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Abstract

Medulloblastoma (MB) arising from the cerebellum is the most common pediatric brain
malignancy, with leptomeningeal metastases often present at diagnosis and recurrence associated
with poor clinical outcome. In this study, we employed mouse MB models to explore the
relationship of tumor pathophysiology and dysregulated expression of the NOTCH pathway
transcription factor ATOH1, which is present in aggressive MB subtypes driven by aberrant Sonic
Hedgehog/Patched (SHH/PTCH) signaling. In experiments with conditional ATOH1 mouse
mutants crossed to Prch1™'~ mice which develop SHH-driven MB, animals with Afoh1 transgene
expression developed highly penetrant MB at a young age with extensive leptomeningeal disease
and metastasis to the spinal cord and brain, resembling xenografts of human SHH MB. Metastatic
tumors retained abnormal SHH signaling like tumor xenografts. Conversely, ATOH1 expression
was detected consistently in recurrent and metastatic SHH MB. ChIP-seq and gene expression
profiling identified candidate ATOH1 targets in tumor cells involved in development and
tumorigenesis. Among these targets specific to metastatic tumors, there was an enrichment in
those implicated in extracellular matrix remodeling activity, cytoskeletal network and interaction
with microenvironment, indicating a shift in transcriptomic and epigenomic landscapes during
metastasis. Treatment with bone morphogenetic protein (BMP) or SHH pathway inhibitors
decreased tumor cell proliferation and suppressed metastatic tumor growth, respectively. Our work
reveals a dynamic ATOH1-driven molecular cascade underlying MB metastasis that offers
possible therapeutic opportunities.

Keywords
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Introduction

Medulloblastoma (MB) originates from the cerebellum through four molecular routes
(WNT, Sonic Hedgehog [SHH], group 3, and group 4) and constitutes the most frequent
pediatric brain cancer (1, 2). MB tends to metastasize via spread through the cerebrospinal
fluid (CSF) to the meninge and subarachnoid space over the brain and spinal cord.
Leptomeningeal metastasis, frequently found at diagnosis and associated with poor
prognosis, requires radiation and cytotoxic chemotherapy associated with debilitating
sequelae in survivors (3-5). Nonetheless, relapse after standard treatment occurs, often
accompanied by metastasis, leading almost universally to fatal consequence (5, 6). Despite
conserved subgroup identity, genetic divergence from the dominant clone in primary or
naive tumor is commonly observed at metastasis and relapse (local or metastatic recurrence)
(7-9). Knowledge of molecular defects underlying metastatic disease is essential for the
development of therapies specifically tailored to the biology of metastasis without
detrimental effects on the developing brain.

One subgroup of MB arises from cerebellar granule neuron progenitor (GNP) following
abnormal activation of the SHH pathway (10). SHH signaling are mediated by two
membrane receptors: PATCHED (PTCH1) and SMOOTHENED (SMO) (11). Binding of
SHH to PTCHL1 relieves its suppression of SMO that subsequently orchestrates the activation
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of glioma-associated oncogene (GLI) transcription factors (GLI1, GLI2) and expression of
GLI11, MYCN, and cyclin D1 (CCNDI). PTCHL1 loss or activating mutations of SMO causes
SHH-driven MB, whereas several SHH pathway inhibitors are approved for the treatment of
MB (12).

The NOTCH pathway transcription factor Atonal Homolog 1 (ATOH1, also known as
Math1), a key regulator of cerebellar development, plays a crucial role in SHH MB (13-18).
Conversely, treatment with Bone Morphogenetic Proteins (BMPs) causes post-translational
degradation of ATOH1 and suppresses MB development (14-16). Here we show that
metastatic and recurrent SHH MB displays abnormal ATOH1 expression, whereas ATOH1
overexpression accelerates MB development and promotes metastasis in tumor-prone
Ptch1™'~ mice. Using chromatin immuno-precipitation combined with high-throughput
sequencing (ChlP-seq) and gene expression analyses, we identified candidate ATOH1
targets in MB. ATOH1 targets in metastatic tumor are greatly enriched for extracellular
matrix remodeling activity, consistent with an enrichment for interaction with
microenvironment in metastatic tumor. Treatment with BMP4 or SMO inhibitors,
significantly suppresses tumor cell proliferation and metastatic tumor growth.

