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hedgehog-driven medulloblastoma
progression and metastasis

Reeti Mayur Sanghrajka,1,2 Richard Koche,3 Hector Medrano,1 Salsabiel El Nagar,1 Daniel N. Stephen,1

Zhimin Lao,1 N. Sumru Bayin,1,5 Kai Ge,4 and Alexandra L. Joyner1,2,6,*

SUMMARY

The major cause of treatment failure and mortality among medulloblastoma patients is metastasis intra-
cranially or along the spinal cord. The molecular mechanisms driving tumor metastasis in Sonic hedgehog-
driven medulloblastoma (SHH-MB) patients, however, remain largely unknown. In this study we define a
tumor suppressive role of KMT2D (MLL2), a gene frequently mutated in the most metastatic b-subtype.
Strikingly, geneticmousemodels of SHH-MBdemonstrate that heterozygous loss ofKmt2d in conjunction
with activation of the SHH pathway causes highly penetrant disease with decreased survival, increased
hindbrain invasion and spinal cord metastasis. Loss of Kmt2d attenuates neural differentiation and shifts
the transcriptional/chromatin landscape of primary and metastatic tumors toward a decrease in differen-
tiation genes and tumor suppressors and an increase in genes/pathways implicated in advanced stage can-
cer and metastasis (TGFb, Notch, Atoh1, Sox2, and Myc). Thus, secondary heterozygous KMT2D muta-
tions likely have prognostic value for identifying SHH-MB patients prone to develop metastasis.

INTRODUCTION

The cerebellar tumor medulloblastoma (MB) is the most common malignant pediatric brain tumor, and encompasses 4 major disease sub-

groups: Wingless-related integration site (WNT), Sonic hedgehog (SHH), group 3, and group 4.1–5 Metastasis is the major cause of morbidity

and mortality among MB patients and occurs most commonly intracranially or along the spinal cord, as a result of hematogenous or lepto-

meningeal dissemination (LMD).6–12 SHH-MB accounts for�30% of all MB cases and has an intermediate prognosis with a metastasis rate of

15–35%.4,13–18 Of the four subgroups of MB, mousemodels of SHH-MB are themost advanced and have been used to implicate over-expres-

sion of several genes including Atoh1 in promoting metastasis with LMD throughout the brain and spinal cord.8,11,19,20 However, the human

correlates of themutations in SHH-MB disease are not clear. Given the lifelong neurological sequalae suffered by patients that survive surgery

and treatments for SHH-MB, identification of prognosticmarkers and potential druggable targets are essential to improve survival and quality

of life, especially for treating metastatic disease.

SHH-MB arises from granule cell precursors (GCPs) that cover the surface of the cerebellum21–24 during the third trimester and first year of

life25 and tumors form preferentially in the lateral cerebellar hemispheres.26–29 GCPs are dependent on SHH-signaling and ATOH1 to main-

tain a proliferative progenitor state.30–32 Most patients within this subgroup harbor mutations at one of four genes that lead to constitutive

activation of the SHH pathway: loss-of-function mutations in PTCH1 or SUFU, gain-of-function mutations in SMO and TP53 mutations asso-

ciated with amplification of GLI2 or MYCN.33–36 SHH-MB has been deconstructed into several subtypes based on patient demographics,

genomic and epigenomic landscapes, tumor histology, metastatic status, and clinical outcomes.37–41 A widely accepted subtyping catego-

rizes SHH-MB into 4 subtypes: a, b, g, and d.38,41 The b subtype occurs most frequently in infants and has the highest incidence of metastasis

(30–35%) and the worst 5-year survival rate (65–70%).34,41,42 Mutations in PTCH1 and SUFU that activate SHH signaling are prevalent in the

b-subtype of SHH-MB.34,41,42 In addition, recurrent mutations in KMT2D are preferentially seen in this subtype of SHH-MB;34,41,42 however,

the consequences of such mutations on disease progression and metastasis have not been explored in animal models.

Somatic mono-allelic mutations in KMT2D (also known as MLL2 in humans and Mll4 in mouse) that are predicted to result in a truncated

protein are seen in 8–15% of SHH-MB patients.34,36,42–46 KMT2D is a SET-domain containing histone-lysine N-methyltransferase that mono-,
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di-, or tri-methylates (me1, me2, me3) lysine 4 on histone H3 (H3K4) preferentially at gene enhancers or promoters to generate a mark asso-

ciated with active transcription or a poised bivalent state of genes.47–50 The roles described for KMT2D during development and tumor pro-

gression are context-dependent,50,51 and little is known about its role in medulloblastoma. Mice with a nervous system-specific floxed con-

ditional mutation in Kmt2d (exons 16–19;Nestin-Cre/+; Kmt2df/f) were reported to be viable and have a morphologically normal cerebellum

at onemonth of age, although granule neurons and Purkinje cells appeared to lack somematuremarker proteins.50 Nonetheless, 35%ofmale

homozygous mutants went on to develop MB-like tumor growths in the cerebellum by 7 months. Based on transcriptional profiling of three

lesions, the tumors were described to best resemble group 3MB.50 This result indicates that KMT2D is a tumor suppressor in MB. However, a

role in SHH-MB or in metastasis has not been addressed.

Given the prevalence of KMT2D mutations in SHH-MBs and enrichment in the b-subtype (12–30% in Garcia-Lopez et al. and Skowron

et al.),34,42 we tested the impact of heterozygous and homozygous Kmt2d mutations in the context of mouse models of SHH-MB. Using

two sporadic genetic models, Smo activation (SmoM2) and Ptch1 loss (Ptch1fl/fl) combined with N- and C-terminal floxed truncating alleles

of Kmt2d we show that heterozygous or homozygous loss of Kmt2d in rare postnatal GCPs greatly accelerates SHH-MB tumorigenesis

and penetrance compared to mice with only a SHH pathway activating mutation. Furthermore, loss of Kmt2d drives tumor cell invasion

into the surrounding brain. Most notably, heterozygous loss of Kmt2d is sufficient to drive fully penetrant leptomeningeal metastasis to

the spinal cord, a hallmark of advanced stage disease. Transcriptomic and chromatin analyses revealed major differences between primary

tumors with intact or mutant Kmt2d in the context of SmoM2 expression but the metastatic landscape of Kmt2dmutant cells is similar to pri-

mary Kmt2dmutant tumors. Of likely significance, tumors lacking Kmt2d have upregulation of genes involved in pathways implicated in stem

cell maintenance and cellular processes associated with tumor metastasis including cell migration and epithelial to mesenchymal transition

(EMT). The data indicate the mechanism involves KMT2D normally augmenting expression of neural differentiation genes and repressors of

Notch and TGF signaling. Our findings thus reveal that Kmt2d is a potent suppressor of SHH-MB tumor growth, invasion, andmetastasis, and

when reduced changes the transcriptional/chromatin landscape of SHH-MB into an aggressive disease increasing oncogenic programs

including TGFb,52 Notch,50,53 MYC,54,55 ATOH1,11 and SOX2/9.56–60

RESULTS

KMT2D mutations are prevalent in SHH-MB and co-occur with mutations that activate SHH signaling

To gain insight into the significance of KMT2Dmutations in SHH-MB, we determined the frequency of mutations in KMT2D and its homolog

KMT2C, as well as mutations that activate SHH-signaling in 127 patient samples considered to be SHH-MB36 using the cBioPortal.61,62 Like

previous studies, we found that KMT2D is mutated in �14% of the samples (Figure 1A), whereas KMT2Cmutations are less prevalent (�6%)

(Figure 1A). Furthermore, in 66%of the samples themutations inKMT2Doccur in conjunctionwithmutations in genes that lead to activation of

the SHH pathway (SMO, PTCH1, SUFU, and TP53) (Figure 1A). Thus, KMT2Dmutations are recurrent in SHH-MB and frequently co-occur with

SHH pathway activating mutations, indicating KMT2D mutations are secondary mutations that might impact tumor progression.

N-terminal and C-terminal mutations in Kmt2d transiently disrupt cerebellum development

Before testing whether mutations in Kmt2d impact disease severity in sporadic mouse models of SHH-MB with low penetrance, we revis-

ited whether Kmt2d alone plays a role in cerebellum development. Since several mouse conditional mutant alleles of Kmt2d have been

generated, we first tested the consequences of conditional deletion of Kmt2d using the Nestin-Cre transgene utilized previously by

Dhar et al. (2018) to delete the same N-terminal exons (16–19) in the brain (floxed allele referred to as Nf;63 [Figure 1B]) or C-terminal exons

50–51 (floxed allele referred to as Cf;64 [Figure 1C]). Surprisingly, we found that both Nes-Cre/+; Kmt2dNf/Nf and Nes-Cre/+; Kmt2dCf/Cf

conditional mutants do not survive past birth (n > 85 and n > 50 animals, respectively examined from crosses of Nes-Cre/+; Kmt2df/+

X Kmt2df/f mice). Embryonic day (E) 18 brains from both homozygous mutants had similar sized cerebella to littermate controls but surface

folding of the cerebella was significantly reduced in both mutants suggesting a decrease in expansion of the GCPs in the external granule

layer (EGL)65 (Figures 1D–1I). Consistent with this, the area of the EGL was reduced in E18.5 Nes-Cre/+; Kmt2dCf/Cf mutants compared to

controls (Figure S1A) and the proportion of the EGL made up of differentiating cells was reduced (Figure S1B), although the proliferation

rate of GCPs was not reduced at E18.5 in Nes-Cre/+; Kmt2dCf/Cf mutants (Figure S1C). These results indicates Kmt2d normally promotes

differentiation of GCPs.

