Carcinogenesis vol.34 no.6 pp.1382-1392, 2013
doi:10.1093/carcin/bgt041
Advance Access publication February 6, 2013

Kif3a is necessary for initiation and maintenance of medulloblastoma
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Medulloblastoma (MB) cells arise from granule neuron precur-
sors (GNPs) that have lost growth control. During normal develop-
ment, GNPs divide in response to Sonic hedgehog (SHH), a ligand
that binds to the patched (PTCH) receptor on GNPs. If one copy of
the Ptch gene is lost, as in human Gorlin’s syndrome and in Ptch*~
mice, MBs may form. Proper transduction of the SHH signal criti-
cally depends on primary cilia. Loss of primary cilia results in
improper signal reception and failure to properly activate SHH
target genes. KIF3a, part of a kinesin motor, is required for forma-
tion of primary cilia. Here, we use tamoxifen-induced ablation of
Kif3a in GNPs of postnatal Ptch*~ mouse cerebella to show that
KIF3a is necessary for MB formation. To investigate the impor-
tance of primary cilia in established tumors, we deleted Kif3a from
cultured cells and from tumor cell grafts. The loss of Kif3a from
established tumors led to their growth arrest and regression. MBs
behave as if they are addicted to the presence of primary cilia.
These results underscore the potential utility of agents that disrupt
cilia for the treatment of Hh pathway-related MBs.

Introduction

The Hh pathway is critical for cell proliferation and morphogenesis
at many stages of embryogenesis and postnatal development (1,2). In
addition to the importance of Hh signaling in development, Hh signal
transduction is disrupted in many types of cancer (3). A genetic screen
for genes functioning in mouse gastrulation revealed that mutations in
several genes necessary for primary cilium formation, transport and
function are associated with mouse phenotypes suggestive of deficient
Sonic hedgehog (SHH) signaling (4). Several Hh transduction pro-
teins are localized within primary cilia, so these results together with
the genetic data support a view of primary cilia as transduction centers
for Hh signaling.

In the absence of a Hh ligand, PTCH receptor localizes in cilia
of NIH3T3 cells (5). When SHH binds to PTCH, PTCH disappears
from the cilia, enabling the seven transmembrane-domain protein
SMOOTHENED (SMO) to enter cilia (6). SMO inhibits the func-
tion of the protein SUFU, which in turn controls the processing
and/or transport of GLI transcription factors. SUFU and the three
types of GLI protein (GLI1-3) are readily detected at distal tips of
cilia (7). After Hh inactivates PTCH and causes SMO to move into
cilia, a SMO-triggered change in GLI processing allows movement
of activating forms of GLI proteins into the nucleus, where they
induce transcription of target genes (5,6,8). Although most or all of
the Hh pathway components are present in cilia, most are present
and at least some are functional in other parts of the cell (9,10).

Abbreviations: ER, estrogen receptor; GNP, granule neuron precursor; H&E,
hematoxylin and eosin; IFT, intraflagellar transport; MB, medulloblastoma;
MTT, 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide; SAG,
Smoothened Agonist; SHH, Sonic hedgehog; SMO, SMOOTHENED.

For this reason, it is possible that some Hh transduction occurs
outside cilia.

Primary cilia are cell cycle phase-specific organelles that extend
from the maternal centriole. They frequently act as sensors of mechani-
cal and chemical signals (11). Growing cells have primary cilia during
S-phase, but disassemble the appendage prior to each cell division.
In G, and M phases, cilium shortening occurs, leading to eventual
cilium resorption or release from the plasma membrane (12). Cells
exiting the cell cycle form new cilia. Ciliogenesis and cilium main-
tenance rely upon transport of axoneme assembly components to the
extending tip of the cilium. This intraflagellar transport (IFT) requires
motor and adaptor proteins for trafficking in anterograde (toward the
tip or positive microtubule end) and retrograde (toward the negative
microtubule end) directions. Cilium components and signal transduc-
tion proteins are transported as parts of multimeric protein complexes
called IFT particles (13). KINESIN-2, which is a complex of KIF3a,
KIF3b and KINESIN-2-associated proteins, moves IFT particles and
their protein cargoes along the axoneme toward the ciliary tip (13).
Mutations in Kif3a block Hh signal transduction during normal devel-
opment (14). In the present study, we analyzed the effect of Kif3a
mutation on initiation and maintenance of Hh pathway-driven cer-
ebellar tumors.

SHH controls cell division in the mouse cerebellum. Granule neu-
ron precursors (GNPs) in the external germinal layer of the cerebellum
proliferate (15), stimulated by SHH transmitted by Purkinje neurons
(16—18). The newly formed granule neurons extend axons that syn-
apse with Purkinje cell dendrites in the molecular layer, whereas
granule neuron cell bodies migrate from the external germinal layer
through the layer containing Purkinje cell bodies to the internal gran-
ule layer (15). The buildup of PTCH in GNPs in response to SHH may
restrain ongoing SHH signaling by binding ligand and by inhibiting
SMO, perhaps contributing to the cessation of GNP production that
normally occurs in mice about 2 weeks after birth. In keeping with
that idea, loss of restraining Hh pathway proteins such as SUFU or
PTCH can lead to medulloblastoma (MB), a cancer arising from unre-
strained growth of GNPs that is the most common malignant child-
hood brain tumor.