Materials and Methods

Animals

Animal study at Sanford Research was approved by Institutional Animal Care and Use
Committee (IACUC). For animal studies performed at Institut Curie, all experimental
procedures were approved by the reporting ethical committee IDFParis-Comité 1 (#2011-
0012), and conducted in compliance with European and National regulatory standards
(directive 86/609). Mouse strains used were described in Supplemental materials and
methods. Animals were treated with 200 mg kg~ of tamoxifen (Cayman Chemical) to
induce Afohl-creER transgene activity. Experimental animals were administered
vismodegib (100 mg kg1, LC laboratories) or vehicle daily for 14 days.

Human samples

Human samples for xenograft studies were obtained with informed consent of patients, and
all experimental procedures were performed following guidelines from Institutional Review
Board at Necker Hospital. Primary tumor samples were transplanted into immuno-
compromised NSG mice as described (17). Cohorts of primary, recurrent, and metastatic
MB samples were described previously (4, 5). All tissues were handled in compliance with
International Ethical Guidelines for Biomedical Research Involving Human Subjects
(CIOMS).

Animal imaging

Animals were given D-luciferin (Perkin Elmer) and imaged using In-Vivo Xtreme imaging
system (Bruker) (19). For MRI, mice were scanned with 7 Tesla using vertical bore
spectrometer with micro imaging accessories and 20 mm volume coil (Bruker) (17).
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Cell culture

Tumor cells or GNPs were isolated as described (14). Cultured tumor cells were treated with
BMP4 (100 ng/ml; R&D Systems), or cyclopamine (10 uM; LC laboratories).

X-Gal staining, immunohistochemistry, and immunofluorescence

Brains were processed by X-Gal staining as described (20). Immunostaining was carried out
as described (21). Primary antibodies used include: anti-p-galactosidase (Promega), anti-
GFP (Aves Lab), anti-Ki67 (BD Biosciences), anti-cyclin D1 and anti-CDKN1B (both from
Santa Cruz), anti-HA, anti-Cleaved Caspase-3 and anti-Pyruvate kinase M2 (PKM2) (all
from Cell Signaling Technology), anti-CD31 (abcam), anti-Atoh1 and anti-Pax6 (both from
DSHB), anti-Tubulin g 3 (TUJ1, BioLegend), anti-cre, anti-NeuN and anti-GFAP (all from
EMD Millipore).

Western blot

Western blot was performed as previously described (14). Antibodies used include: anti-p-
actin (Sigma-Aldrich), anti-B-galactosidase (MP Cappel), anti-GFP (Aves Lab), anti-HA
(abcam), and anti-ATOH1 (DSHB).

RT-gqPCR, in situ hybridization, microarray, and sequencing

RT-gPCR was performed using gene-specific primers and probes (Supplemental Table 1). /n
situhybridization, microarray and RNA-seq were performed as described (21). ChlP-seq
was performed as described using tumor from mice (22). Experimental details and data
analyses are described in Supplemental materials and methods. Array and sequencing data
are available from NCBI (SuperSeries GSE98302 with the SubSeries GSE98298,
GSE98299, GSE98300, and BioProject PRINA384622).

Results

Generation of Atohl trangenic strains

To generate transgenic animals with inducible Afoh1 expression (referred to as CAG-A1Z
and A1G), we first created several transgenic lines with the CAG-LSL-Atohl1-IRES-LacZ
(CAG-A1Z) construct. In these mice, the CAG promoter drives Afof1 and internal ribosome
entry sequence/B-galactosidase (IRES/LacZ) expression after Cre-mediated removal of a
loxP-flanked transcription termination (STOP) cassette between promoter and cDNA
(Figure 1A; Supplemental Figure 1A). Secondly, we inserted the cDNA encoding ATOH1
with a c-terminal hemagglutinin tag (ATOH1-HA) into a RosaZ6 targeting vector between
the JoxP-flanked Neomycin-STOP cassette and an fr&flanked cassette of IRES-driven
enhanced green fluorescent protein (eGFP) (Figure 1B) (23). After electroporation of the
targeting vector (A1G) into embryonic stem (ES) cells, clones with AfohI-HA targeted into
the RosaZ6 locus were used to establish AZG transgenic line (Figure 1, B and C).