As a means to circumvent the lethality seen in our Nes-Cre conditional mutants, we deleted Kmt2d in three lineages of the embryonic

cerebellum which together comprise all the cell types in the cerebellum: (1) the rhombic lip excitatory neuron lineage (including GCPs) using

an Atoh1-Cre transgene,66 (2) the ventricular zone inhibitory neuron lineage (Purkinje cells and interneurons) using a Ptf1aCre allele,67 and (3)

the ventricular zone-derived Bergmann glia, astrocytes, late born interneurons and rhombic-lip-derivedGCPs and unipolar brush cells using a

hGFAP-Cre transgene.68 We found that the Atoh1-Cre; Kmt2dCf/Cf, Ptf1aCre/+; Ktm2dCf/Cf, and hGFAP-Cre; Ktm2dCf/Cf conditional mutants

survived to adulthood, and moreover when aged to >P200 none had cerebellar tumors or major foliation or size defects (n = 25, 25, and 15,

respectively; Figures 1J–1M). Furthermore, in P30 mutants, granule cell and Purkinje cell marker protein expression (NeuN and Calbindin,

respectively) appeared normal compared to littermate controls (n = 3; Figures S1D–S1E0). Thus, in our mouse genetic background nervous

system homozygous conditional mutation of Kmt2d using two distinct alleles of Kmt2d cause similar cerebellar developmental defects at

E18.5 and lethality at birth, whereas lineage-specific Ktm2dCf/Cf homozygous deletion alone does not result in lethality or lead to cerebellar

tumor formation.
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Figure 1. Two mutations in Kmt2d delay early cerebellum development but Kmt2d loss does not drive SHH-MB tumorigenesis

(A) An oncoprint of 127 patient samples considered to be SHH-MB (Kool et al., 2014) using the cBioPortal (Cerami et al., 2012; Gao et al., 2013a) showing the

frequency of mutations in KMT2C/D and genes that activate the SHH pathway.

(B) Schematic of mouse Kmt2dNf floxed allele with loxP sites surrounding exons 16–19.63

(C) Schematic of mouse Kmt2dCf floxed allele with loxP sites surrounding exons 50 and 51.64

(D and E) H&E-stainedmid-sagittal sections from E18.5 animals of the indicated genotypes with the EGL length in black and convex cerebellar length in red. Scale

bars: 500 mm.

(F–I) Quantification at E18.5 of the cerebellar area (mm2) (F andH) and Folding Index ((1-[convex length/EGl length]) x 100) in control (Kmt2dNf/+ andKmt2dNf/Nf or

Kmt2dCf/+ and Kmt2dCf/Cf embryos (black dots) or Nes-Cre/+; Kmt2dNf/+ or Nes-Cre/+; Kmt2dCf/+ (blue dots)) and conditional mutants (red dots) (G and I).

(J–M) Images of H&E-stained mid-sagittal sections from a control and Kmt2dCf/Cf conditional mutants using the three Cre drivers at adult stages (P250-P300).

Scale bars: 1 mm. Statistical significance was determined using an unpaired t-test. Error bars: SD. Also see Figure S1.
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Secondary loss-of-function mutations in Kmt2d greatly increase SHH-MB tumor penetrance

We next tested whether loss of Kmt2d in two sporadic mouse models of SHH-MB with low penetrance enhance tumor formation. To closely

model human SHH-MBs we used a Flp-inducible eGFP-Cre approach (MASTR: mosaic analysis with spatial and temporal control of recom-

bination) in which Atoh1-FlpoER and tamoxifen induces simultaneous expression of SmoM2 or deletion of both Ptch1 alleles along with a

heterozygous or homozygous deletion of Kmt2d in�10,000 scattered GCPs at P2 (Figures 2A and 2B).29,69 Strikingly, with the SmoM2model

and C-terminal exon deletion of Kmt2d, we found that compared to control animals with intact Kmt2d (Atoh1-FlpoER/+; R26MASTR/SmoM2

called SmoM2; n = 25), Atoh1-FlpoER/+; R26MASTR/SmoM2; Kmt2dCf/+ (SmoM2-Kmt2dCf/+; n = 31) and Atoh1-FlpoER/+; R26MASTR/SmoM2;

Kmt2dCf/Cf (SmoM2-Kmt2dCf/Cf; n = 38) mice had significantly different survival curves (Figure 2C). Whereas only 56% of SmoM2 animals

showed signs of tumor burden by P150, 87% of SmoM2-Kmt2dCf/+ and 100% of SmoM2-Kmt2dCf/Cf did. We similarly found that a heterozy-

gous or homozygous deletion of N-terminal exons of Kmt2d in the SmoM2 model (SmoM2-Kmt2dNf/+ or SmoM2-Kmt2dNf/Nf, respectively)

resulted in significantly different survival curves compared to SmoM2 (Figure 2D). Penetrance by P150 was increased from 54% in SmoM2

(n = 13) to 95% in SmoM2-Kmt2dNf/+ (n = 17) and 100% in SmoM2-Kmt2dNf/Nf (n = 7) animals (Figure 2D). Since SHH-MB tumor biology is

influenced by the type of mutation that activates SHH signaling,29,36,42 we tested whether the Cf mutation in Kmt2d in a Ptch1 model accel-

erates SHH-MB tumorigenesis. Indeed, Ptch1-Kmt2dCf/+ (Atoh1-FlpoER/+; R26MASTR/+; Ptch1f/f; Kmt2dCf/+; n = 19) and Ptch1-Kmt2dCf/Cf

(Atoh1-FlpoER/+; R26MASTR/+; Ptch1f/f; Kmt2dCf/Cf; n = 14) animals had significantly altered survival curves compared to Ptch1 (Atoh1-

FlpoER/+; R26MASTR/+; Ptch1f/f) (n = 41) (Figure 2E), with an increase in tumor penetrance by P200 from 27% in Ptch1 mutants to 71% in

Kmt2d heterozygotes and 93% in homozygotes. Of note, mutations in Kmt2d did not alter tumor histology—all genotypes had tumors

with classic histology (Figures 2F–2N).

To confirm that Kmt2d was effectively deleted in homozygous mutant tumor cells and determine if a wild type (WT) allele was present in

heterozygotes, we performed bulk RNA-sequencing (RNA-seq) of GFP+ tumor cells isolated by fluorescent activated cell sorting (FACS) from

SmoM2, SmoM2-Kmt2dCf/+, and SmoM2-Kmt2dCf/Cf animals (see details in the following; Table S1). Analysis of RNA-seq data confirmed a

decrease in read counts for exons 50 and 51 in SmoM2-Kmt2dCf/+ animals compared to other exons and compared to SmoM2 animals,

and an absence of sequence reads for exons 50 and 51 in SmoM2-Kmt2dCf/Cf animals (Figure 2O). To test the consequences of loss of

Kmt2d on chromatin modification, we performed western blot analysis of whole tumor protein for H3K4me1 and H3K4me3 from end stage

animals. The results showed a significant decrease in H3K4me1 and H3K4me3 in SmoM2-Kmt2dCfl/Cf tumors compared to SmoM2 and sig-

nificant decrease in H3K4me3 in SmoM2-Kmt2dCf/+ animals (Figures S2A–S2C). Taken together, the survival data and molecular results

demonstrate that KMT2D has a tumor suppressive role in SHH-MB. Furthermore, in SmoM2-Kmt2dCf/+ mice the decreased survival is due

to haploinsufficiency, not loss of heterozygosity during tumor progression.

The pro-tumorigenic effect of loss of Kmt2d can be seen at P21

To assess how early the pro-tumorigenic effects of Kmt2d loss are initiated, tumor histology was analyzed at early stages of tumor develop-

ment (P12 and P21) using the SmoM2-Kmt2dCfmodel. GFP staining of mutant cells on sagittal cerebellar hemisphere sections at P12 revealed

the EGL was composed almost entirely of mutant GCPs in SmoM2, SmoM2-Kmt2dCf/+ and SmoM2-Kmt2dCf/Cf animals, with no statistically

significant differences in the percentage of the cerebellum that contains the EGL in animals with or without Kmt2d in the hemispheres or the

vermis (Figures 3A–3E). Quantification of the density of dying cells (#TUNEL+ particles per EGL area) (Figures 3F–3I) and the proliferation rate

(#EdU+ cells per EGL area) (Figures 3J–3M) in the thickened EGL in the posterior hemispheres also detected no significant difference in either

measurement at P12. Thus, loss of Kmt2d at P2 in GCPs with co-activation of SHH signaling does not lead to an immediate increase in the

number of GCPs. At P21, however, when no EGL is present in normal mice, there was a significant increase in the EGL/lesion areas in the

hemispheres and vermis of SmoM2-Kmt2dCf/+ and SmoM2-Kmt2dCf/Cfmice compared to in SmoM2mice (Figures 3N–3R). Thus, the increase

in tumor progression seen after loss of Kmt2d in SHH-MB tumors can be seen by P21, a preneoplastic stage of tumorigenesis.

Loss of Kmt2d in SHH-MB leads to reduced expression of neural differentiation genes and repressors of Notch- and

TGFb-signaling and increased expression of genes associated with progenitor behaviors

To address the molecular mechanisms by which loss of Kmt2d promotes SHH-MB tumor progression, we compared the transcriptome and

chromatin accessibility profiles of SmoM2, SmoM2-Kmt2dCf/+, and SmoM2-Kmt2dCf/Cf primary tumors using bulk RNA-seq and ATAC-seq

(Figure 4A; Table S1). The primary tumors were dissected from the brain and tumor cells were enriched for by isolation of GFP+ cells by

FACS. Hierarchical clustering of bulk RNA-seq data (p <= 0.05; fold change [FC] >= 1.5) demonstrated that SmoM2 tumors clustered sepa-

rately from SmoM2-Kmt2dCf/Cf and SmoM2-Kmt2dCf/+ tumors (Figure S3A; Table S2). Furthermore, SmoM2-Kmt2dCf/+ tumor cells could be

separated from SmoM2-Kmt2dCf/Cf because they had enhanced expression of the gene signatures specific to both SmoM2 and SmoM2-

Kmt2dCf/Cf tumors.

