For mouse primary antibodies, citric acid antigen
retrieval [10 mM citric acid + 0.5% Tween 20 (pH 6.0)] at 92°C for
10 min was performed before primary antibody incubation. Primary
antibodies were diluted in blocking buffer (3% bovine serum al-
bumin, 1% heat-inactivated sheep serum, and 0.1% Triton X-100)
and incubated overnight at 4°C in a humidified chamber. After
primary antibody incubation, slides were washed three times for
10 min with 1X PBSTX [1X PBS + 0.1% Triton X-100 (pH 7.4)].
Secondary antibodies were diluted in blocking buffer and incubated
for 1 hour at room temperature, followed by three for 5-min washes
in1XPBST* Nucleiwerelabeledusing4’,6-diamidino-2-phenylindole
(DAPI) (0.5 pg/ml in blocking buffer) for 10 min and washed twice
with 1X PBS. Coverslips were mounted using Immu-Mount aque-
ous mounting medium (Thermo Fisher Scientific, 9990412). Images
were taken on a Leica SP5X upright confocal (two photon). A list of
all the primary and secondary antibodies and their working concen-
trations is provided in table S1.

Fluorescent in situ hybridization

Cerebella were dissected in 1X PBS (pH 7.4) and cut in half using a
razor. Cerebella were fixed with 10% neutral-buffered formalin
(Thermo Fisher Scientific, 245-685) on a rocking platform at room
temperature for 24 hours. Following fixation, cerebella were washed
three times for 5 min with 1X PBST* on a rocking platform and cryo-
protected overnight in 1X PBS 4 30% sucrose on a rocking platform.
Cerebella were then washed three times for 1 hour with 50% OCT com-
pound before embedding in 100% OCT compound. Sections were
collected on a Leica CM1950 cryostat at 12-pm thickness. Slides
were processed using RNAscope Multiplex Fluorescent Detection kit
(ACD, 323110) using a protocol adapted from (Holloway, 2021). Be-
fore probe hybridization, samples underwent antigen retrieval for 15 min
and treated with Protease Plus (ACD, 322381) for 5 min. Probes
used here were Mm-Glil (ACD, 311001) and E.coli-lacZ (ACD,
313451). After probe detection, slides were subsequently stained
using the above-described section immunofluorescence protocol.

RT-qPCR

Cerebella were dissected in 1X PBS, and RNA was isolated using the
PureLink RNA Mini Kit (Thermo Fisher Scientific, 12183025). Fol-
lowing isolation, 2 pg of RNA was used to generate cDNA libraries
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using a High-Capacity cDNA reverse transcription kit (Applied Bio-
systems, 4368814). RT-qPCR was performed using PowerUP SYBR
Green Master Mix (Applied Biosystems, A25742) in a QuantStudio
3 Real-Time PCR System (Applied Biosystems). Primers used here
can be found in table S2. Gene expression was normalized to Gapdh,
except for Fig. 3B, where expression was normalized to Calbl, and
relative expression analyses were performed using the 2(74dCTy
method. For RT-qPCR analysis, biological replicates were analyzed in
triplicate.

Weight analyses

For weight measurements, the date litters were born were noted as
PO and were dissected on P10. Pups were first weighed and then
placed on ice briefly before decapitation. The cortices and cerebella
were dissected in 1X PBS (pH 7.4). To weigh cortices and cerebella,
a specimen jar was first filled with PBS on an analytical scale. The
tissue was transferred with forceps to the specimen jar, and its
weight was recorded. Genotyping samples were taken after dissec-
tion, allowing the weights to be recorded without prior knowledge
of the genotype.