To direct transgene expression, we utilized Math1-cre or Atohl-creER lines that express Cre
or tamoxifen-inducible CreER, respectively, in Atoh1* GNPs (Figure 1A) (24, 25). When
crossed with CAG-A1Zor A1G mice, the resulting Mathi-cre;CAG-A1Z or tamoxifen-
treated Afohl-creER;CAG-A1Z mice exhibited ATOH1/LacZ expression, whereas ATOH1-
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HA/eGFP expression was detected in Mathi-cre,A1G mice (Figure 1, D-G; Supplemental
Figure 1B). Though Mathi-cre;A1G mice exhibited 3-4 fold increase in ATOH1 expression,
transgene expression was more variable among CAG-A1Z strains, likely due to strain-
dependent variation in transgene insertion. Nonetheless, gene expression and morphology of
cerebellum in these mice are comparable to those of control animal (Supplemental Figure 2,
A-C).

Atohl overexpression promotes MB development and metastasis

We crossed Mathl-cre,A1G or Mathl-cre;CAG-A1Z (CAG-A1Z line #2) mice with
Ptch1*'~ mice which develop partially penetrant SHH MB in 24 months (26). Interestingly, 5
out of 8 Mathi-cre; CAG-A1Z:PtchI*'~ animals developed MB within 8 months that
infiltrates the leptomeningeal space of the spinal cord (Figure 2A). Consistently, all Mathi1-
cre;A1G;PrchI™'= (MAP) mice succumbed to MB and tumors along the entire spinal cord
and in other brain regions, whereas only small pockets of metastatic tumor cells were
present at lumbar and sacral levels of the spinal cord in ~50% of Pzch1*~ mice with MB
(Figure 2, A-C; Supplemental Figure 3, A and B; Table 1) (27). MB and tumor at other sites
in Mathi-cre;CAG-A1Z:Ptch1*'~ and MAP mice express PAX6, Ki-67, and NeuN at levels
comparable to Pzch1*~ MB (Supplemental Figure 3, A and C), indicating that Atoh1
overexpression promotes MB development and metastasis in PzchI™'~ mice.

At 6 weeks of age, when nascent tumor was forming in MAP mice, small clumps of Atohl-
HA*/eGFP* tumor cells were present in the CSF (Figure 2C; Supplemental Figure 4A),
indicative of leptomeningeal disease. At terminal stage, tumor in the spinal cord and brain
became more established (Figure 2C; Supplemental Figure 4A). The expression of PAXS6,
Ki-67, NeuN, Cyclin-dependent kinase inhibitor 1B (CDKN1B), CCND1, Pyruvate Kinase
M2 (PKM2), Neuron-specific class Il beta-tubulin (TUJ1), Glial fibrillary acidic protein
(GFAP), and cleaved caspase 3 was comparable among tumors from MAP, PtchI*'~ and
Smo/Smo mice, with the latter developing MB driven by a SMO mutant (Supplemental
Figure 4, B-E; Supplemental Figure 5) (28).

To monitor tumor /n vivo, MAP mice were crossed with Rosa26-Luc (luciferase) reporter
mice, with tumor in the resulting MathI-cre;A1G*~ :Ptch1!~ ;Rosa26-Luct'~ (MAPL) mice
dually labeled with eGFP and luciferase (19). Though undetectable in early tumor /n vivo,
luciferase signals were observed ex vivo that co-localized with eGFP (Figure 2D).
Gradually, tumor-bearing mice started to exhibit luminescence in the hindbrain, whereas no
signals were detected from spinal tumor identified by magnetic resonance imaging (MRI)
(Figure 2, E-G).