In order to focus on differences in gene expression due to loss of Kmt2d, all further analysis was performed using the SmoM2 and SmoM2-

Kmt2dCf/Cf tumor samples. As expected, principal component analysis and heatmapswith hierarchical clustering (p<= 0.05; FC>= 1.5) of bulk

RNA-seq data from SmoM2 and SmoM2-Kmt2dCf/Cf tumor samples revealed two distinct clusters (Figures 4B and 4C; Table S3). Gene

Ontology (GO) term analysis of the 1,004 genes downregulated in SmoM2-Kmt2dCf/Cf tumors (p <= 0.05; FC >= 1.5) showed enrichment

for genes associated with late stages of neuron differentiation, such as synapse organization, axonogenesis and regulation of membrane po-

tential in the top 20 categories (Figure 4D). In contrast, GO term analysis of the 516 genes upregulated in SmoM2-Kmt2dCf/Cf tumors (p <=

0.05; FC>= 1.5) showed enrichment for genes associatedwith cell processes involved in organ development including stem cell maintenance,
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Figure 2. TwoKmt2d deletionmutations enhance tumor progression in SmoM2-driven SHH-MB andKmt2d loss also enhances tumor progressionwhen

Ptch1 is deleted

(A and B) Schematic showing the two sporadic mouse models of SHH-MB used, SmoM2 (A) and Ptch1fl/fl (B) with and without a heterozygous or homozygous loss

of Kmt2d (S: Stop of transcription/translation sequence).

(C–E) Kaplan-Meier curves (left) and statistics (right) for SHH-MB survival using a SmoM2-driven mouse model with a C-terminal (C) or N-terminus

(D) heterozygous or homozygous mutation in Kmt2d, and a Ptch1 loss-of-function model with C-terminal mutations of Kmt2d. Statistical significance was

calculated using the log-rank test.

(F–N) Representative images of H&E-stained sagittal sections through the hemispheres from end stage SmoM2, SmoM2-Kmt2dCf/+, and SmoM2-Kmt2dCf/Cf

animals (F–H), SmoM2, SmoM2-Kmt2dNf/+, and SmoM2-Kmt2dNf/Nf animals (I–K), and Ptch1, Ptch1-Kmt2dCf/+,and Ptch1-Kmt2dCf/Cf animals (L–N). Scale bar: 1mm.

(O) Overlay of RNA-seq data at the Kmt2d locus in SmoM2 tumors (n = 5), SmoM2-Kmt2dCf/+ tumors (n = 2), and SmoM2-Kmt2dCf/Cf tumors (n = 4). Also see

Figure S2.
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Figure 3. Heterozygous and homozygous mutations in Kmt2d promote tumor growth by P21

(A–C) Images of GFP stained (DAB) P12 sagittal sections from the hemispheres of SmoM2, SmoM2-Kmt2dCf/+, and SmoM2-Kmt2dCf/Cf animals. Scale bar: 1 mm.

Green boxes indicate where the images in (A0–C0) were taken and black boxes where the images in (F–L0) are from. (A0–C00) Images of overlayed Hoechst (blue) and

GFP (green) staining (A0–C0) and GFP (white) staining (A00–C00). Scale bar: 100 mm.

(D and E) Quantification of the percentage of the cerebellum sectional area taken up by the EGL in the hemispheres (D) and vermis (E) of P12 SmoM2, SmoM2-

Kmt2dCf/+, and SmoM2-Kmt2dCf/Cf animals (n = 3 samples per genotype).

(F–H) Images of overlayedHoechst (blue) and TUNEL (green) staining (or single channel TUNEL staining (F0– H0) in the EGL in the area indicated by the black box in

(A–C). Scale bar: 250 mm.

(I) Quantification of the density of TUNEL+ cells in the EGL in the area of the hemispheres shown in (F–H) of SmoM2, SmoM2-Kmt2dCf/+, and SmoM2-Kmt2dCf/Cf

mice (n = 3 samples per genotype).

ll
OPEN ACCESS

6 iScience 26, 107831, October 20, 2023

iScience
Article



epithelial cell proliferation, and cell migration (including ameboidal-type cell migration, extracellular matrix organization, or EMT) (Figure 4E).

Our results indicate that KMT2D normally promotes expression of genes involved in neural differentiation and indirectly inhibits genes that

promote a progenitor state (possibly through activating inhibitors), thus KMT2D can be considered to function as a tumor suppressor.

Gene set enrichment analysis (GSEA) of genes upregulated in SmoM2-Kmt2dCf/Cf tumors further highlighted that SmoM2-Kmt2dCf/Cf tu-

mors (indirectly) upregulate pathways associated with stem proliferation (Figure S3B), and genes/pathways that can regulate advanced stage

cancers including TGFb signaling, Notch signaling, andMYC (Figures S3C–S3E). Consistent with KMT2D normally being associated with acti-

vation of gene expression, Smad7 and Klf9, suppressors of TGFb and Notch signaling, respectively,70–72 were significantly downregulated in

SmoM2-Kmt2dCf/Cf tumors (Table S3). Many of the key changes in gene expression identified by RNA-seq were validated by quantitative RT-

PCR of RNA fromGFP+ tumor cells isolated by FACS. RNA in situ and protein immunostaining of sections from additional tumor samples also

provided validation and assessment of gene expression patterns. qRT-PCR analysis showed significant upregulation of Atoh1, Sox2, Myc,

Jag1, Hes1, Tgfbr2, and Smad3 and downregulation ofNeurod1 in SmoM2-Kmt2dCf/Cf tumors (n = 6) compared to SmoM2 (n = 5) (Figure 4F;

Table S4). Smad7 and Klf9 appeared downregulated, although not to statistical significance (p = 0.052 and 0.126, respectively). RNA in situ

analysis of sagittal sections of primary tumors from SmoM2 and SmoM2-Kmt2dCf/Cf animals (n = 3 each) showed thatKcnc3, a gene associated

with neural differentiation, was broadly expressed across SmoM2 tumors whereas in SmoM2-Kmt2dCf/Cf tumors expression was more patchy

indicating less cells differentiate when Kmt2d is mutant (Figures S3F–S3I).Myc was expressed throughout the tumors of both genotypes and

at higher levels in SmoM2-Kmt2dCf/Cf tumors (Figures S3J–S3M). Double immuno-staining for NueroD1 protein, a neural differentiation gene

significantly reduced based on qRT-PCR analysis, and Ki67 (proliferation marker), showed as expected that Ki67 and Neurod1 staining was

largely complementary although some cells were double labeled (Figure S4). Consistent with the tumors having a classic histology, Ki67

was broadly expressed in both genotypes. However, in SmoM2-Kmt2dCf/Cf tumors NeuroD1 high areas appeared reduced compared to

in SmoM2 tumors. Quantification of the fluorescence pixels in nuclei (Dapi+) demonstrated that Neurod1 had a lower density in SmoM2-

Kmt2dCf/Cf tumors compared to SmoM2 tumors whereas Ki67 was not changed. Thus, KMT2D normally promotes a more differentiated state

in SHH-MB tumor cells.

Network analysis for genes significantly upregulated in SmoM2-Kmt2dCf/Cf tumors compared to SmoM2 (Figure S5) revealed upregulation

of genes that could enhance tumor growth, including genes previously shown to positively regulate cerebellar neural progenitor proliferation;

Sox2/9,56–60Atoh1, andMyc/Mycl.54,55 In addition, genes/pathways implicated inmetastasis were upregulated in SmoM2-Kmt2dCf/Cf tumors:

TGFb signaling (Tgfbr2, Tgf1i1, Smad3, and Epha3),52,73,74 andNotch signaling (Notch1,Hes1, and Jag1),50,53,75,76 the two pathways inhibited

by Smad7 and Klf9 (p % 0.05; FC R 1.5).

In parallel to the RNA-seq data analysis, we performed ATAC-seq analysis of GFP+ cells from primary tumors, including a subset of the

tumors in which RNA-seq was performed (Table S1). A comprehensive QC assessment of the ATAC-seq data showed a high signal-to-noise

ratio (Figure S6A). Differential analysis based on peak annotations identified two distinct clusters of SmoM2 and SmoM2-Kmt2dCf/Cf primary

tumors with a sub-cluster of tumors seen within the SmoM2-Kmt2dCf/Cf cluster (Figure 5A). The differentially accessible chromatin regions

displayed via a volcano plot further identified a separation of the SmoM2 and SmoM2-Kmt2dCf/Cf tumors and indicated two sub-clusters

of SmoM2-Kmt2dCf/Cf tumors (Figure 5B). Amore detailed analysis of the ATAC-seq data showed that the global transcriptomic trends found

using bulk RNA-seq between GFP+ SmoM2 and SmoM2-Kmt2dCf/Cf cells were retained in the global chromatin accessibility trends and the

two corroborated with one another (p <= 0.1; FC >= 1.5), i.e., the genes with the most significant changes in mRNA and DNA peaks are in the

concordant quadrants (red dots; Figure 5C). Similar to the gene expression trends seen in the RNA-seq analysis, ATAC-seq analysis identified

an enhancement of open chromatin domains within neuronal differentiation genes (e.g., NeuroD1) in SmoM2 tumors, whereas in SmoM2-

Kmt2dCf/Cf tumor cells open chromatin domains were enhanced in genes associated with TGFb (Smad3) and Notch (Hes1) pathways

(Figures 5D–5F; Table S5). In support of our hypothesis that loss of Kmt2d indirectly results in upregulation of the TGFb and Notch pathways

via decreased expression of inhibitors, ATAC-seq analysis showed diminution of open chromatin domains within Klf9 and Smad7 genes in

SmoM2-Kmt2dCf/Cf tumor cells, although not statistically significantly (Figures 5G and 5H; Table S5). Furthermore, motif enrichment analysis

showed that motifs for pro-neural transcription factors (TFs) seen in differentiating neurons (e.g., NeuroD1 and ASCL1) were enriched in

SmoM2 tumors (Figure S6B; Table S5). In contrast, in SmoM2-Kmt2dCf/Cf tumor cell DNAmotifs bound by TFs associated with stem/progen-

itor cell populations (e.g., SOX2 and SOX9) were enriched (Figure S6B; Table S5), further validating our conclusions drawn from the RNA-seq

data. SmoM2-Kmt2dCf/Cf tumors also were enriched for motifs bound by SMAD3, a downstream effector of the TGFb pathway (Figure S6B;

Table S5). Interestingly, DNAmotifs boundbyATOH1, a TF shown to augment SHH-MB tumor growth andmetastasis when over-expressed in

Ptch1+/� GCPs,11 also were enriched in SmoM2-Kmt2dCf/Cf tumors (Figure S6B; Table S5). Furthermore, motif enrichment analysis showed

Figure 3. Continued

(J0–L0) Representative images of overlayed Hoechst (blue) and EdU (red) staining or single channel EdU (red) staining in the EGL in the area indicated by the black

box in (A–C). Scale bar: 250 mm.