Hematoxylin and eosin staining and cerebellar

area quantitation

Tissue sections were washed once for 5 min in water, stained with
hematoxylin for 5 min, then rinsed in water and 1X PBS (pH 7.4) for
10 s. Slides were counterstained with eosin solution, rinsed in water,
and dehydrated in an ethanol and xylene series (once for 1 min in
95% ethanol, twice for 2 min in 100% ethanol, and twice for 2 min
in 100% xylene). Slides were mounted using Cytoseal 60 mounting
media and imaged on a Nikon SMZ1500 stereomicroscope. For cere-
bellar area quantitation, we analyzed two to five sections per animal
and a minimum of 2 animals per genotype. Cerebellar area measure-
ments were collected using the area measure function on Image].

EGL and PC dendrite quantitation

To measure the thickness of the EGL and PC dendrites, Image]J soft-
ware was used. Images were first blinded before measuring. For EGL
thickness, the area was divided by the length of the EGL. For PC den-
drite length, measurements were taken just below the bottommost
nuclei in the EGL to the center of PC nuclei within the molecular
layer. For each animal, at least three images were acquired in the pos-
terior lobes and an additional three images in the anterior lobes.

EdU incorporation assay (in vivo)

On P9, pups were intraperitoneally injected with EAU (100 mg/kg;
Invitrogen, A10044), dissolved in 1X PBS (pH 7.4). Twenty-four later,
cerebella were dissected and processed for section immunofluores-
cence as described above. Before primary antibody incubation, EAU
incorporation was visualized with an azide staining solution [100 mM
tris-HCI (pH 8.3), 0.5 mM CuSOy, 50 mM ascorbic acid, 50 pM Alexa
Fluor 555 azide, and triethylammonium salt (Thermo Fisher Scien-
tific, A20012)] for 30 min at room temgerature. Sections were then
washed three times for 10 min in PBST® [1X PBS + 0.1% Triton X-
100 (pH 7.4)], followed by immunofluorescence staining as de-
scribed above.

Section digoxigenin in situ hybridization
Section digoxigenin in situ hybridization was performed as previ-
ously described (68, 69). First, cerebella were dissected in 1X PBS
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(pH 7.4) and fixed for 24 hours with 4% paraformaldehyde at 4°C on
rocking platform. After fixation, cerebella were washed three times
for 5 min with 1X PBST" [1X PBS + 0.1% Tween 20 (pH 7.4)] and
cryoprotected with 1X PBS + 30% sucrose overnight on a rocking
platform. The next day, cerebella were subjected to three 1-hour
washes with 50% OCT before embedding in 100% OCT. Cerebella
were sectioned on Leica CM1950 cryostat at 20-pm-thick sections.
Probe hybridization was performed with the indicated digoxigenin
probes at a concentration of 1 ng/pl overnight at 70°C. The sections
were incubated in alkaline phosphatase (AP)-conjugated anti-DIG
antibody (table S1). AP-anti-DIG was visualized with BM Purple
(Roche, 11442074001), and signal was developed for 4 hours at
37°C. After the signal was developed, development was stopped
with three 5-min washes with 1X PBS (pH 4.5). Sections were post-
fixed in 4% paraformaldehyde + 0.2% glutaraldehyde for 30 min
and then washed three times for 5 min in 1X PBS (pH 7.4). Sections
were dried with 70% ethanol wash before drying at 60°C for 10 min.
Coverslips were mounted using Glycergel (Dako, C056330-2) pre-
heated to 60°C. Images were taken on a Nikon SMZ1500
microscope.