MBs have multiple causes including altered Hh or Wnt signaling
(19). The initial identification of damage to the Hh pathway as a cause
of MB arose when mutations in human PTCH were discovered to
cause Gorlin’s syndrome, a birth defects syndrome with associated
high rates of MB (20,21). When growth restraint by PTCH is geneti-
cally reduced, as in the Ptch*'~ mouse model of Gorlin’s syndrome,
some GNPs continue to proliferate beyond the usual time. The conse-
quence can be formation of preneoplastic lesions and MB (22). The
importance of Hh target genes for MBs is also supported by the inhibi-
tion of MB growth that occurs when Hh signal transduction is blocked
by cyclopamine (23). In humans, MB formation appears to occur over
the course of years, probably beginning with a mutant GNP during
cerebellum development (birth to 1 year of age), and typically leading
to symptomatic MB at about 7 years of age (24). In mice predisposed
to spontaneous tumorigenesis, such as Ptch*'~ heterozygous mice, for-
mation of tumors including MB occurs in some mice within the first
months of life (22).

The discovery of the importance of primary cilia for Hh signal
transduction led to the discovery that cilia are important for early
stages of cerebellum development (25,26). Pioneering ultrastructure
studies of MBs identified primary cilia on their cell surfaces as well
(27). Mouse models of MB used to investigate the role of cilia in tumor
initiation have given complex results. Cilia are required for growth of
tumor cells that have constitutive Hh target gene transcription due to
hyperactive SMO, but cilia restrain growth of tumor cells when target
gene activation occurs in response to a mutant G/i2 (28).

Among the several mouse models of MB, only one, Ptch heterozy-
gous mice, has the same genetic cause as Gorlin syndrome (22). Here,
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we investigate the role of Kif3a in tumorigenesis in these mice. We
deleted Kif3a from the GNP cells, the cell type of origin for sponta-
neous MB. Cultured MB cells and an allograft mouse model of MB
were used to probe the role of KIF3a in growing tumor cells and in
established tumors. In this way, we tested whether interference with
cilia formation can arrest or reverse tumors that had already started to
grow, a situation analogous to newly diagnosed human MB patients.

Materials and methods

MB cell line derivation

MB cell lines were produced using an adapted serial dissociation protocol (29)
modified to include an initial serum-free neurobasal medium culture for 2 days
followed by 24 h serial dissociation of MB tissue using collagenase, dispase
and hyaluronidase. Immortalization was carried out by serial passaging and
confirmation of stable Shh pathway target gene expression after every fifth
passage. Cell lines were deemed immortalized after 25 passages.

Cell culture

GNP preparation and culture was carried out as described previously (16).
For Kif3a ablation in fibroblasts, Kif3¢™" MEFs were derived in our labora-
tory from a mouse engineered to have loxP sites surrounding the Kif3a gene.
A Cre recombinase fused to a modified estrogen receptor (ER) was then deliv-
ered into the cell line by retroviral infection. For ciliation studies, cells were
treated as described previously (5) except the MB cell lines were starved in 0%
fetal bovine serum. Cells were transfected with Gli2-Flag construct (obtained
from C.C.Hui) using Lipofectamine 2000 (Invitrogen) per the manufacturer’s
provided instructions. In vitro tamoxifen treatment was carried out using
4-OH tamoxifen (CalBiochem). The PZP53 MB cell line was obtained from
P.Beachy (23). The mouse colon carcinoma cell line CT26 was obtained from
ATCC (CRL2638).

Antibodies

Anti-p38 and anti-Kif3a were purchased from Abcam (ab7952, ab11259), anti-
Glil from Cell Signaling Technologies (L42B10), anti-acetylated tubulin from
Sigma (T6793) and Hoechst/DAPI stain from Sigma (D9542). Secondary anti-
bodies conjugated to horseradish peroxidase were from Jackson Laboratories.
Anti-Ptch1 rabbit polyclonal antibody and anti-Smo rabbit polyclonal antibod-
ies have been described (5). Standard hematoxylin and eosin (H&E) stain-
ing was used for tissue samples. Microscopy was performed using a Leica
(DMIL) brightfield photomicroscope and a Leica confocal microscope (Leica
DMIRE2). Images were assembled using Adobe Photoshop CS4 and bright-
ness/contrast were adjusted for optimal viewing; any manipulation was applied
to the entire image.

Quantitative PCR

Cellular RNA was isolated using Trizol (Invitrogen). cDNA was prepared
using SuperScript IIT First Strand Kit (Invitrogen). Real-time (quantitative)
PCR (Bio-Rad) was used to measure and quantify transcript levels. TagMan
(Applied Biosystems) gene expression probes used were Mm00970977_
ml (ptchl), Mm00494645_ml (glil), Mm00257977_ml (gli2) and
Mm99999915_g1 (gapdh for establishment of baseline).

Cell lysate preparation and western blot analysis

For the production of whole-cell, cerebellum and GNP lysates, cells were lysed
in 50mM Tris at pH 7.4, 300 mM NaCl, 2% NP-40 (v/v), 0.25% deoxycholate
(w/v), 10mM N-ethyl maleimide, 1 mM dithiothreitol and protease inhibitor
cocktail (ethylenediaminetetraacetic acid-free, Roche).

Mice

All mouse procedures were approved by the Stanford International Animal
Care and Use Committee (APLAC Protocol 10424, 10412). Genetically
modified mice Ptch*~ (108B2 line) were generated in our laboratory (22);
4-6-week-old Nude/Nude mice were obtained from Charles River Labs; other
mice were obtained from laboratories listed in the indicated references: Kif3a™!
(30) and Mathl-Cret® (31). For genotyping, ear clips and/or tail clips were
digested in Proteinase K (Invitrogen)-containing buffer; 2 pl was used to run
PCR (38 cycles of 95°C for 30 s denaturing, 52°C for 30 s annealing, 70°C
for extension).