(M) Quantification of the density of EdU+ cells in the EGL in the area of the hemispheres shown (J–L) of SmoM2, SmoM2-Kmt2dCf/+, and SmoM2-Kmt2dCf/Cfmice

(n = 3 samples per genotype).

(N–P0) Images of GFP stained (DAB) P21 sagittal sections from the hemispheres (N–P) and vermis (N0–P0) of SmoM2, SmoM2-Kmt2dCf/+, and SmoM2-Kmt2dCf/Cf

animals. Scale bar: 1 mm.

(Q and R) Quantification of the percentage of the cerebellum sectional area taken up by the EGL/lesion in the hemispheres (Q) and vermis (R) of P21 SmoM2,

SmoM2-Kmt2dCf/+, and SmoM2-Kmt2dCf/Cf animals (n = 3 samples per genotype). All statistical significance was determined using an unpaired t-test comparing

Kmt2d wildtype tumors to each of the Kmt2d mutants. Error bars: SD.
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Figure 4. Bulk RNA-seq analysis reveals downregulation of neural differentiation genes and upregulation of Notch/TGFb signaling and stem cell genes

in Kmt2d mutant SHH-MB

(A) Experimental strategy to define the transcriptomic and chromatin accessibility landscape of tumors from SmoM2, Smom2-Kmt2dCf/+, and SmoM2-Kmt2dCf/Cf

mice.

(B) PCA analysis of RNA-seq data showing two distinct clusters of tumors from SmoM2 (black oval) and SmoM2-Kmt2dCf/Cf (red oval) animals.
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enhancement of sequences bound by NEUROD1 and ASCL1 at the NeuroD1 gene in SmoM2 tumors and SMAD3 and MYC motifs in the

Smad3 gene in SmoM2-Kmt2dCf/Cf tumors (Figures S6C and S6D; Table S5). Finally, network analysis of genes annotated at differentially

accessible peaks enriched in SmoM2-Kmt2dCf/Cf tumors showed Notch signaling forms a central node for several pathway and many of

the other nodes are similar to the RNA-seq network analysis (Table S6; Figure S6E). Taken together, the bulk RNA-seq and ATAC-seq

data demonstrate that loss of Kmt2d in SHH-MB primary tumors promotes a pro-tumorigenic transcriptional/epigenetic signature that in-

cludes genes and pathways associated with neural progenitor states and advanced disease, likely as a result of down regulation of suppres-

sors of these genes/pathways and neural differentiation genes.

Loss of Kmt2d promotes local invasion in SHH-MB

Given that the RNA-seq and ATAC-seq data from SHH-MB tumors lacking Kmt2d indicate upregulation of pathways associated with aggres-

sive tumors, we next asked whether the tumors have LMD and invade the surrounding brain regions, particularly the cerebellar white matter

(WM) and brainstem (BS) at end stage or P150 inmice that survive and have primary tumors (Figure 6A–6D00; Table 1). Tumors of all genotypes

had some LMD, but it was restricted to the hindbrain region. Strikingly, compared to SmoM2 animals with 25% invasion into theWM (n = 4/16

mice) and 50% into the BS (8/16), significantly higher frequencies of local invasion were seen in SmoM2-Kmt2dCf/+ (WM: 12/15; BS:13/15) and

SmoM2-Kmt2dCf/Cf (WM: 18/18; BS: 18/18) (Table 1). The N-terminal mutation similarly increased local invasion from 57% in theWM (4/7) and

BS (4/7) of SmoM2 animals to 100% in theWM (8/8, p = 0.0192) and 87.5% into the BS (7/8, p = 0.0924) of SmoM2-Kmt2dNf/+ animals and 100%

in theWM (6/6, p = 0.0337) and BS (6/6, p = 0.03337) of SmoM2-Kmt2dNf/Nf animals (Table 1). Furthermore, in the Ptch1model of SHH-MBwith

a low amount of local invasion (WM: 4/10; BS: 3/10) a significantly higher percentage of Ptch1-Kmt2dCf/+ (WM: 9/10; BS: 8/10) and Ptch1-

Kmt2dCf//Cf (WM: 7/9; BS: 7/9) animals had WM and/or BS invasion at end stage or P200 (Figures S7A–S7B00; Table 1). These results provide

in vivo evidence across two differentmousemodels of SHH-MB that a heterozygous or homozygous loss of Kmt2dpromotes invasion of tumor

cells locally.

Loss of Kmt2d promotes spinal cord metastasis in SHH-MB

We next asked whether loss of Kmt2d leads to increased metastatic disease in the spinal cord since it is prevalent in SHH-MB patients and

since LMD was not seen anterior to the hindbrain in our models. A series of coronal sections of the entire spinal cord of each tumor bearing

mouse was examined for cytology (H&E staining), and tumor cells were confirmed by expression of GFP and Ki67 (Figures 6E–6L00 and S6C–

C00). Strikingly, we found that whereas only 33.3% of SmoM2 (n = 12) animals had metastatic lesions along the spinal cord, SmoM2-Kmt2dCf/+

(n = 13) and SmoM2-Kmt2dCf/Cf (n = 11) mice had a significant increase in tumors to 100% (Table 1). Furthermore, the percentage of the spinal

cord containing metastatic tissue was significantly increased in Kmt2d mutants (Figure 6M). Clearing of a whole spinal cord from a SmoM2-

Kmt2dCf/Cf animal stained with antibodies toGFP (tumor cells) and Yoyo1 dye (nuclei) confirmed that metastatic tumors in SmoM2-Kmt2dCf/Cf

animals can form throughout the length of the spinal cord (Figures S7D–S7D%). TheN-terminal mutation of Kmt2d also significantly increased

the percentage of mice with metastatic tumors (14.2% SmoM2 vs. 62.5% SmoM2-Kmt2dNf/+ and vs. 100% SmoM2-Kmt2dNf/Nf) (Table 1) and

the relative sizes of the metastatic lesions of homozygous mutants (Figure 6N). In the Ptch1model of SHH-MB the frequency of animals with

metastatic disease was increased in the Ptch1-Kmt2dCf/Cf animals compared to the Ptch1 animals (33.3% Ptch1 vs. 70% Ptch1-Kmt2dCf/+, p =

0.076 and vs. 100% Ptch1-Kmt2dCf/Cf, p = 0.0021) (Table 1). Similarly, the relative sizes of metastatic lesions were significantly increased in

Ptch1-Kmt2dCf/Cf (p = 0.019) but not Ptch1-Kmt2dCf/+ (p = 0.58) mutants (Figure 6O). In summary, we found that reduction of, or loss of

Kmt2d in two mouse models of SHH-MB greatly promotes metastatic disease to the spinal cord.

Metastatic and primary tumors have similar transcriptomic and chromatin accessibility profiles

Given that the deletion of Kmt2d in mouse models of SHH-MB results in invasive andmetastatic disease, we compared the transcriptomes of

primary andmetastatic GFP+ tumor cells from the same SmoM2-Kmt2dCf/Cf animals (Tables S1 and S7). Surprisingly, there were only 41 differ-

entially expressed genes between the primary and metastatic tumors (Figure 7A; Table S7) (p <= 0.05; FC >= 1.5). Furthermore, 19 of the 41

differentially expressed genes might have been from contaminating infiltrating immune cells or spinal cord neurons/glia based on the genes

over-expressed, low read counts and/or high variability between samples (bold font genes in Table S7). Interestingly, among the remaining

genes, a subset of the 16 genes over-expressed in metastatic cells has been shown to be associated with poor prognosis in cancer (Sparc,

Nr4a1, Itgb5, Fos, and Fosb).77–81

A similarity and stability of the transcriptional landscapes of the primary and metastatic compartments of SmoM2-Kmt2dCf/Cf animals was

also seen when comparing RNA-seq data to SmoM2 primary tumors using PCA analysis (Figure S8A) and hierarchical clustering (Figure 7B;

Table S8), as the SmoM2-Kmt2dCf/Cf primary andmetastatic tumors clustered together and were separated from the SmoM2 primary tumors.

Pathway analysis similarly confirmed that SmoM2-Kmt2dCf/Cf tumor cells from the primary and metastatic compartments both had

Figure 4. Continued

(C) Heatmap analysis of RNA-seq data showing differentially expressed genes between SmoM2 and SmoM2-Kmt2dCf/Cf tumors (padj % 0.05; FC R 1.5).

(D and E) GO term analysis of the RNA-seq data showing the top downregulated (D) and upregulated (E) pathways in SmoM2-Kmt2dCf/Cf tumors compared to

SmoM2 tumors.