Metastatic tumors arise from primary tumor in the cerebellum

Previous studies showed that enforced expression of ATOH1 and GLI1 promotes MB
development from GNPs (17). However, normal cerebellar development in MAP mice raises
question about the origin of MB and tumor in the spinal cord and brain. To address this, we
treated Afohl-creER:A1G,Pichl*!~ (AAP) mice with tamoxifen between 4-6 weeks of age
to direct transgene to pre-neoplastic cells in the cerebellum of PtchI*'~ mice, the only
AtohI” tumorigenic cells in the cerebellum, brain and spinal cord in these mice between 3 to
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8 weeks of age (Supplemental Figure 6A) (26). At 10 days after tamoxifen administration,
nascent ATOH1-HA™/Ki-67* tumor cells were present in the cerebellum of AAP mice but
absent from Atoh1-creER;A1G mice, whereas no ATOH1-HA™ proliferative cells were
detected in the spinal cord and brain in these mice (Figure 3, A and B, and data not shown).
Consistently, all tamoxifen-treated AAP mice developed MB and spinal tumor, with frequent
leptomeningeal involvement and lesions in the brain (Figure 3, C and D; Supplemental
Figure 6, B and C; Table 1), indicating that ATOH1 drives MB that metastasizes to
secondary sites in PtchI*/~ mice.

We also utilized LmxZa-cre transgenic mice that express Cre in roof plate adjoining Afoh1*
rhombic lip (29). Though progenitors in hindbrain roof plate expressing the transcription
factor LmxZIa contribute mainly to the choroid plexus, LmxZa* cells comprise a source for
rhombic lip progenitors (30). Consistently, LmxZa-cre;A1G;PtchI*'~ (LAP) mice
succumbed to MB with leptomeningeal invasion, and tumors in the spinal cord and brain
(Figure 3, C and D; Supplemental Figure 6, B and C; Table 1). In contrast to MAP mice, Cre
expression is undetectable in tumor from LAP mice (Figure 3E; Supplemental Figure 6D),
suggesting that transient Cre expression in cerebellar cells derived from LmxZa* progenitors
is sufficient to trigger ATOH1-driven MB development.

ATOH1-driven tumor development recapitulates MB metastasis in humans

We analyzed tumors from MAPand PtchI*'~ mice using RNA-seq and ChIP-seq with
antibody against acetylated H3K27 (H3K27Ac). Comparison of gene profiles of tumor and
wild type adult cerebellum uncovered 4760 (MAP) and 6320 (Ptchi*!™) differential
transcripts that show enrichment for the SHH pathway (Figure 4A; Supplemental Table 2a—
2e). Compared to the cerebellum, strong correlation of H3K27Ac binding sites was observed
in primary and metastatic tumor, with consistent enrichment in association with the SHH
pathway (Figure 4B; Supplemental Table 3, a and b). The expression of Atohl, Glil, Gli2,
Myen, Cend1, CendZ, Ptch2, and Sfrp1, was markedly increased in tumor cells, whereas
Ptchl expression was lost (Figure 4C). Therefore, similar to MB in humans, the
characteristic SHH signature is maintained in ATOH1-driven metastatic disease (4-6).

Conversely, patient-derived xenograft (PDX) with robust ATOH1 expression spread to the
brain and spinal cord following orthotopic transplantation of SHH MB into the cerebellum
of recipient (Figure 4D; Supplemental Figure 7A). Though biopsy of metastatic MB is rarely
performed, analysis of published data revealed similar levels of ATOH1 transcripts in one
primary-metastatic pair of SHH MB (4). ATOH1 expression was also detected in primary
and recurrent (local or distant metastasis) SHH MB in humans (Figure 4, E and F;
Supplemental Figure 7B). Taken together, our data support a role for ATOH1 in SHH MB
metastasis.

Metastatic tumor exhibits distinct molecular properties and dependence on SHH signaling

Though previous studies using the RCAS system identified several genes involved in MB
metastasis, their expression was unaltered in metastatic tumor from MAP animals
(Supplemental Figure 8A) (31, 32). To dissect ATOH1-driven metastasis, we searched for
ATOH1-associated genes in tumor from MAP mice using ChIP-seq with HA and H3K27Ac
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antibodies. Analysis of pooled data uncovered 4354 and 5209 ATOH1 peaks across the
genome in primary and metastatic tumor, respectively (Supplemental Table 3, ¢ and d).
Using 6 kb genomic region around the transcription start site (TSS) as regulatory domain of
a gene, we identified 1664 ATOH1-associated genes in primary tumor, most of which (1446
of 1664) and an additional 1383 genes exhibit ATOH1 binding in metastatic tumor (Figure
5A,; Supplemental Table 3e-3g). Consistent with characteristics of a transcription activator,
ATOHL1 binding was frequently associated with H3K27Ac peaks in promoter/enhancer
regions and enriched in untranslated, intronic and exon regions through consensus E-box
motif (Figure 5, B-D) (33).