Induction of Cre recombinase activity in GNPs in the cerebellum was
accomplished by administration of tamoxifen (32). Tamoxifen (Sigma) was
dissolved in corn oil (Sigma) at 5 mg/ml at 37°C, filter sterilized and stored for
up to 7 days at 4°C in the dark. A gavage syringe appropriate to mouse esopha-
geal size was used to administer tamoxifen to pups at a dose of 3—4mg/40g
body weight (calculated based on the average pup size) on postnatal days 1
and 4. Tamoxifen was administered to adult nude mice at a dose of 8 mg/40g
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body weight. An equivalent volume of sterile filtered corn oil alone was used
for vehicle treatment groups.

Tumorigenesis and cell survival assays

Nude mice received cell injections: 800 000 cells per flank or shoulder for
the experiment documented in Figure 2 (n = 6) and 1.6 million cells per flank
or shoulder for all other heterotopic tumor assays (n = 8). Following injec-
tion, cells were incubated with 1 ml propidium iodide (Sigma; 50 pg/ml in
phosphate-buffered saline) and survival was consistently >85%. Tumor size
was measured every 3 days with a digital caliper and tumor diameter was cal-
culated using the standard modified ellipse formula (0.5 x length x width?).
Orthotopic tumor allografts were carried out using a stereotactic injection sys-
tem. Forty thousand MB cells in 5 pl phosphate-buffered saline were injected
into the central cerebellum. Soft agar transformation assay was performed in
6cm plates, and 5x 10* cells were added to 3ml 0.3% LMP agarose (Sigma)
with 15% serum + Dulbecco's modified Eagle's medium and plated on top of
solidified 0.5% LMP agarose with 15% serum + Dulbecco's modified Eagle's
medium. After 18 days, colonies larger than 2mm were counted. Cell growth
rate was determined using the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) survival assay (33). Results of the assay are
reported as ‘cell growth ratio’, a standard normalized optical density value that
corrects for absorbance and is reported relative to a single cell type (which is
assigned a growth ratio of one). For the MTT assay, cells (3 x 10%/well) were
plated in 96-well culture plates. Survival was assessed at indicated time points
by the addition of 20 ul MTT and incubation for 2 h; absorbance was measured
at 570nm.

Results

Kif3a is necessary for MB tumor initiation

We designed experiments to assess the importance of Kif3a in malig-
nant transformation of GNPs to MB. GNPs, and MB arising from
them, characteristically express Mathl, which encodes a basic helix—
loop-helix transcription factor. A Mathl enhancer directing expres-
sion of reporter genes in a Mathl-specific pattern was reported
previously (34). Mathl expression is restricted to GNPs in the devel-
oping cerebellum, with loss of expression upon differentiation into
granule neurons (35). By 2 weeks after birth, mouse pups have little
to no detectable Mathl RNA or Mathl-driven GFP in the cerebel-
lum. We performed crosses to generate mice with a Mathl enhancer
directing production of CreE® recombinase in Kif3a™!, Ptch*'~ GNPs.
Tamoxifen was administered to Ptch*~, Mathl-Cre"®, Kif3¢™ mice
on postnatal days 1 and 4 to trigger ablation of Kif3a in postnatal
GNPs (Figure 1A and B) and remove Kif3a transcripts (Figure 1C)
and protein (Figure 1D) from GNPs. KIF3a protein became undetect-
able in granule neurons, but other cells in the cerebellum, including
Purkinje cells, ependymal cells, leptomeningeal cells and glia, still
had normal KIF3a levels (Figure 1E).

Mature GNs in tamoxifen-treated Mathl-Cre®® Kif3¢™ mice
had substantially fewer cilia than Mathl-Cre® Kif3¢™ GNs not
treated with tamoxifen (Supplementary Figure 1A, available at
Carcinogenesis Online). GNPs from tamoxifen-treated MathI-CreR
Kif3¢™" mice had a similar decrease in cilia 10 days after initial tamox-
ifen treatment (Supplementary Figure 1B, available at Carcinogenesis
Online). Residual KIF3a protein present in GNPs in adult Cre®*,
Kif3a™" mouse cerebella (Figure 1E) was sufficient to sustain appar-
ently normal cerebellum development (Figure 1F). Cerebella from
mice with Kif3a-deficient GNPs were morphologically and histologi-
cally indistinguishable from controls. In contrast, mice constitutively
lacking KIF3a protein in all h(GFAP-expressing cells have severely
impaired cerebellum development (28).