(F) RT-qPCR analysis of indicated genes in GFP+ cells isolated by FACS from SmoM2-Kmt2dCf/Cf tumors (n = 6) relative to SmoM2 tumors (n = 5). Statistics were

determined using the Mann-Whitney test. See also Tables S3 and S4, and Figures S3–S5.
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downregulation of genes associated with neuronal differentiation and upregulation of genes associated with organmorphogenesis and EMT

compared to primary SmoM2 tumor cells (Figures S8B and S8C). Furthermore, network enrichment analysis comparing SmoM2 mutant pri-

mary tumors to SmoM2-Kmt2dCf/Cf primary andmetastatic tumors showed upregulation of previously identified genes and pathways that can

drive progenitor states and tumor progression: Sox2/9,Myc, Atoh1, and TGFb and Notch pathway genes (Figure 7C). Given that some of the

upregulated genes identified by the RNA-seq data analysis are not specific to the SHH-MB subgroup, we compared the SmoM2-Kmt2dCf/Cf

Figure 5. ATAC-seq data analysis reveals differences in DNA accessibility of pathways associated with neural differentiation and advanced cancer in

SmoM2-Kmt2dCf/Cf vs. SmoM2 tumor

(A) Heatmap showing the clustering of differential peaks between SmoM2 and SmoM2-Kmt2dCf/Cf tumors (FC R 1.5, padj % 0.1).

(B) Volcano plots displaying the differentially accessible chromatin regions in SmoM2-Kmt2dCf/Cf compared to SmoM2 tumor cells (FC R 1.5, padj % 0.1).

(C) Comparison of the log2 fold changes (red indicates FCR 1.5, padj% 0.1) in global trends in SmoM2-Kmt2dCf/Cf tumor cells compared to SmoM2 in the RNA-

seq and ATAC-seq datasets.

(D–H) ATAC-seq plots showing regions of increased and decreased chromatin accessibility at specific gene loci in SmoM2-Kmt2dCf/Cf (n = 12) compared to

SmoM2 (n = 7) primary tumors. The number below indicates the FC in a single 500-bp peak. Fold changes with a padj % 0.1 are indicated with a star. Also

see Figure S6 and Tables S5 and S6.
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Figure 6. Loss of Kmt2d in two models of SHH-MB promotes local cell invasion and spinal cord metastasis

(A–D00) Representative images of sagittal sections from end stage tumors stained with Hoechst (blue) and GFP (green) without tumor cell invasion into the white

matter (WM) (A, A0, A00) or with tumor cell invasion into the WM (B, B0 , B00), and without tumor cell invasion into the brainstem (BS) (C, C0, C00) or with tumor cell

invasion into the BS (D, D0, D00). Overlayed Hoechst and GFP images of the whole cerebellum are shown in (A–D) (Scale bar: 1 mm). Overlayed Hoechst and GFP

images in the specific regions indicated by rectangles in (A) are shown in (A0–D0) and single channel GFP-staining of the same regions in (A00–D00) (Scale bar:

250 mm).

(E–H) Representative sections at the rostral-caudal levels indicated of spinal cords stained with H&E from SmoM2 animals without metastasis (Scale bar: 500 mm).

(E0–H0) Adjacent sections stained with Hoechst, GFP (green) and Ki67 (red) (Scale bar: 500 mm).

(I–L) Representative sections of spinal cords stained with H&E from SmoM2-Kmt2dCf/Cf animals (Scale bar: 500 mm).

(I0–L0) Fluorescence images of adjacent sections stained with Hoechst, GFP (green) and Ki67 (red) (Scale bar: 500 mm). Single channel GFP (I00-L00) and Ki67 (I%–L%)

staining of metastatic tumors in the spinal cord (Scale bar: 250 mm).
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primary and metastatic tumor cell expression profiles to genes associated with the 4 subgroups of MB (Figure S8D). Although some primary

andmetastatic SmoM2-Kmt2dCf/Cf tumor samples express genes associated with subgroups of MB other than SHH, there was enrichment for

an SHH-MB signal in the tumors (Figure S8D).

A QC assessment of the ATAC-seq data from SmoM2-Kmt2dCf/Cf metastatic tumors showed a high signal-to-noise ratio (Figure S6A).

ATAC-seq analysis of SmoM2-Kmt2dCf/Cf metastatic tumors in addition to SmoM2 and SmoM2-Kmt2dCf/Cf primary tumors showed the pre-

dicted decrease in chromatin accessibility in neural differentiation associated genes (e.g., Kcnc3) and in Klf9 and Smad7 in metastatic as well

as primary SmoM2-Kmt2dCf/Cf tumors and an increase in accessibility of tumor genes associated with the Notch pathway (Jag1), TGFb

pathway (Smad3), and progenitor cell populations (Sox2) compared to SmoM2 (Figures S8E–S8J; Tables S5 and S9). Thus, our transcriptomic

and epigenetic data reveal that loss of Kmt2d in SmoM2 tumors promotes MB tumor progression and metastasis through the (indirect) up-

regulation of the TGFb and Notch oncogenic pathway genes, as well asMyc, Sox2/9, andAtoh1, all of which have been previously implicated

as key drivers of tumor growth and metastasis in MB.

DISCUSSION

Our study demonstrates that in the context of mouse models of SHH-MB, Kmt2d is a tumor suppressor that inhibits tumor growth, invasion

into the hindbrain and metastatic spread to the spinal cord, in part through promoting neural differentiation. Furthermore, heterozygous

loss-of-function mutations in Kmt2d, as seen in patients, are sufficient to drive SHH-MB to advanced stages of the disease via haploinsuf-

ficiency. Metastasis is a hallmark of late-stage disease and responsible for the highest number of cancer-related fatalities. However, the

molecular drivers of metastatic disease, especially in brain cancers, remain largely unknown in part due to a lack of robust animal model

systems. One approach used to identify candidate genes that drive SHH-MB dissemination into the leptomeninges and spinal cord metas-

tasis was an insertional mutagenesis screen that mobilizes a Sleeping Beauty transposon81 in cerebellar GCPs of Ptch+/� animals.20 Follow

up studies showed that over-expression of Eras, Lhx1, Ccrk, Arnt, Gdi2 or activated AKT are sufficient to increase dissemination and metas-

tasis when combined with forced expression of Shh by viral infection of GCPs and transplantation.20,82,83 Another study identified circu-

lating tumor cells in the blood using this and other mouse transplantation models and analysis of human tumor cells. The CCL2-CCR2

axis was identified as upregulated in disseminated cells and shown to be sufficient to enhance metastasis of GCPs expressing SHH.8 In

a separate model, over-expression of Atoh1 in GCPs of Ptch1+/� mice using a conditional transgene approach demonstrated ATOH1

can promote tumor penetrance and spinal cord metastasis to 100%.11 While these papers identified genes that when over-expressed

in mouse models can facilitate metastasis of GCPs with constitutive SHH signaling, their relevance to the normal genetic changes seen

in SHH-MB are not clear.

Loss of Kmt2d in SHH-MB leads to downregulation of neural differentiation and upregulation of genes/pathways

associated with a progenitor state

Bulk RNA-seq analysis and concordant ATAC-seq results revealed that SmoM2-Kmt2dCf/Cf primary tumors are distinct from SmoM2 tumors,

and that SmoM2-Kmt2dCf/+ tumors share upregulated genes with both tumor genotypes.Whether SmoM2-Kmt2dCf/+ tumors upregulate the

genes seen in Kmt2d homozygous mutant tumors and maintain the genes expressed in Kmt2dWT tumors or instead have a mixture of both

cell phenotypes is not clear from our bulk RNA-seq data. Given the function of KMT2D in augmenting gene expression, loss of Kmt2d is pre-

dicted to downregulate genes. Of likely relevance, the differentially expressed genes significantly downregulated based on RNA-seq analysis

in SmoM2-Kmt2dCf/Cf primary tumors are greatly enriched for genes/pathways involved in neural differentiation, and two genes were vali-

dated with qRT-PCR and/or analysis of protein/RNA in sections. Kcnc3 RNA or NeuroD1 protein were detected broadly across SmoM2 tu-

mors, as was Ki67, whereas in SmoM2-Kmt2dCf/Cf tumors the Kcnc3/NeuroD1 domains were diminished. These results indicate KMT2D pro-

motes expression of neural differentiation genes, even in progenitors within the tumors and therefore that KMT2D promotes the transition of

GCPs from a progenitor to differentiated state. Loss of Kmt2d therefore promotes a progenitor state. Consistent with this, in E18.5 embryos

lacking Kmt2d in GCPs, the proportion of differentiated cells in the EGL (inner EGL) is reduced. Furthermore, in tumors with a partial or com-

plete loss of Kmt2d, genes that regulate a GCP progenitor state are upregulated. In addition, some of these genes have been associated with

advanced cancer in SHH-MB, including Sox256–60 and Atoh1.11 However, none of the genes identified by Sleeping Beauty enabled mutagen-

esis20,82,83 were found to be differentially expressed in SmoM2-Kmt2dCf/Cf tumors compared to SmoM2 although some genes (Akt2, Gdi2,

Arnt, and Lhx1) were expressed at high levels in both genotypes (Table S10).

In SmoM2-Kmt2dCf/Cf tumors lacking Kmt2d, genes in the TGFb52,73,74 and Notch pathway50,53,75,76 which can increase oncogenesis are

significantly upregulated in the RNA-seq data compared to SmoM2 primary tumors. Interestingly, suppressors of TGFb and Notch signaling,

Smad770 andKlf9,71,72 respectively, are significantly downregulated in SmoM2-Kmt2dCf/Cf tumor cell RNA-seqdata.While Smad7was close to

significantly decreased based on qRT-PCR (p= 0.052) in SmoM2-Kmt2dCf/Cf tumors compared to SmoM2, the reduction inKlf9 (p= 0.126) was

not. Nevertheless, a significant reduction of Klf9 in a specific progenitor pool might lower Notch signaling. Thus, Smad7 and Klf9 expression

Figure 6. Continued

(M–O) Quantification of the percentage of sectional spinal cord area taken up by tumor in >30 sections per mouse in the SmoM2-driven model of SHH-MB with

and without a Kmt2d C-terminal mutation (M) or Kmt2d N-terminal mutation (N), and in the Ptch1 model (O). Open dots indicate animals that did not show

symptoms of tumor burden at P150 (SmoM2models) or P200 (Ptch1model) but had primary tumors. All statistical significance was determined using an unpaired

t-test comparing Kmt2d wildtype tumors to each of the Kmt2d mutants. Also see Figure S7.
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might normally be enhanced by KMT2D in a particular cell type and a decrease in mutant tumor cells could contribute to the increase in

expression of Notch and TGFb pathway genes.