Through comparison of ATOH1-bound genes with differential transcripts from RNA-seq, we
identified 185 potential ATOH1 targets in primary tumor, 156 of which were maintained in
metastatic tumor, including Atoh1 itself as shown previously (Figure 5, E and F;
Supplemental Table 3j) (33). Principal component analysis revealed unique molecular
profile of metastatic tumor characterized by 2021 and 1992 differential genes compared to
primary tumors in MAPand Ptch1*'~ animals, respectively (Figure 5, G and H;
Supplemental Table 3, h and i). Integrative analysis of gene profiling and ChIP-seq data
uncovered 180 potential ATOH1 targets in metastatic tumor that, together with ATOH1
targets in primary tumor, comprised ATOH1 targetome in MB (351 genes, Figure 5E;
Supplemental Table 3j). Analysis of candidate targets revealed an enrichment for pathways
involved in cerebellar development and MB formation, including CXCR4 and actin
cytoskeleton signaling pathways, whereas ATOHL targets in metastatic tumor were
significantly enriched in extracellular matrix remodeling (Supplemental Figure 8, B and C;
Supplemental Table 3, k and I). Consistently, metastatic tumor exhibits an enrichment of
signaling pathways regulating cytoskeleton and extracellular matrix remodeling, suggesting
interaction with microenvironment (Figure 51). RT-gPCR analysis also revealed increased
expression Pdgfband Pdgfrb in metastatic tumor, supporting a role in metastasis
(Supplemental Figure 8D; Supplemental Table 2, f and g) (34, 35).

To explore potential therapies for metastatic tumor, we targeted the conserved SHH
signature and ATOH1 expression. Treatment of tumor cells with either BMP4, to inhibit
ATOH1, or SMO inhibitor cyclopamine, effectively suppressed tumor cell proliferation
(Figure 6A). When MAP animals underwent a 2-week treatment with vismodegib, a
clinically-approved SMO inhibitor (12), tumor mass and cell density along the spinal cord
were significantly reduced, especially at cervical and thoracic levels (Figure 6B).
Vismodegib treatment significantly decreased proliferation and markedly increased
differentiation of tumor cells, whereas the expression of G/iZ and Mycnin metastatic lesions
was dramatically reduced or absent in vismodegib-treated animals (Figure 6, C and D),
indicating that SHH signaling is required for metastatic growth.

Discussion

Current efforts to understand the biology of MB metastasis and recurrence are driven by an
urgent need to improve patient survival while reducing long term treatment-related toxicity
(7-9). Metastatic (pre- and post-therapy) and recurrent SHH MB exhibits ATOH1
expression, whereas ATOH1 overexpression enhances MB development and metastasis,
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consistent with a crucial role in MB (13-18). SHH pathway regulates the transcription of
ATOH]I as well as the degradation of its protein product through E3 ubiquitin ligase
HUWEL1 (36). HUWEZ1-deficient clones are present in metastatic and recurrent SHH MB in
humans and mice, respectively (9, 27). In addition, ATOH1 forms a heterodimer with E-
protein TCF4 to regulate the differentiation of rhombic lip progenitors (37). Loss of TCF4 is
commonly observed in a mouse model of SHH MB recurrence (local and metastatic
relapse), and thus may enhance ATOH1 functions in metastasis (9). Therefore, the effects of
ATOH1 on MB can be achieved through transcriptional and post-translational mechanisms.

Our results show that infiltration of leptomeningeal space by tumor cells occurs at early
stage of tumor development, leading to metastasis at terminal stage. The similarities in
morphology, gene expression, and a conserved SHH signature in metastatic tumor in murine
and PDX models, all reminiscent of SHH MB metastasis in patients, indicate that ATOH1-
driven tumorigenesis provides an opportunity to study metastasis of naive SHH MB in
humans (4, 7, 38—-42). However, the role of ATOH1 in recurrence (local or distant relapse)
remains unclear. The development of “humanized mouse model” that receives standard
therapies used in patients is necessary to answer this question.