Tamoxifen-treated Mathl-Cre®® Kif3¢"" Ptch*'~ mice never
developed MB (0 MB/126 mice) (Figure 1G, red line). Tamoxifen
did not have a global antitumor effect because mice with Kif3a-
deficient GNPs still produced rhabdomyosarcomas at the expected
rate (11%). Furthermore, treatment of Mathl-Cre®® Ptch*'~ mice
treated with tamoxifen developed tumors at a rate indistinguishable
from Ptch*~ mice and Mathl-Cre®® Ptch*~ mice that were not
treated with tamoxifen. Control mice without the floxed Kif3a
allele, treated with either tamoxifen or corn oil vehicle control,
developed MBs and rhabdomyosarcomas at rates indistinguishable
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Fig. 1. In vivo mutation of Kif3a by postnatal administration of tamoxifen to Mathl-Cre"R, Kif3¢™", Ptch*'~ mice prevents MB. (A) Schematic showing
experimental design for deletion of Kif3a in GNPs. (B) Tamoxifen was administered to mice on postnatal days 1 and 4 to achieve optimal Cre*R-mediated
recombination and deletion of Kif3a. The postnatal cerebellum development period is indicated by black bar and H&E image of developing cerebellum is shown
with GNPs in the external granule cell layer (upper left). A mature cerebellum, devoid of GNPs, is shown for comparison above timeline corresponding with a
developed cerebellum (upper right). (C) Quantitative PCR showing that Kif3a transcript is minimal in GNPs at postnatal day 7. Error bars depict +SE. (D) Protein
blot of GNPs from vehicle-treated and tamoxifen-treated pups. Tamoxifen-treated pups have undetectable levels of KIF3a at postnatal day 10. (E) Protein blot of
whole adult cerebellum from a mouse that was vehicle treated and one that was tamoxifen treated according to the protocol in (B). Reduced, but detectable levels
of KIF3a are present. (F) H&E stain illustrating one cerebellum from an adult mouse that underwent tamoxifen treatment protocol depicted in (B). Cerebella
from tamoxifen-treated mice showed normal development and morphology of the cerebellum. (G) MB survival curve showing that vehicle-treated control mice
(blue line) and tamoxifen-treated Ptch*~ mice (green line) developed MB at the expected rate (17 MB/116 mice), within the anticipated time frame. In contrast,
tamoxifen-treated Kif3a@™', Mathl Cre-ER Ptch*~ mice resulting in Kif3a-deficient GNPs (red line) did not develop MB (0 MB/126 mice). Error bars depict +SD.
(H) H&E stain showing an example of MB that developed in vehicle-treated mice. These tumors are histologically indistinguishable from those that occur in
Ptch*~ mice.

from Ptch*~ mice (Figure 1G, green and blue lines). MB onset,
volume, location, histology and Hh target gene expression profiles
did not differ significantly between control Mathl-Cre®® Kif3a™"
Ptch*~ and Ptch*’~ mice (data not shown). We conclude that Kif3a
function is necessary for MB formation in Gorlin’s syndrome mice.

Loss of Kif3a from cultured fibroblasts has no effect on their growth

The inability to form MB in Ptch*'~ mice lacking Kif3a in their GNP
cells led us to ask whether loss of Kif3a has a general effect on cell
growth. Fibroblasts derived from a Kif3¢™" Cre-ER mouse (36) were
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treated with tamoxifen to inactivate the Kif3a gene (Figure 2A-C).
KIF3a protein is stable, taking ~8 days to reach minimal levels
after tamoxifen treatment (Figure 2C). This time course of loss of
Kif3a protein correlates with the time course of cilia disappearance.
Primary cilia were rarely detected in cells after loss of Kif3a protein
(Figure 2D) The growth characteristics of fibroblasts with or without
tamoxifen was the same (Figure 2F). Therefore, KIF3a is dispensable
for fibroblast growth in culture. We next tested whether the removal
of KIF3a had any discernable effect on the fibroblasts by testing their
ability to respond to Hh pathway agonists.
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Fig. 2. A tamoxifen-treated Cre®®, Kif3a¢™" fibroblast cell line derived from Kif3¢™" mice has normal cell survival and proliferation, but loss of cilia and deficient

Hh responsiveness. (A) Experimental schematic for tamoxifen-induced Kif3a deletion in fibroblasts. (B) Genomic PCR from Kif3a¢™" Cre®® fibroblasts showing
genomic deletion of Kif3a (absence of wild-type band) 1 day after tamoxifen treatment (left panel, right lane). Reverse transcription—polymerase chain reaction
of Kif3a transcript level 2 days after tamoxifen treatment (right panel). Error bars depict +SE. (C) Protein blot showing KIF3a protein, which does not reach
minimum levels until 8 days following tamoxifen treatment and genomic deletion of Kif3a. (D) Confocal images (x20) after immunostaining to highlight nuclei
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Stimulation of fibroblasts with the pathway agonists SHH,
Smoothened Agonist (SAG) and 20-hydroxycholesterol (20-OH) nor-
mally induces numerous genes including Ptch. SHH induces pathway
target gene expression by binding to the PTCH receptor. SAG and
20-OH stimulate pathway target gene expression by binding down-
stream of the PTCH receptor and act at or near the level of pathway
signal transducer, Smoothened. The amount of PTCH serves as a
measure of target gene activity (Figure 2E, lanes 1-4). Each agonist
induced accumulation of PTCH to at least 10-fold more than the con-
trol. Kif3a deletion resulted in a higher level of PTCH in cells not
treated with agonist, perhaps due to reduced negative regulation of
Hh transduction (37) (Figure 2E, lane 5). Addition of SHH slightly
lowered PTCH protein (Figure 2E, compare lane 5 with 6), whereas
SAG, an agonist that acts directly on Smoothened, caused PTCH to
accumulate only about 2-fold more than in the control (Figure 2E,
lanes 7 and 8). 20-OH, another inducer, had a similar modest effect.
GLII is another Hh pathway target gene and GLI1 protein levels fol-
low a trend similar to PTCH protein levels in wild-type fibroblasts and
fibroblasts treated with SHH agonist after Kif3a deletion (Figure 2G).

These data show that fibroblasts can proliferate normally in the
absence of functional KIF3a, as has been reported previously for other
cell lines (30,36), but fibroblasts lacking KIF3a have an impaired
response to Hh pathway agonists.

Loss of Kif3a results in growth arrest of transformed MB cells

Fibroblasts grow without KIF3a, but we show that Kif3a is necessary
for initiation of MB, suggesting that these tumor cells are different.
In cultured fibroblasts, SHH ligand stimulates transcription of target
genes most effectively when cells are contact inhibited (confluent),
nutrient restricted (serum deprived) and predominantly quiescent.
Under these conditions >90% of NIH3T3 fibroblast-like cells are cili-
ated. In contrast, cultured MB cells derived from a Prch*’~ mouse MB
tumor proliferated relentlessly in conditions of serum deprivation,
ignoring contact inhibition and nutrient status cues. Fewer than 10%
of cultured, confluent, Ptch*'~ MB cells formed cilia when subjected
to the standard 24 h serum-restriction protocol, which results in cilia
formation in NIH3T3 cells (Figure 3A).