Western blot analysis

For cerebellar lysates

For cerebellar lysates, cerebella were dissected in 1X PBS (pH 7.4) and
lysed in radioimmunoprecipitation assay buffer [50 mM tris-HCl (pH
7.2),150 mM NaCl, 0.1% Triton X-100, 1% sodium deoxycholate, and
5 mM EDTA] containing protease inhibitor (Roche, 11836153001)
and 1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich,
10837091001). Extracts were cleared by centrifugation at 21,130 rcf
for 10 min at 4°C. Total protein concentration was determined with
the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific), using
50 pg of cerebellar lysate for each sample. Lysates were mixed with 6X
Laemmli buffer and denatured at 95°C for 10 min. Protein was sepa-
rated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (5%
separating gel for GLI1 and GLI2, 6.25% for GLI3, and 12% for
SHH) and transferred onto Immuno-Blot polyvinylidene difluoride
(PVDF) membranes (Bio-Rad) at 100 v for 100 min on ice. For most
blots, primary antibodies were diluted in blocking buffer [bovine
serum albumin (30 g/liter) with 0.2% NaNj; in 1X TBST (tris-buffered
saline and 0.5% Tween 20 (pH 7.4)]. Blots were incubated with
primary antibodies overnight at 4°C on a rocking platform. For
detecting SHH, the primary antibody was diluted in 1X TBST, and
blots were incubated with primary antibody for 1 hour at room tem-
perature on a rocking platform. All primary antibodies and con-
centrations used can be found in table S1. After incubation with
primary antibody, blots were washed three times for 10 min in 1X
TBST. Peroxidase-conjugated secondary antibodies (table S1) were
diluted in blocking buffer, and blots were incubated with secondary
antibodies for 1 hour at room temperature on a rocking platform.
After secondary incubation, blots were washed four times for 10 min
in 1X TBST, following incubation with Amersham ECL Prime Western
Blotting Detecting Reagent (GE Healthcare, RPN2232) for 2 min,
then exposed to HyBlot CL autoradiography film (Thermo Fisher
Scientific, NC9556985), and developed using a Konica Minolta
SRX-101A medical film processor. Relative levels were obtained by
taking the integrated density value of each band, subtracting the
background of the lane, and normalizing to the integrated density of
housekeeping protein (CALB1, VINCULIN, and -TUB) minus the
background of the lane.
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For COS-7 overexpression lysates, COS-7 cells were transiently
transfected with the relevant DNA constructs using Lipofectamine 2000
(Invitrogen, catalog number 11668). The medium was collected, and
cells were lysed 48 hours after transfection in Hepes lysis buffer [25 mM
Hepes (pH 7.4), 115 mM KOAc, 5 mM NaOAc, 5 mM MgCl,, 0.5 mM
EGTA, and 1% Triton X-100] containing protease inhibitor (Roche,
catalog number 11836153001) and 1 mM PMSF (Sigma-Aldrich,
10837091001). Culture media and extracts were cleared by centrifuga-
tion at 15,000 rpm for 10 min at 4°C. Total protein concentration
was determined for cell lysates with the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific) using 50 pg of cell lysate for each
sample. Collected culture medium was diluted 1:5 in Hepes lysis
buffer before mixing with 6X Laemmli buffer and denatured at 95°C
for 10 min. Protein was separated by SDS-PAGE using 12% gels and
transferred onto Immuno-Blot PVDF membranes (Bio-Rad). Mem-
branes with cell lysates were treated identical to cerebellar lysates, as
described above.

Tamoxifen induction

To conditionally delete Shh in Sh mice, neonatal pups were
injected intraperitoneally with tamoxifen (50 mg/kg; Sigma-Aldrich,
T5648-1G) dissolved in corn oil once daily on P7, P8, and P9. On
P10, cerebella were collected and processed for section immunoflu-
orescence described above.