Key candidate up- and downregulated genes were confirmed by qRT-PCR analysis of GFP+ cells isolated from SmoM2 and SmoM2-

Kmt2dCf/Cf tumors. Furthermore, ATAC-seq data from SmoM2 and SmoM2-Kmt2dCf/Cf primary tumors revealed trends in motif enrichment

and open chromatin in concordance with the RNA-seq data. While the trends observed in the ATAC-seq data are subtle, we hypothesize that

the overall effects are bolstered by the concomitant changes across a number of genes within the same pathway and across different path-

ways (Tables S5, S6, and S9). Furthermore, the analysis of RNA/protein expression on tumor sections of differentiation and proliferation

markers showed that the tumors are heterogeneous, with SmoM2-Kmt2dCf/Cf tumors having a reduction in the areas expressing highNeurod1

and Kcnc3 compared to SmoM2. We predict that heterozygous mutations in KMT2D shift the transcriptional and epigenetic landscape of

human SHH-MBs to a more aggressive tumor gene signature that enhances metastasis through promoting a progenitor state and enhancing

Notch/TGFb signaling, likely in a subset of cells that go on to form the bulk of the tumor.

Primary and metastatic tumors share a transcriptional gene signature

Differential transcriptomic and epigenomic analysis of SmoM2 primary tumors and SmoM2-Kmt2dCf/Cf primary and metastatic spinal cord

tumors showed little segregation between the SmoM2-Kmt2dCf/Cf primary and metastatic tumors using supervised on unsupervised clus-

tering techniques.Moreover, themetastatic and primary SmoM2-Kmt2dCf/Cf tumor cells (GFP+) from the samemice had very similar transcrip-

tional landscapes, with only�20 genes being clearly differentially expressed (Tables S7 and S8). Somegenes involved in handling hypoxia84–86

were expressed in both primary andmetastatic tumors (Tables S8 and S10). This result is consistent with SHH-MBprimary tumors in ourmouse

models growing on the surface of the brain and thus being in a hypoxic environment as in spinal cordmetastases. Unlike our finding of largely

similar transcriptional profiles in primary and metastatic SmoM2-Kmt2dCf/Cf tumor cells, when Atoh1 alone was over-expressed in a Ptch1

model of SHH-MB, bulk RNA-seq comparing primary and metastatic tumors identified extensive differential gene expression.11,20 Additional

mutational and epigenetic analysis and clinical outcomes data of limited human MB samples support a similar conclusion.11,20 Nevertheless,

studies have shown matched MB primary and metastatic tumors maintain their subgroup-specific global transcriptional profiles.87 One

possible explanation for our finding is that mutations in genes like KMT2D that encode epigenetic modifiers can result in global transcrip-

tional changes that are sufficient to drive metastasis as well as enhanced tumor growth in most primary tumor cells. Finally, of note, although

SmoM2-Kmt2dCf/Cfprimary andmetastatic tumors preferentially express genes associatedwith SHH-MB (Figure S8D), they have upregulation

of Notch pathway genes andMYC, as well as upregulation of Bcl2 (Table S3) which are associated with group 3MB and have been implicated

in mouse models of Group 3 MB that express MYC.50,53,88,89 Thus, mutations in chromatin remodeling genes might partially blur the lines

between the transcriptional profiles of MB subgroups.

Heterozygous mutations in Kmt2d are sufficient to cause metastatic disease

Whereas we did not find that two distinct homozygous Kmt2dmutations in all cerebellar lineages drive tumorigenesis, we did find that in two

mouse models of SHH-MB (SmoM2 expression or Ptch1 homozygous loss) these same mutations in the heterozygous state are sufficient to

dramatically accelerate tumor growth, and augment local invasion into the hindbrain and metastasis to the spinal cord. While there might be

subtle differences in the extent of promotion of tumor growth rate, local invasion and spinal cord metastasis between the two mutations (Ta-

ble 1), both mutations significantly increase the percentage of mice that develop primary tumors and metastatic disease when SmoM2 is

Table 1. Summary of the phenotypes of mice with a heterozygous or homozygous Kmt2dCf or Kmt2dNf mutations in two models of SHH-MB

Genotype % White Matter invasion % Brainstem invasion % Spinal cord Metastasis

SmoM2 25 (n = 16) 50 (n = 16) 33.3 (n = 12)

SmoM2-Kmt2dCf/+ 80 (n = 15) [0.0011] 86.6 (n = 15) [0.0145] 100 (n = 13) [0.0002]

SmoM2-Kmt2dCf/Cf 100 (n = 18) [<0.0001] 100 (n = 18) [0.0003] 100 (n = 11) [0.0004]

SmoM2 57.1 (n = 7) 57.1 (n = 7) 14.2 (n = 7)

SmoM2-Kmt2dNf/+ 100 (n = 8) [0.0192] 87.5 (n = 8) [0.0924] 62.5 (n = 8) [0.0286]

SmoM2-Kmt2dNf/Nf 100 (n = 6) [0.0337] 100 (n = 6) [0.0337] 100 (n = 6) [0.0010]

Ptch1 40 (n = 10) 30 (n = 10) 33.3 (n = 6)

Ptch1-Kmt2dCf/+ 90 (n = 10) [0.0095] 80 (n = 10) [0.0123] 70 (n = 10) [0.0762]

Ptch1-Kmt2dCf/Cf 77.7 (n = 9) [0.0479] 77.7 (n = 9) [0.0186] 100 (n = 9) [0.0021]

% White Matter invasion: the percentage of animals with a primary tumor (number give in brackets) that had tumor cell invasion in the white matter.

% Brainstem invasion: the percentage of animals with a primary tumor (number give in brackets) that had tumor cell invasion into the brainstem.

% Tumor metastasis: the percentage of animals with a primary tumor (number give in brackets) that had metastasis to the spinal cord.

All animals either were sacrificed when they showed signs or at P150 (SmoM2models) or P200 (Ptch1model) and only mice with primary tumors when analyzed.

Statistical significance [p value] for each parameter was calculated using Chi-square test for comparing proportions between Kmt2dfl/+ or Kmt2dfl/fl mutant tu-

mors and Kmt2d+/+ tumors of the same model.

ll
OPEN ACCESS

iScience 26, 107831, October 20, 2023 13

iScience
Article



ll
OPEN ACCESS

14 iScience 26, 107831, October 20, 2023

iScience
Article



expressed in GCPs. Comparison of the effect of one mutation (C-terminal) in our sporadic SmoM2 and Ptch1 models further showed that

heterozygous (or homozygous) loss of Kmt2d greatly increases incidence of primary tumors and spinal cord metastasis, even when disease

progression and incidence are different in the twomodels.We predict that KMT2Dmutations will drive aggressive disease in the context of all

the SHH pathway activating mutations seen in human SHH-MB. The clinical relevance of the mouse models developed in this study is high-

lighted by two aspects of patient tumor biology that are recapitulated in these models: (a) mono-allelic loss-of-function mutations in KMT2D

are associated with SHH-MB tumorigenesis34,43,45,46 and (b) metastatic disease in SHH-MB patients occurs most frequently intracranially or

along the spine.8 Of note, while the tumors of all genotypes had LMD around the hindbrain/cerebellum, the dissemination did not spread

tomore anterior brain regions, unlike other models of SHH-MBmetastasis.8,11,83,90 This result could indicate that the kindmetastasis-promot-

ing gene undergoing a secondarymutationwill influence the site of LMD, brain invasion andmetastasis.Our findings thus highlight the impor-

tance of testing the involvement of genes in addition to KMT2D that are preferentially mutated in the b-subtype of SHH-MB, as well as other

subtypes, to identify likely prognostic markers for patients at high risk of recurrent metastasis.

Limitations of the study

One limitation of the study is that for practical reasons the transcriptomic and epigenomic analyses were performed in only one of the 3mouse

models of SHH-MB, although we expect similar results with the N-terminal Kmt2d deletion mutation and in the Ptch1model. In addition, the

sample sizes for the SmoM2-Kmt2dNf and Ptch1-Kmt2dCf SHH-MB models might not be large enough to detect slight differences in tumor

biology caused by the N- and C-terminal deletions of Kmt2d or by aberrantly activating SHH signaling through expression of SmoM2 versus

loss of Ptch1. Beyond the scope of the study, functional studies to test the impact of removing the candidate genes identified by the tran-

scriptomic/epigenomic analyses will be important. An additional possible long-term study would be to validate candidate direct and indirect

targets of KMT2D, as this could contribute to both our understanding of the genetics of SHH-MB tumor metastasis and the molecular func-

tions of KMT2D.
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Figure 7. Transcriptional profiling of SMoM2-Kmt2dCf/Cf primary andmetastatic tumors compared to SmoM2 reveals upregulation of genes/pathways

associated with aggressive cancer

(A) Heatmap analysis of bulk RNA-seq showing differentially expressed genes between SmoM2-Kmt2dCf/Cfprimary andmetastatic tumors. (p<= 0.05; FC>= 1.5).

See also Table S7.

(B) Heatmap analysis of bulk RNA-seq showing differentially expressed genes between SmoM2 primary tumors and SmoM2-Kmt2dCf/Cf primary and metastatic

tumors. (p <= 0.05; FC >= 1.5). See also Table S8.