To determine the optimal length of time for formation of primary
cilia in Ptch™~ MB cells, different times of serum starvation were
tested. After 96 h of serum deprivation, 68% of MB cells formed cilia
(Figure 3B). SMO protein became concentrated in ~59% of the pri-
mary cilia in cultured MB cells (Figure 3C), consistent with the high
level of SHH target gene activity known to occur in MB tumors (22).
Thus, MB cells in culture eventually form primary cilia, but do not
ciliate as readily or under the same conditions as cultured NIH3T3
cells. These findings guided our studies of roles of cilia in a newly
created MB cell line.

We derived a MB cultured cell line with tumorigenic potential
from a Ptch*~ mouse tumor to see whether the cells require Kif3a for
growth. The MB cell line, ‘MBKIfCER" " \yag genotypically Mathl-
CrefR, Kif3a™", Ptch*'~, enabling the deletion of Kif3a using in vitro
tamoxifen treatment. After immortalization, the cells had a faster dou-
bling time than fibroblasts (Figure 4A), similar to that of a murine
colon carcinoma cell line (38). MBXif-CreER cells were able to form
cilia (Figure 4B and C) and formed colonies in soft agar (Figure 4D).

Anchorage-independent growth is one indicator of the metastatic
potential of cells. MBKiFCreER cells injected into the flanks (Figure 4E)
or cerebella (Figure 4F) of immunodeficient nude mice formed
solid tumors. Neuropathological analysis of the flank and cerebellar

tumors revealed indistinguishable cytology, except that the cerebellar
tumors infiltrated adjacent normal tissue. All the tumors had closely
packed, enlarged, undifferentiated cells with high nuclear to cyto-
plasmic ratios, nuclear molding, frequent mitotic figures and focal
necrosis, all features of embryonal central nervous system neoplasms.
Immunohistochemistry showed focal GFAP protein accumula-
tion in flank and cerebellar tumors, without detectable synaptophy-
sin or P-catenin staining (Supplementary Figure 3A, available at
Carcinogenesis Online). These features are diagnostic of MB.

We tested the role of KIF3a in MB cell survival by treating
MBKIFCreER ool with tamoxifen in vitro. In contrast to fibroblasts,
MB cells required Kif3a for their survival in culture. MBXIFCrER cells
underwent growth arrest following tamoxifen treatment, at a time
consistent with disappearance of KIF3a and cilia (Figure 5A).

Complementation by Gli2 overcomes MB growth arrest associated
with the loss of Kif3a

We tested whether the growth arrest of MB cells after inactivation
of Kif3a and loss of primary cilia was dependent upon interference
with the Hh pathway. The goal was to see whether other pathways
that might be affected by Kif3a mutation. If the important effect
was upon Hh transduction, it should be possible to rescue the cells
by activating SHH target genes. To MB cells lacking Kif3a, we pro-
vided GLI2, the major Hh transcriptional activator, to see whether
this would overcome the growth arrest. Transfection of Gli2-FLAG
(39) at the time of tamoxifen treatment protected tamoxifen-treated
MBKif3a-CreER cellg from cell death (Figure 5B). GLI2 levels were 4.5-
fold higher compared with untransfected, tamoxifen-treated MBXi
CreER cells (Figure 5C). Five days after tamoxifen treatment, when
KIF3a levels were reduced, the MBXIFCreER cells without added GLI2
had far less GLI1 protein (a SHH target) than control cells where
KIF3a remained functional (Figure 5D). Signature transcriptional tar-
gets of the Wnt, TGF-f3, AKT and PDGF signaling pathways were
unchanged (Supplementary Figure 2B, available at Carcinogenesis
Online). We conclude that the deaths of tamoxifen-treated MBKif-CreER
cells in the absence of added GLI2 was due to the lack of SHH target
gene expression. Restoration of active GLI2, and consequently SHH
target gene activity, eliminated the need for Kif3a in MBKifFCreER ce]]
survival.

Loss of Kif3a results in growth arrest of established MB tumors

We used mouse allografts to learn how loss of KIF3a affects already-
established MB tumors. Due to the time it takes for tamoxifen to
reduce Kif3a protein levels compared with the rapid rate of growth
of MB and consequential rapid mortality from intracranial MB, these
experiments could only be done with flank tumors but not with intrac-
ranial tumors. This situation is akin to a newly diagnosed pediatric
patient carrying a MB, in contrast to experiments described above that
show KIF3a is required to form MBs. MBKiFCeER cells were tested for
their ability to exhibit anchorage-dependent growth by growing them
in soft agar in the presence or absence of tamoxifen. Tamoxifen pre-
vented the cells from forming colonies in soft agar (Figure 6A and B).
To ensure that tamoxifen did not have a general toxic effect, murine
colon cancer cells were treated with tamoxifen. They formed colonies
at the same rate as untreated cells (Supplementary Figure 4A, avail-
able at Carcinogenesis Online). MBKIF-CeER cellg treated in vitro with
tamoxifen and injected into flanks and shoulders of immunodeficient
mice did not form solid tumors (Figure 6C). A Ptch*~, p537~ MB
cell line (23) formed solid tumors at a similar rate with or without