h CreER/lacZ

CGNP cultures

The protocol was adapted from (31). P8 animals were anesthetized
on ice briefly before decapitation. Cerebella were dissected in 1X PBS
(pH 7.4) and placed in Hibernate-A media (BrainBits, Hibernate-
A). Tissue was then washed once with 1X PBS (pH 7.4). Cerebella
were incubated in digestion media [0.25% Trypsin-EDTA (Gibco,
ILT25200056) + deoxyribonuclease I (1 mg/ml; Roche,
10104159001)] for 5 min at 37°C, followed by trituration with a
P1000 pipette, and subsequent incubation for 15 min at 37°C, shaking
the dish every 5 min. After digestion, the pieces of tissue were fur-
ther broken up with a P1000 pipette and transferred to a conical
containing isolation media [Dulbecco’s modified Eagle medium
(Gibco, 11965-092) + 10% calf bovine serum {American Type Culture
Collection (ATCC), 50-189-025NP] + 1X penicillin-streptomycin-
glutamine (Gibco, 10378016)}. The digested tissue was spun down
800 rcf for 8 min to pellet the cells. Digestion medium was removed,
and the pellet was washed with twice more isolation media. The pel-
let was fully resuspended in isolation media and passed through a
70-pm cell strainer. Single-cell suspensions were spun down and
resuspended in 1 ml of isolation media, which was then added to the
top of a 30%/60% Percoll gradient (Sigma-Aldrich/Cytiva, P1644)
before spinning at 800 rcf for 20 min. Initially, 100% Percoll was di-
luted with 10X PBS to make 90% Percoll. For 60% Percoll, 90% Percoll
was diluted in L15 complete media [Leibovitz’s L-15 Medium without
phenol red (Gibco, 21083027) + 10% calf bovine serum (ATCC,
50-189-025NP) + 1x penicillin-streptomycin-glutamine (Gibco,
10378016)]. For 30% Percoll, 90% Percoll was diluted in isolation
media. CGNPs were isolated from the 30%/60% Percoll interphase
and washed with isolation media. Last, CGNPs were resuspended in
neuronal media [Neurobasal media (Gibco, 21103049) + 1% calf
bovine serum (ATCC, 50-189-025NP) + 1X penicillin-streptomycin-
glutamine (Gibco, 10378016) + 1x B27 supplement (Gibco, 17504044)]
and counted using a hemocytometer and plated at appropriate den-
sities onto chambers or wells that were incubated with laminin
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(Sigma-Aldrich, L2020). CGNPs were cultured at 37°C, 5% CO,, and
95% humidity in neuronal media. For activation of HH signaling,
either SHH CM collected from COS-7 cells was added to the media
(1:10) or 500 nM SAG (Enzo Life Sciences, ALX-270-426-M001)
dissolved in dimethyl sulfoxide (DMSO) was added to the media. To
antagonize HH signaling, BMP2 (PeproTech, 120-02) was used at
100 ng/ml, and BMP10 (PeproTech, 120-40) was used at 10 ng/ml.
Half media changes were done every 24 hours for the duration of the
cultures. Twenty-four hours before fixation, 10 pM EdU (Invitro-
gen, A10044), dissolved in DMSO, was administered to the culture.

Genotyping with 3-GAL fluorescence

For coculturing Kif17*"~ and Kif17~/~ CGNPs, we used BetaFluor
B-gal assay kit (Promega, 70979-3) to distinguish between Kif17*/~
and Kif17~'" littermates at P8. Briefly, while dissected cerebella were
on ice in Hibernate-A media, half of the cortex were placed in TrypLE
express (Invitrogen, ILT12604013) for 15 min at 37°C before lysing
with reporter lysis buffer (Promega, E397A). Samples were spun at
15,000 rpm for 10 min at 4°C, and the supernatant was removed to a
fresh tube. Lysates were then plated in triplicate in clear bottom
96-well plate and incubated with assay mixture for 30 min at 37°C
before reading fluorescence. Genotyping samples taken at dissection
later confirmed B-GAL assay results.