Unlike adult wild type animals, most PrchI'~ mice display ectopic Atoh1* cells on
cerebellar surface at 3-8 weeks after birth characterized by constitutive SHH signaling that
leads to MB in a subset of animals (26). MAP mice exhibit normal cerebellar development
and form nascent tumor from 6 weeks of age, suggesting that Afo/h1 transgene expression
drives MB development from pre-neoplastic cells in LAP or MAP mice. Consistently,
enforced expression of Afohl or Mycnin GNPs or pre-neoplastic cells of Prch1t'~ mice
leads to MB (17, 26). However, the origin of spinal tumor remains unclear due to the
presence of LmxIa*and Atohl* progenitors in the spinal cord during development (43, 44).
We directed Afoh1 transgene to pre-neoplastic cells through tamoxifen-induced Cre
expression in adult AAP mice, when Atoh1 is absent from the spinal cord in Prch1*'~ mice
(26). Nascent tumor development only in the cerebellum shortly after tamoxifen
administration, together with subsequent formation of tumor in the cerebellum and spinal
cord in all tamoxifen-treated AAP mice, indicates that tumor in the spinal cord and brain
originates from primary tumor in the cerebellum in PzchI*~ mice.

The role of ATOH1 in MB is mediated through transcriptional regulation of downstream
targets (13, 17). We identified candidate ATOH1 targets in MB that partially overlap with
ATOHL1 targets in the cerebellum (33). Analysis of these targets uncovered multiple
signaling pathways implicated in MB (45). Our results also revealed unique ATOH1 targets
in metastatic tumor, indicating a shift in epigenomic and transcriptomic landscapes during
metastasis characterized by dynamic interaction with microenvironment. Genetic divergence
from dominant clone in primary or untreated tumor requires optimized treatment strategies
based on targets in metastatic and recurrent compartments (8, 9, 27, 46, 47). Treatment of
MAPtumors with BMP4 or SHH pathway inhibitors effectively suppresses tumor cell
proliferation and metastasis, respectively, suggesting that therapies aimed at subgroup
molecular susceptibility might be efficacious at metastasis and recurrence. Moreover,
epigenetic and transcriptional alterations in metastatic tumor may provide actionable targets
and thus warrants further investigation.
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Figure 1. Generation of Atoh1 transgenic mice
Schematic diagram of the CAG-LSL-Atoh1-I

127 kDa

— ————— = 45 kDa

RES-LacZ vector (CAG-A12) (A), and

targeted insertion of Afoh1-HA transgene into the RosaZ6 locus (A1G) (B). PA:

polyadenylation signal. Black bar: 5 end pro

be used for Southern hybridization. B: BamHlI;

X: Xbal. (C) Southern hybridization of ES cell clones. Positive bands for wild type (WT, 5.8
kb, arrowhead) and targeted allele (4.8 kb, black arrow) are shown. M: DNA size marker
(red arrows mark 5 and 6 kb bands, respectively). (D) Mathl-cre;CAG-A1Z (lines #1, #2),
Atohl-creER;CAG-A1Zmice (lines #3, #4, #5) and wild type (WT) animals were treated
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with tamoxifen from postnatal day 1 (P1) to P3. Representative images of LacZ expression
in the cerebellum at P23 were shown (red arrowheads). Scale bar, 1 mm. (E) Representative
images of AfohI mRNA expression in the cerebella (P7) of Math1-cre,A1G and wild type
(WT) animals. DAPI staining (blue) labels nuclei. Scale bar, 5 pm. (F) Whole-mount bright
field (left) and fluorescent (right) images of brain from a representative Mathi-cre;A1G
mouse at P7. Scale bars, 1 mm. (G) Western blot analysis of transgene expression is shown
in GNP (P7) or cerebella (P14) of Mathi-cre;A1G (AlG), Mathl-cre, CAG-A1Z (labeled
CAG-A1Z, lines #1 - #5), and wild type (WT) mice. A PtchI™'~ tumor is used a positive
control, whereas p-actin serves as loading control.
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Figure 2. Atoh1 over-expression enhances MB development and metastasis in Ptch1*/~ mice
(A) Hematoxylin and eosin (H&E) staining of the cerebellum and spinal cord in Math1-