«—

(DAPI, blue) and cilia (acetylated tubulin, cyan). Abundant cilia are present in Cre®R, Kif3¢"" fibroblasts (top panel), but only rarely are cilia seen 9 days after

tamoxifen treatment. (E) Protein blot showing that with functional Kif3a the Hh pathway-stimulating inducers (SHH, SAG and 20-OH, which are thought to act at

the level of Smoothened) cause accumulation of increased PTCH protein. In contrast, tamoxifen-treated cells lacking Kif3a have more modest increases in PTCH

protein in response to the inducers (lanes 5-8). Ponceau stain of protein blot included to demonstrate equal loading of protein. (F) MTT survival assay showing that

tamoxifen treatment and loss of Kif3a transcript and protein does not alter survival of Cre®R, Kif3¢™" fibroblasts. Error bars depict +SE. (G) Protein blot showing

that SHH treatment leads to increased PTCH and GLI1 protein in cells with functional Kif3a. Tamoxifen-treated cells lacking Kif3a, in contrast, have higher levels

of PTCH and GLI1 prior to SHH treatment and do not show a further increase in PTCH or GLI1 levels after SHH treatment. Protein levels were measured and

normalized for loading.
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Fig. 3. Confluent Ptch*’~ mouse MB cells form cilia after prolonged serum deprivation. (A) Schematic diagram of protocol to induce cilia formation in
fibroblasts versus MB cells. Gray bars represent the duration of serum restriction (0.5% serum, fibroblasts) or serum starvation (0% serum, MB cells). (B)
Cultured Ptch*~ MB cells with nuclei highlighted by DAPI stain (far left panel) have primary cilia highlighted by acetylated tubulin (middle panel). Overlay,
far right panel. Bar graph on far right depicts MB cell percent ciliation (number of cilia/number of nuclei) quantified from three independent serum-deprivation
experiments. Error bars depict +£SE. (C) Cultured Ptch*'~ MB cells with nuclei highlighted by DAPI stain (far left panel) have primary cilia highlighted by
acetylated tubulin (middle panel). Ciliary SMO is apparent in a subset of MB cells (red, far right panel). Bar graph depicts percentage of ciliated MB cells with

ciliary SMO. Error bars depict +SE.

the addition of tamoxifen (Supplementary Figure 4B, available at
Carcinogenesis Online).

We treated already-established Math-1°"ER Kif3¢™" flank tumors
with either tamoxifen or vehicle control. Flank tumors treated with
tamoxifen initially underwent growth arrest and then regressed over
30 days following treatment (Figure 6D). Vehicle-treated tumors con-
tinued to grow. In mice that underwent tamoxifen treatment, and con-
sequently inactivation of Kif3a in Mathl-expressing MB cells, flank
tumors had necrotic tissue with lower cell density, interspersed with
regions of necrosis and fibrosis (Figure 6E).

Discussion

Primary cilia in cerebellum development and MB

Among several mouse models of MB, only one has the same genetic
lesion as human Gorlin syndrome, which is due to PTCH haploinsuf-
ficiency (22,40). The sequence and frequency of events in the human
neoplastic transformation of a GNP to MB is preserved in the Ptch*'~
heterozygous mouse model of MB. About 15% of mice that are het-
erozygous for a null Prch mutation develop MB by 5 months of age
(22,40). The tumors arise sporadically, spontaneously and focally
in mice with a mature cerebellum and are histologically similar to
human MB. Ptch*~ mice recapitulate the human Gorlin syndrome
in that tumors occur in association with basal cell carcinoma and
rhabdomyosarcoma (22). Non-Gorlin syndrome mouse models of Hh
pathway-driven MB have been engineered to activate Hh targets in all

GNPs by conditional loss-of-function of both alleles of PTCH (41)
or by introducing an activating Smo™? or Smo*? allele (42). Tumors
that develop in these other mouse models differ from each other and
from human Gorlin syndrome-associated tumors. Both models rely
upon tissue-specific drivers and result in unrestrained proliferation
of GNPs, culminating by 2 months of age in extensive lesions that
encase the cerebellum in 90-100% of mice (41,42). These genetic
alterations, and the tumors that arise from them, do not represent the
usual sequence of events that occurs in pediatric MB.

Han et al. (28) studied the need for Kif3a in central nervous sys-
tem tumors, including MB, using an activated Smo allele or a GLI2
constitutively active (CA) model. Our findings are consistent with
theirs in that Hh pathway-driven MBs do not develop without func-
tional primary cilia. Their study employed conditional Kif3a mutant
mice that express Cre recombinase controlled by the hGFAP driver,
which stimulates recombination in GNPs, all neural stem cells, and
many neurons and ependymal cells (43). Tumors that developed in
the Smo™? mouse brains were highly malignant, encasing the majority
of developing cerebellum folia by postnatal day 10 (28). Tumors that
developed in G/i2-CA mice occurred much later in life, were distrib-
uted throughout the central nervous system and had high expression
levels of Hh and WNT target genes (28). The authors concluded that
cilia can either promote or inhibit Hh-driven brain tumors and basal
cell carcinoma, depending on how the Hh pathway is activated, with
tumor promotion occurring in the G/i2-CA model and tumor suppres-
sion occurring in the Smo™? model (28,44).
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Fig. 4. In vitro MB cell line derived from Kif3a MathI-Cre*®, Kif3a™", Ptch*~ mouse is tumorigenic. (A) MTT survival assay-derived cell growth ratio showing
rapid proliferation of Mathl-Cre®, Kif3a" MB cell line relative to both fibroblast and colon carcinoma cell lines. Error bars depict +SE. (B) Mathl-Cre®®,
Kif3@™" MB cells form cilia under tumor ciliation protocol from Figure 3A. Percent ciliation is (number of cilia/number of nuclei) for each field and results depict
quantification from three independent experiments. Percent ciliation of Ptch*~ MB is also shown for comparison. Error bars depict +SE. (C) Immunostaining
(x40) showing Mathl-Cre*, Kif3a™' MB cilia. Nuclei stained with DAPI (blue), cilia highlighted by acetylated tubulin (cyan). (D) Mathl-Cre"X, Kif3¢"" MB
cells exhibit anchorage-independent growth in soft agar assay. Bar graph depicts number of colonies >2mm per x10 field at 18 days after plating. Fibroblast cell
line does not form colonies, but colon carcinoma and Mathl-Cre™®, Kif3a™' MB cells readily form colonies in soft agar. Error bars depict +SE. (E) MathlI-Cre®,
Kif3a™" MB cells form heterotopic solid tumors when injected into the flank of nude mice. Tumor volume in cubic inches shown as a function of time (days) of