(C) Network enrichment analysis of genes upregulated in SmoM2-Kmt2dCf/Cf primary and metastatic tumors compared to SmoM2 primary tumors. Also see

Figure S8.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Monoclonal anti-Calbindin D-28K Swant 300

Mouse Monocloanl anti-NeuN EMD Millipore MAB377

Mouse Monoclonal anti-p27 Thermo Fisher Scientific 610241

Purified Mouse anti-Ki-67 BD Pharmingen 556003

Mouse Monoclonal anti-NeurodD1 Abcam ab60704

Rabbit Polyclonal anti-PH3 EMD Millipore 06–570

Donkey anti-Mouse 488 IgG, Alexa Fluor Invitrogen A-21202

Donkey anti-Mouse 647 IgG, Alexa Fluor Invitrogen A-31571

Donkey Anti-Rabbit IgG, Alexa Fluor 555 Invitrogen A-31572

Chicken Polyclonal anti-GFP Aves Lab GFP-1010

Goat Anti-Chicken 647 IgG, Alexa Fluor Invitrogen A-21449

Yoyo1 Iodide (491/509) Thermo Fisher Scientific Y3601

Streptavidin Alexa Fluor 647 Conjugate Invitrogen S-32357

Click-iT� EdU Cell Proliferation Kit for Imaging,

Alexa Fluor� 647 dye

Invitrogen C10340

Click-it EdU assay with Sulfo-Cyanine5 azide Lumiprobe Corporation A3330

Rabbit Monoclonal Histone H3 (D1H2) Cell Signaling Technology 4499

Rabbit Monoclonal H3K4me1 (D1A9) Cell Signaling Technology 5326p

Rabbit Monoclonal H3K4me3 (C42D8) Cell Signaling Technology 9751s

Goat Anti-Rabbit Cross-Adsorbed Secondary Antibody, HRP Thermo Fisher Scientific G-21234

Thermo Scientific Richard-Allan, Eosin-Y Stain Thermo Fisher Scientific 22-050-110

Thermo Scientific Richard-Allan, Hematoxylin 2 Thermo Fisher Scientific 22-050-201

Hoechst 33258 (bis-Benzimide) Thermo Fisher Scientific H3569

Chemicals, peptides, and recombinant proteins

Tagment DNA Enzyme 1 (TDE1) Illumina 15027865

Tagment DNA Buffer Illumina 15027866

Qiagen MinElute Reaction Cleanup Kit Qiagen 28204

NEBNext High-Fidelity 2X PCR Master Mix NEB M0541S

SYBR Green I Thermo Fisher Scientific S7563

Agencourt AMPure XP magnetic beads Beckman Coulter A63880

Agilent High Sensitivity DNA Bioanalysis Kit Agilent Technologies 5067–4626

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific Q32851

Tamoxifen Sigma Aldrich T5648-1G

BSA Sigma Aldrich A2153-100G

EGTA Sigma Aldrich E0396

Sodium Dodecyl Sulfate Thermo Fisher Scientific BP166-100

Triton X-100 Thermo Fisher Scientific BP151-100

NP-40 10% Sigma/Roche 11332473001

Tween-20 Sigma/Roche 11332465001

Digitonin Promega G9441

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Biotin-16-dUTP Sigma Aldrich 11093070910

Terminal Transferase Roche 3333574001

EdU Invitrogen E10187

Mounting, Cryo-OCT VWR 25608-930

10% SDS Thermo Fisher Scientific NP0002

20% Glycerol Sigma Aldrich G1724

Protease/phosphatase inhibitor Thermo Fisher Scientific 78440

4X Loading Buffer Thermo Fisher Scientific LDS0007

SeeBlue Plus2 Pre-stained Protein Standard Invitrogen LC5925

MES SDS running buffer Thermo Fisher Scientific NP0002

NUPAGE 20X Transfer Buffer Thermo Fisher Scientific NP0006-1

NUPAGE Antioxidant Thermo Fisher Scientific NP0005

NuPAGE� 12%, Bis-Tris, 1.0 mm, Mini Protein Gels Thermo Fisher Scientific NP0341PK2

Thermo Scientific Pierce ECL Western Blotting Substrate Thermo Fisher Scientific 32106

Dichloromethane Sigma Aldrich 270997-100ML

Dibenzyl ether (98%) Sigma Aldrich 108014-1KG

Critical commercial assays

Rneasy Plus Mini Kit Qiagen 74134

iScript cDNA Synthesis Kit Bio-Rad 170-8891

Papain Dissociation System Worthington Biochemical Corporation LK003150

Deposited data

Raw and analyzed data This paper GEO: GSE211030

Experimental models: Organisms/strains

Nestin-Cre The Jackson Laboratory

Tronche et al.,91 Giusti et al.92
Strain #003771

Atoh1-Cre Matei et al.66 Strain #011104

hGFAP-Cre Zhuo et al.68 Strain #004600

Ptf1aCre Kawaguchi et al.67 MGI:2387804

Kmt2dCf/Cf or Kmt2d(Exon50-51)flox/flox Jang et al.64

Kmt2dNf/Nf or Kmt2d(Exon16-19)flox/flox Lee et al.63 Strain #032152

Atoh1-FlpoER/+ Wojcinski et al.,93 Available through the Joyner Lab

R26LSL-eGFP-Cre Lao et al.69 Strain 019013

R26LSL-SmoM2-Yfp The Jackson Laboratory

Mao et al.94
Strain #005130

Ptch1fl/fl The Jackson Laboratory

Ellis et al.95
Strain #030494

Oligonucleotides

Kcnc3 Forward: ACCCAACTACTGCAAGCCTGAC

Kcnc3 Reverse: CACTTGTCCTTTCTGTCTGCTG

Allen Brain atlas In situ hybridization

Myc Forward: GTCCGAGTGCATTGACCC

Myc Reverse: TACAGTCCCAAAGCCCCA

Allen Brain atlas In situ hybridization

Gapdh Forward: AGGTCGGTGTGAACGGATTTG

Gapdh Reverse: TGTAGACCATGTAGTTGAGGTCA

IDT DNA qPCR

Atoh1 Forward: GGTCTGTGGTGATCGTTGTTA

Atoh1 Reverse: TACAGAGGAAGGAGAAGGTAGG

IDT DNA qPCR

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Alexandra L.

Joyner (joynera@mskcc.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All sequencing data have been deposited at GEO and are publicly available as of the date of the publication. The accession code is

listed in the key resources table.

� This paper does not report original code.
� Any additional information required to reanalyze data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal work and breeding

All animal experiments were performed with the approval of the Institutional Animal Care and Use Committees at Memorial Sloan Kettering

Cancer Center. The following mouse lines were used: Atoh1-Cre,66 Atoh1-FlpoER,93 Rosa26MASTR(R26frt-STOP-frt-GFPcre),69 R26LSL-SmoM2-YFP,94

Ptch1flox/flox,95 Ptf1aCre,67 hGFAP-Cre,68 Nestin-Cre,91,92 Kmt2dCf/Cf or Kmt2d(Exon50-51)flox/flox,64 Kmt2dNf/Nf or Kmt2d(Exon16-19)flox/flox.63 All

mouse lines were maintained on an outbred Swiss Webster background, except R26LSL-SmoM2-YFP which was maintained on a C57BL/6 inbred

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Sox2 Forward: CAGGAGTTGTCAAGGCAGAG

Sox2 Reverse: GCTCCAAACTTCTCTCCTTTCT

IDT DNA qPCR

Myc Forward: CGCCTACATCCTGTCCATTC

Myc Reverse: AAGCTGTTCGAGTTTGTGTTTC

IDT DNA qPCR

NeuroD1 Forward: AGGCACGTCAGTTTCACTATTC

NeuroD1 Reverse: GCACTTTGCAGCAATCTTAGC

IDT DNA qPCR

Jag1 Forward: ATGGGTCAGAACTGTGACATAAA

Jag1 Reverse: GGTGGACAGATACAGCGATAAC

IDT DNA qPCR

Hes1 Forward: CCAGCCAGTGTCAACACGA

Hes1 Reverse: AATGCCGGGAGCTATCTTTCT

IDT DNA qPCR

Klf9 Forward: TAGGTTAGGCTGCCCATTTC

Klf9 Reverse: CCCAAACTCCTCACTCACTAAA

IDT DNA qPCR

Tgfbr2 Forward: GTTCGTGAGCATGGAGAGATAG

Tgfbr2 Reverse: CAGGGCTGAGATGATAAGAGTG

IDT DNA qPCR

Smad3 Forward: CACGCAGAACGTGAACACC

Smad3 Reverse: GGCAGTAGATAACGTGAGGGA

IDT DNA qPCR

Smad7 Forward: GCCCTCCCTGGATATCTTCTAT

Smad7 Reverse: GATCTTGCTCCGCACTTTCT

IDT DNA qPCR

Software and algorithms

ImageJ Schneider et al.96 https://ImageJ.nih.gov/ij/

DESeq2 Love et al.97 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

MACS2 Zhang et al.98 https://github.com/macs3-project/MACS

BEDTools Quinlan et al.99 http://bedtools.readthedocs.io

Homer Heinz et al.100 http://homer.ucsd.edu/

deepTools Ramı́rez et al.101 https://deeptools.readthedocs.io/en/develop/

Graphpad Prism GraphPad www.graphpad.com
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background. Both sexes were used for the analysis. Animals were housed on a 12 hr light/dark cycle and were given access to food and water

ad libitum. All experiments were performed using mice from embryonic stages to adult (ages E18–P300).

Animals for tumor studies were bred to have littermates that were either homozygous and heterozygous for the Kmt2d floxed allele or

heterozygous and wild type for a Kmt2d floxed allele. For example, Atoh1-FlpoER/+; R26SmoM2/SmoM2; Kmt2dCf/+ male mice were bred

with R26MASTR/+; Kmt2dCf/Cf females and Atoh1-FlpoER/+; R26SmoM2/SmoM2 male mice were bred with R26MASTR/MASTR; Kmt2dCf/+ females

or Atoh1-FlpoER/+; Ptch1flox/flox; Kmt2dCf/+ male mice were bred with R26MASTR/+; Kmt2dCf/CF; Ptch1flox/flox females and Atoh1-FlpoER/+;

Ptch1flox/flox male mice were bred with R26MASTR/+; Kmt2dCf/+; Ptch1flox/flox females. Animals for developmental studies were bred to have

animals with no Cre or heterozygous and homozygous conditional mutants all from the same litter. The breeding schemes are described

in the key resources table.