cre;CAG-A1Z:Ptchl'!~ (CAG-A1Z line #2), Mathl-cre;A1G:PtchIt'~ (MAP), and Prchi1t!~
mice. Boxed regions in representative images are magnified in bottom row. Scale bars, 250
pum (top row) and 12.5 pum (bottom row). (B) Kaplan-Meier curve depicting the survival of
MAP (n=36) and Ptch1*'~ (r=50) mice. (C) Representative images of whole-mount bright
field (left column) and fluorescent images (middle, right columns) of brain and spinal cord
from MAP mice at different time points reveal eGFP* tumor cells in the cerebellum
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(arrows), and outside the cerebellum (arrowheads, magnified in the right column). Scale
bars, 1 mm. (D) Ex vivo luminescence and fluorescence of representative Math1-

cre, A1G :Pich1t!~ ;Rosa26-Luct’™ (MAPL) and control Mathi-cre;Rosa26-Luct!~
(Mathi-cre;Luct'™) animals. Scale bar, photon/sec/mm?. (E) /n vivo bioluminescence assay
of a representative MAPL mouse at different time points. The intensity of luminescence
signal is shown (MAPL mice: /=10; MathI-cre;Luct’™ mice: 7=11; mean + s.e.m.). Scale
bar, photons/sec/mmZ. (F) Ex vivo luminescence and fluorescence of brain from a
representative terminally ill MAPL animal are shown. Scale bar,photons/sec/mm?. The
intensity of luminescence is shown (MAPL mice: n=10 [ex vivo] and 9 [in vivo], Mathl-
cre;Luct!™ mice: n=5; mean * s.e.m., two-tailed unpaired t-test, *~<0.05). (G) MRI of a
representative MAPand an age-matched wild type animal. Transverse images of the
cerebellum (top row) and sagittal images of the brain and spinal cord (bottom row) are
shown. Primary tumor in the cerebellum (dotted lines) displays hemorrhage (arrow), while
spinal tumor (arrowheads) is shown as enhanced signals (white) over the spinal cord.
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Figure 3. Metastatic tumor originates from primary tumor in the cerebellum
(A) H&E staining is shown for the cerebellum and spinal cord of representative Afo/1-

CreER;A1G,PtchI'!~ (AAP, left panel) and Atohl-creER;A1G mice (right panel) treated
with tamoxifen between 4—6 weeks of age and sacrificed 10 days later. Boxed are regions
magnified in bottom rows. Scale bars, 250 pm (top rows) and 12.5 pm (bottom rows). (B)
The expression of ATOH1-HA transgene (HA), PAX6, Ki-67, and NeuN in the cerebellum
shown in (A). Scale bars, 12.5 pm. (C) H&E staining of the cerebellum, brain (*), and spinal
cord from tamoxifen-treated AAP mice as shown in (A) but sacrificed at terminal stage (left
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panel), and terminally ill LmxZa-cre;A1G,Ptch1*!~ (LAP) mice (right panel). Boxed regions
in representative images are shown in higher magnification (bottom rows). Scale bars, 250
pm (top rows) and 12.5 um (bottom rows). (D) Kaplan-Meier curve depicting the survival of
tamoxifen-treated AAP (1=7), LAP (1=19), MAP (1=36), and Ptch1™~ (r=50) mice. (E)
Representative images of Cre (red) and Ki-67 (green) expression is shown in tumors from
MAP (left panel) and LAP mice (right panel), respectively. DAPI staining (blue) labels
nuclei. Scale bars, 12.5 um.
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Figure 4. ATOH1-driven tumor development models MB metastasis in humans
(A) Non-hierarchical clustering of differential genes between MBs from MAP, Ptch1*!-
mice, and adult wild type (WT) cerebellum (/7=3; one-way ANOVA, FDR < 0.05). (B)
Genome-wide H3K27Ac peaks were compared among primary and metastatic tumor from
MAP mice and wild type cerebellum. Scatterplots reveal the distribution of enrichment
scores across the genome separated into 10-kb segments. Numbers indicate Spearman
correlation coefficients. (C) RT-qPCR analysis of gene expression in primary tumor (square),
spinal metastatic tumor from MAP mice (x mark), tumor from PrchI*'~ mice (circle), and
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adult wild type cerebellum (triangle; mean, one-way ANOVA, *P<0.05; **P<0.01; ***p
<0.001). (D) Representative H&E staining images of primary tumor (arrow) in the
cerebellum (*), metastatic tumor (arrowheads) in the brain and spinal cord (*) derived from
SHH PDX. The expression of ATOH1, Ki-67, PAX6, and CDKN1B is shown. Scale bar, 25
um. (E) H&E staining and A7OHI mRNA expression are shown for representative matched
primary and recurrent (distant metastasis) SHH MB from a patient. DAPI staining (blue)
labels nuclei. Scale bar, 5 pm. (F) Median FKPM (fragments per kilobase of exon per
million reads mapped) values of ATOH transcript in SHH MB in humans (primary tumor:
n=4; recurrent tumor: /7=15; mean * s.e.m., Wilcoxon rank sum test, ns, non-significant).
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Figure 5. Metastatic tumor displays distinct molecular properties
(A) Venn diagram indicates overlap of genes with ATOH1-binding peaks within 6 kb of the