1388

202 1dy €2 uo 1sanb Aq 6.0€9%2/28€ L/9/¥€/2I01HE/UIDIED /W0 dNO"DIWSPED.//:SA)Y WO PapEOjuMOd



Addiction of medulloblastoma to primary cilia

>

N

o
]

Kif3a fI/fl, Cre-ER Bl - tamoxifen
1.5 Patched +/- MB cells . + tamoxifen

Cell growth ratio
o
L

0.5
0_
1 2 3 4 5 6 7 8 9 10
Days after tamoxifen treatment
B 20- _
. Kif3a fi/fl, Cre-ER | [l + tamoxifen
B 157 Patched +/- MB cells [] + tamoxifen + Gli2
=
5 1.0
(@]
T 0.5
O
0_
1 2 3 4 5 6 7 8 9 10
Days after tamoxifen treatment
C 5 D Kif3a fl/fl, Math1-Cre-ER MB Cells
= 1
D 4 T | LT |
e Tamoxifen:  — + Tamoxifen: - +
55 5 6
2o w2 157
=9 Es
~g 27 <Gli1 89 10-
=.2 co
VE - co
@ - +— o 5
= r—— =2
o-lmm | O& Elj
38 < O
B Untransfected & £

[] Gli2 Transfected

Fig. 5. MB cell line derived from MathI-Cre*®, Kif3a™', Ptch*'~ mice requires KIF3a and cilia for cell survival and tumorigenesis. (A) Survival assay with
tamoxifen treatment occurring on day 1. Loss of KIF3a results in death of Marh1-Cre®X, Kif3a™ MB cells over a period that coincides with loss of KIF3a protein.
Error bars depict £SE. (B) Survival assay with tamoxifen treatment and transfection with Gli2 occurring on day 1. Transfection of G/i2 prevents cell death
secondary to KIF3a loss in MathI-Cre*®, Kif3a™ MB cells. Error bars depict £SE. (C) Quantitative PCR showing substantial increase in G/i2 RNA levels in Gli2
transfected versus untransfected cells. Error bars depict £SE. (D) Protein blot 5 days after tamoxifen treatment showing reduced GLI1 levels as KIF3a protein
levels decline. Quantitative PCR showing substantial decline in Gli/ RNA levels 5 days after tamoxifen treatment. Error bars depict +SE.

Cilia and Kif3a disruption specifically targeted to GNPs has not especially because MB cells have primary cilia only for the brief

been reported prior to the present study. The precise roles of cilia interval when they are not actively cycling. That appears to be time
in the developing cerebellum and in tumor cells remain a mystery, enough for the cilia to aid transduction processes, perhaps allowing
“«—

measurement after initial palpation of tumor. H&E image (x20) shows flank tumors with abundant cells with prominent nuclei in histological pattern consistent
with MB. Error bars depict +SE. (F) MathI-Cre®, Kif3a" MB cells injected into the cerebellum form solid tumors within 4-8 weeks. Left panel is a gross
image of orthotopic tumor in central vermis region of cerebellum (encircled in red). Low power (x10, middle panel) shows infiltration of tumor cells within the
cerebellum and high power (x30, far right panel) with line indicating the margin between normal cerebellum and MB. Tumor cells obliterate the left folium of the
cerebellum (labeled MB) and a normal, organized cerebellum folium (labeled CB) is depicted on the right for comparison.
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Fig. 6. Targeted deletion of Kif3a impairs tumorigenesis and causes tumor regression. (A) Soft agar assay showing impaired anchorage-independent growth of
MathI-Cre"®, Kif3a™ MB cells after tamoxifen treatment. Tamoxifen treatment 10 days after colony formation resulted in scattered, sparse colonies that did not
reach the 2 mm detection threshold on day 18. Error bars depict +SE. (B) Brightfield image at x60 (left) shows Mathl-Cre®®, Kif3¢"" MB cell colony 18 days
after plating and (right) a small colony 18 days after plating and 8 days after tamoxifen treatment. (C) The number of tumors formed per injection of MBKi

CreER

cells tamoxifen-treated in vitro 1 day prior to injection into flanks and shoulders of immunodeficient mice. (D) Tumor growth curve with tumor volume

(cubic inches) plotted against time (days tumor was measured after initial palpation). Error bars depict +SE. Tamoxifen was administered beginning on day 15
(demarcated by black arrow). Mathl-Cre®X, Kiﬁaﬂ/ﬂ MB flank and shoulder tumors stabilize then decrease in volume after tamoxifen treatment, whereas vehicle-
treated mice show increased tumor growth volume over the same time period. (E) MathI-Cre*®, Kif3¢™ MB cell flank and shoulder tumors in nude mice show
characteristic MB histology (upper left, x30) and high cellularity with prominent nuclei (lower left, x15). After tamoxifen treatment, MathI-Cre*®, Kif3a™"

MB tumors show enhanced fibrosis and necrosis (upper right, x30). Tumor necrosis is prominent and characterized by focal hemorrhage, and karyorrhectic and
pyknotic nuclear changes. A low-power image of tamoxifen-treated Mathl-Cre®®, Kif3¢" MB tumors shows infiltrating inflammatory cells and diminished

cellularity (lower right, x15).

modification of Hh-transducing protein structures, associations, mod-
ifications or transport. Many Hh pathway-related functions have been
proposed for cilia and the components of IFT that build cilia, but the
precise role(s) of cilia in Hh signal transduction remains uncertain.