CGNP culture immunofluorescence

Culture medium was removed gently before coverslips were fixed in
4% paraformaldehyde for 30 min at room temperature. Coverslips
were washed three times for 5 min with 1X PBST* and then were
stained with EdU staining solution [100 mM tris-HCI (pH 8.3),
0.5 mM CuSOy, 50 mM ascorbic acid, 50 pM Alexa Fluor 555 azide,
and triethylammonium salt (Thermo Fisher Scientific, A20012)] for
30 min at room temperature. Coverslips were washed three times
for 5 min with 1X PBST* and then blocked with blocking buffer
(3% bovine serum albumin, 1% heat-inactivated sheep serum, and
0.1% Triton X-100) for either 1 hour at room temperature or 4°C
overnight. Primary antibodies were diluted in blocking buffer. Cover-
slips were removed from the plate and were placed onto the diluted
primary antibodies on top of parafilm for 1 hour at room temperature.
Coverslips were placed back in the well and were washed three
times for 5 min with 1X PBSTX. Secondary antibodies were diluted
in blocking buffer and were added to a fresh piece of parafilm. Cover-
slips were placed onto the parafilm and incubated with the secondaries
for 1 hour at room temperature. After secondary incubation, nuclei
were labeled using DAPI (0.5 ng/ml in block buffer) for 10 min. Cover-
slips were then washed three times for 5 min with PBST*. Before
mounting onto a slide with Immu-Mount aqueous mounting medi-
um (Thermo Fisher Scientific, 9990412), coverslips were briefly dipped
in water. Images were taken on a Leica SP5X upright confocal
(two photon).

CGNP microplate assays

To quantify EdU incorporation in vitro, a Click-iT EdU proliferation
assay (Thermo Fisher Scientific, C10499) was used in CGNPs in vitro.
Twenty-four hours after plating, EAU was added to the culture
(10 pM, dissolved in DMSO). Forty-eight hours after plating, the
assay was completed according to the manufacturer’s protocol. To
measure BrdU incorporation, the colorimetric BrdU Cell Prolifera-
tion ELISA Kit (Abcam, ab126556) was used. Forty-eight hours after
plating (2 days in vitro), BrdU was administered to the culture.
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Forty-eight hours after BrdU addition (4 days in vitro), the assay was
completed according to the manufacturer’s protocol. To quantify the
number of viable CGNPs in vitro, a CellTiter-Glo Luminescent Cell
Viability Assay (Promega, G7570) was used on cultures grown for
4 days in vitro. The assay was performed according to the manufac-
turer’s protocol.

Immunoprecipitation of tagged proteins

COS-7 cells were transiently transfected with the relevant DNA con-
structs using Lipofectamine 2000 (Invitrogen, 11668). Cell lysates
(1 mg) were precleared with Protein-G agarose beads (Roche, catalog
number 11719416001) for 1 hour at 49°C. MYC- or HA-tagged proteins
were immunoprecipitated from precleared lysates using either anti-
MYC or anti-HA antibodies for 2 hours at 4°C. Following immuno-
precipitation, the lysates were incubated with Protein-G agarose beads
for 1 hour at 4°C. The Protein-G agarose beads were subjected to five
8-min washes in Hepes lysis buffer and resuspended in 30 pl of 1X PBS
and 6X Laemmli buffer. The samples were boiled for 10 min, and pro-
teins were separated using SDS-PAGE and analyzed by Western
blotting. Visualization and quantitation were identical to the above-
described Western blot analysis.

Image quantitation

To quantify intensity of SHH immunofluorescent signal, Image]J soft-
ware was used to measure the fluorescence integrated density of
individual PC bodies, subtracting the background measured from the
internal granule layer. Per mouse, at least five images from the poste-
rior lobes and five images of the anterior lobes were measured. To
quantify fluorescent GIlil fluorescence, ImageJ software was used to
measure the integrated density fluorescent signal contained to either
the EGL (CGNPs) or lower molecular layer to inner granule layer
(IGL, BG, and CGN:s). At least six images were analyzed per mouse;
three images for each posterior and anterior lobes. For all image anal-
yses, images were blinded.

Quantitation and statistical analysis

All the data are mean + SD. All statistical analyses were performed
using GraphPad Prism (www.graphpad.com). Statistical significance
was determined by using a two-tailed Student’s ¢ test. For all the
experimental analyses, a minimum of three mice of each genotype
were analyzed, each n represents a mouse. For in vitro experiments,
a minimum of three biological replicates were analyzed, each n repre-
sents a biological replicate. All the statistical details (statistical test
used, adjusted P value, statistical significance, and exact value of
each n) for each experiment are specified in the figure legends.

Supplementary Materials
This PDF file includes:

Figs.S1to S11

Tables S1.and S2
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