TSS in primary and metastatic tumor from MAP mice. (B) Distribution of ATOH1 peaks
according to the distance from TSS in primary and metastatic tumor. (C) Comparison of
ATOH1 and H3K27Ac signals generated from ChlP-seq fragment counts in the 40 kb
genomic regions surrounding ATOH1 peaks. (D) Logos for the motif enriched in ATOH1-
binding sequences identified by de novo motif analysis. (E) Venn diagrams show the overlap
of ATOH1-associated genes and differentially expressed genes in primary and metastatic
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tumor, as well as the overlap of putative ATOHL targets in tumor with previously identified
ATOHL1 targets in the cerebellum. (F) The peak density plot of fragment counts across the
indicated genomic interval. Afoh1is labeled in black with coding sequence in single exon as
thick rectangle. (G) Principal component analysis of gene expression profile of primary
(green dots) and spinal metastatic tumor (red dots) from MAP mice, and tumor from
Ptch1*'~ mice (blue dots, /=4 for each tumor group). (H) Non-hierarchical clustering of
differential genes between primary and spinal metastatic tumor from MAP animals, and
tumor from PrchI™'~ mice (7=4; one-way ANOVA, FDR < 0.05). (1) MetaCore analysis of
primary and spinal metastatic tumor from MAP animals.
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Figure 6. Metastatic tumor growth depends on SHH signaling
(A) Representative images of of eGFP (green) and Ki-67 (red) expression are shown in

tumor cells from MAP mice treated with BMP4 (100 ng/ml), or cyclopamine (10 pM),
respectively. Scale bar, 25 um. Quantitation of the percentage of Ki-67" cells in eGFP*
tumor cells after 72-hour treatment as indicated is shown (/7=3; mean, one-way ANOVA, *P
<0.05; **P<0.01). (B) H&E staining of metastatic tumor at different levels of the spinal
cord in representative MAP mice treated with vismodegib or vehicle for 2 weeks. Inset
pictures of spinal cord cross sections show the boxed regions magnified. Scale bar, 12.5 pm.
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Quantitation of metastatic tumor cell density and burden at different levels of the spinal cord
is shown (vehicle: 7=5, vismodegib: 7=7; mean, two-tailed unpaired t-test, *£<0.05; **P
<0.01; ****P<0.0001). (C) H&E staining and the expression of Ki-67 and NeuN are shown
in tumor from MAP mice as shown in (B). Boxed regions in representative images shown in
top row are magnified in the lower rows. Scale bars, 250 um (top row) and 12.5 um (lower
rows). Quantitation of the percentage of Ki-67* or NeuN* tumor cell is shown (vehicle: 7=3,
vismodegib: 7=7; mean, two-tailed unpaired t-test, **~<0.01). (D) Analysis of G/iZ and
Myecn mRNA expression in metastatic tumor at different levels of the spinal cord shown in
(B). Boxed regions in representative images are magnified in bottom row of each panel.
Bracket lines mark the border of spinal metastatic tumor. Scale bars, 250 um (top rows) and
12.5 um (bottom rows).
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