Relationship of GLI proteins and KIF3a tested by epistasis

GLI proteins mediate Hh pathway output, with GLI1 and GLI2 act-
ing as transcriptional activators and GLI3 acting as an activator of
transcription in its full-length form and a repressor of transcription in
its processed form. With insufficient amounts of KIF3a, processing
of GLI3 from its full-length activator form to its truncated repressor
form is disrupted in fibroblasts (4,37,45,46). Loss of Kif3a prevents
formation of cilia and blocks efficient formation of the repressor form
of GLI3, resulting in constitutive low-level transcription of Hh target
genes coupled with an inability to fully activate transcription of Hh
target genes (Figure 2E).

In our experiments, introduction of additional GLI2 rescued the
growth arrest of cultured Kif3a-deficient MB cells (Figure 5). Thus,
enforced Hh pathway transcriptional activator expression is sufficient
to overcome proliferation impairment caused by Kif3a deficiency.
KIF3a localization and function is not limited to the cilium (47). If
the main role of KIF3a in MBXIFCER cell growth was facilitation of
intracellular trafficking or mitosis, GLI2 should not have been able to
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rescue proliferation in the cells. GLI2 is unlikely to repair the intracel-
lular trafficking and mitotic deficits that occur upon Kif3a loss; a role
for GLI2 in trafficking or mitosis has not been found. If KIF3a had
an essential role in mitosis, we would expect cells lacking KIF3a to
have mitotic and/or proliferation deficits. Fibroblasts lacking KIF3a
(Figure 4) grew well, demonstrating that Kif3a is not essential for
fibroblast proliferation or survival. KIF3a-deficient fibroblasts do
not exhibit intracellular trafficking or mitosis defects (36) (data not
shown). We conclude that the reason mutated Kif3a or an altered pri-
mary cilium affects tumorigenicity is because they are required for
proper Hh target gene activation, not because of mitotic or intracel-
lular transport defects.

MB cells and fibroblasts both require cilia for Hh target genes to
be active despite the differences in how those genes are activated. MB
cells have active SHH target genes due to loss of the target-repressing
effect of PTCH receptor, a condition that obviates any need for a SHH
signal. Nonetheless, cilia are required for the target genes to remain
active. Fibroblasts turn on target genes in response to a SHH ligand,
but cannot do so if they lack IFT components and cilia (Figure 4E)
(48). The target genes in MB cells could in theory have remained
active and capable of sustaining Hh pathway-driven tumor formation
without any need for cilia. Our results and Han ef al. (28). show the
contrary: cilia are continuously necessary for proper SHH target gene
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activation by GLI proteins in tumor cells. These findings are in accord
with other studies that show the requirement for cilia in SHH target
gene activation and repression. The role of cilia in target gene activa-
tion goes beyond early ligand reception steps.

Ongoing growth of MBs depends upon continued function of Kif3a

In humans, MB is diagnosed when it grows large enough to increase
intracranial pressure and cause symptoms such as loss of balance, nausea,
vomiting or headaches. The mouse model studies showing that KIF3a is
necessary for MB initiation are not directly relevant to the already-formed
MBs discovered in patients. We tested whether ongoing growth of MB
depends upon continued function of KIF3a. By disrupting function of
KIF3a in cultured MB cells and established tumors, we demonstrated that
KIF3a, and likely cilia, is important for relentless tumor cell proliferation.

When Kif3a was disrupted in an established tumor, the tumor
regressed over a period of time that mirrored the loss of KIF3a protein.
This finding highlights the importance of KIF3a and cilia for Hh-driven
tumor initiation and maintenance and may apply to other tumors that
are initiated or sustained by unrestrained Hh signaling. The need to
maintain Hh target gene function can evidently be fulfilled by the fleet-
ing presence of cilia during periods between cell division. During this
period, SMO may inactivate SUFU within cilia (10), unleashing activa-
tor forms of GLI proteins to enter the nucleus and stimulate transcrip-
tion of target genes (49). The cilia may provide a scaffold and machinery
conducive to production of GLI transcription factors that activate target
genes and sustain MB proliferation. In tumor cells devoid of func-
tional KIF3a, these events are no longer coordinated by the cilium and
may occur haphazardly and less often. SHH target genes would never
achieve maximal activation and the tumor’s proliferative gene program
and MB survival and tumorigenic potential would be impaired.

The results presented here highlight the importance of cilia in MB
tumor formation and maintenance, and underscore the potential utility
of cilium-disrupting agents for the treatment of other tumors that are
addicted to the Hh pathway. The ciliopathies resulting from defective
cilia involve many types of damage, including blindness, obesity and
polycystic kidney disease. To develop a successful therapy against Hh
pathway tumors, it would be valuable to identify components of cilia
that, unlike KIF3a, are particularly important for Hh transduction but
less so for other cilium functions.

Supplementary material

Supplementary Figures 1-4 can be found online at http://carcin.
oxfordjournals.org/
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