To induce genetic recombination using FlpoER, one 200ug/g dose of Tamoxifen (Tm) (Sigma-Aldrich) was injected subcutaneously into

the back of P2 mice. Tm was dissolved and stored in corn oil (Sigma-Aldrich) at 20 mg/mL.

METHOD DETAILS

Tissue processing

E18 animals were collected after euthanizing the pregnant mouse by cervical dislocation after they were deeply anesthetized by inhalation of

carbon dioxide and brains fromembryos were harvested and fixed in 4%paraformaldehyde for 24-48 hr at 4�C. P4 animals were euthanizedby

decapitation and tissue harvested and fixed in 4% paraformaldehyde for 24-48 hr at 4�C. Animals P12-P300 were anesthetized and transcar-

dially perfused with PBS followed by cold 4% paraformaldehyde (PFA). The brains and spinal cords with the vertebral column intact were

dissected and post-fixed in 4% PFA at 4�C separately for 48 hr or overnight, respectively. Brains were then cryoprotected in 30% sucrose

before freezing in Cryo-OCT. Frozen brains were sectioned in the sagittal plane at 14 mm.Micro-scissors were used to remove the spinal cords

from the vertebral column and fixed in 4% PFA for another 24 hr and then cryoprotected in 30% sucrose before freezing in Cryo-OCT. Frozen

spinal cords were coronally sectioned at 20 mm.

Microscopy

Images were collected either on a NanoZoomer 2.0 HT slide scanner (Hamamatsu Photonics) with a 20x objective using NDP.scan software

or on a DM6000 Leica microscope using Zen software (Zeiss) using a 20x objective or on a Zeiss LSM 880 confocal microscope system with

a 40X objective using Zen software. All images were processed using NDP.view2 or ImageJ Fiji software.96 3-dimensional images of spinal

cord tumors were collected on a LCS SPIM Light Sheet Microscope from Luxendo with a 20x objective and processed using Imaris

Software.

Histology, Immunofluorescence and Immunohistochemistry

To analyze the histopathology of brain and spinal cord tumors, sections were stained with Hematoxylin and Eosin (Thermo Fisher Scientific)

(H&E) according to the protocol from the manufacturer. Images were collected on a Nanozoomer 2.0 HT slide scanner.

For immunohistochemical (IHC) analysis sections were blocked for at least 1 hr in 5% BSA (Sigma-Aldrich) and 0.3% Triton X-100 (Fischer

Scientific) and incubated overnight at 4�C in antibody diluted in a blocking solution as described in the key resources table. Rabbit anti-

PH3, Mouse anti-Ki67, Mouse anti-p27, Alexa fluor 555 Mouse anti-Ki-67, Mouse anti-NeurodD1 and Mouse anti-NeuN required a

40-minute incubation in antigen retrieval solution (10mM Sodium Citrate, 0.05% Tween-20, pH 6.0) at 95�C prior to blocking. Sections

were then incubated with a species-specific secondary antibody for 2 hr at room temperature (RT) as described in the key resources table.

Nuclei were counterstained with Hoechst 33258 (Invitrogen). Images were collected on a DM6000 Leica microscope or Nanozoomer 2.0 HT

slide scanner.

TUNEL staining

Slides were permeabilized with 0.5% TritonX-100, and pre-incubated with Tdt buffer (30 mM Tris$HCl, 140 mM sodium cacodylate and 1 mM

CoCl2) for 15 min at RT. Slides were then incubated for 1 hr at 37�C in a TUNEL reaction solution containing Terminal Transferase (Roche) and

Biotin-16-dUTP (Sigma-Aldrich), following which slides were incubated with a Streptavidin Alexa Fluor 647 conjugate (Invitrogen S-32357)

for 1 hr.

EdU (5-ethynyl-2’-deoxyuridine) Injection and staining

To assess cell proliferation, EdU (Invitrogen) was injected intraperitoneally at 100mg/g 1 hr before euthanasia. A Click-it EdU assay (Invitrogen

C10340) with Sulfo-Cyanine5 azide (Lumiprobe Corporation A3330) was used per the manufacturer’s protocol to stain sections.

Clearing and light sheet imaging

To image and construct a 3-dimensional map of a tumor along the spinal cord of a SmoM2-Kmt2dCf/Cf animal, the spinal cord was macro-

dissected and cleared using an adaptation of the Adipo-Clear method from Dr. ZhuHao Wu.102 Briefly, samples were post-fixed in 4%

PFA overnight at 4�C, dehydrated in a methanol series and delipidated in dichloromethane (DCM) before rehydration in a methanol series.

The spinal cords were stained with a primary and secondary antibody for GFP+ tumor cells and a Yoyo1 dye for nuclei as described in the key
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resources table for 5 days each. Samples were then fixed in 4% PFA at 4�C, dehydrated through a methanol series and cleared using diben-

zylether (DBE). Imaging was done on a LCS SPIM Light sheet microscope from Luxendo with a 20x objective.

RNA in situ hybridization

RNA in situ hybridization was performed as described in Blaess et al.103 using antisense RNA probes for Kcnc3 and Myc. The templates for

Kcnc3 and Myc were generated by PCR using primers containing T7 or SP6 polymerase promoters from postnatal cerebellum cDNA. The

sequences for the primer pairs used to generate probes are listed in the key resources table.

qRT-PCR analysis of GFP+ tumor cell RNA

Approximately 3 million GFP+ cells from SmoM2 and SmoM2-Kmt2dCf/Cf tumors were sorted and frozen in TRI-reagent (Sigma-Aldrich) from

tumor-bearing animals of ages P35-P50. Total RNA was extracted using the mRNeasy kit (Qiagen), and cDNA was synthesized using

SuperScript IV reverse transcriptase (Invitrogen). For the real-time PCR, 20ng of cDNA was used per reaction and amplified using

StepOnePlus� Real-Time PCR System. The reactions were using a Step One Plus apparatus and software. The fold change was determined

using the formula 2-DDCT, where DDCT= DCT sample – Mean(DCT control) with DCT= CT gene-CT GAPDH. Statistics were determined using

the Mann-Whitney test. Sequence of primer pairs used are listed in the key resources table.

Western Blot

Whole tumor tissue from SmoM2, SmoM2-Kmt2dCf/+ and SmoM2-Kmt2dCf/Cf animals were snap frozen using 2-methyl butane and dry-ice.

Samples were stored at -80�C until ready for protein extraction. Total protein was extracted by sonicating the cells in the appropriate amount

of 2x Laemmeli Buffer (4% SDS, 100mMTris-HCl, pH 6.8, 4%Glycerol, 200mMDTT, with DNase and Protease/Phosphatase inhibitors (Thermo

Fischer Scientific) on ice for 30 min. Samples were spun down for 10 minutes at 16,000g and the pellet resuspended in NuPAGE LDS sample

buffer (ThermoFisher Scientific) before protein concentration determination. Sampleswere run on a 12%Bis-Tris ProteinGel, transferred onto

PVDF membranes, stained with primary antibodies for Histone H3, H3K4me1 and H3K4me3 over night at 4�C, followed by species-specific

secondary antibodies for 2 hrs. at room temperature all described in the key resources table. ECLWestern Blotting Substrate (Thermo Fisher

Scientific) was used to develop the membrane. H3K4me1/3 signal intensity was normalized to the signal intensity of Histone H3. Protein con-

tent wasmeasured using ImageJ96 tomeasure the signal intensity in the appropriate protein band from 3 cell protein samples of each of the 3

genotypes and the intensity reported relative to the average of SmoM2 tumors.

Sample preparation for sequencing experiments

SmoM2 animals between 6-16 weeks, and SmoM2-Kmt2dCf/+ and SmoM2-Kmt2dCf/Cf animals between 5-8 weeks were used for sequencing

experiments. The tumor tissue of the brain wasmacro-dissected from the surrounding normal brain tissue, dissociated and processed using a

Papain Kit (Worthington Biochemical Corporation) and themanufacturer’s protocol. TheGFP+ tumor cells were isolated by fluorescence acti-

vated cell sorting in theMSKCCFlowCytometry Core. Fromeach sample 70,000 cells were processed for ATAC-seq, and 1-5million cells were

frozen at -80�C for RNA-seq.

The spinal cords from the same SmoM2-Kmt2dCf/Cf animals were dissected and dissociated using a papain kit. The GFP+ meta-

static tumor cells were isolated by FACS at the MSKCC Flow Cytometry Core. 70,000 cells were processed for ATAC-seq, and

100,000-3 million cells were frozen at 80�C for RNA-seq. Note, the proportion of tumor cells in the spinal cord samples was much

lower than in the brain samples for primary tumors, thus contamination with spinal cord cells and immune cells is more likely in

the spinal cord samples than primary tumor samples.

RNA-seq sample preparation

Frozen cell pellets of 100,000-3,000,000 cells from spinal cord metastatic tumors and 1-5 million cells from primary brain tumors pre-

pared as described above were submitted to the MSKCC Integrated Genomics Operations (IGO) Core facility for RNA isolation and

sequencing.

ATAC-seq sample preparation

DNAwas isolated from the sortedGFP+ cells describe above and prepared according to theOmni-ATAC protocol.104–106 Briefly, 70,000 cells

per sample were lysed using 0.1% NP-40, 0.1% Tween and 0.01% Digitonin to yield nuclei. The resulting chromatin was fragmented and tag-

mented using Tn5 transposase. DNAwas purified using a QiagenMinElute Reaction Cleanup Kit (Qiagen) and amplified using a NEBNext 2x

MasterMix (NEB). Libraries were prepared using universal forward and reverse primers from Ad2.1-Ad2.24.104 The final libraries were purified

using a single left-handed bead purification with AMPure beads (Beckman Coulter). Libraries were sent to the MSKCC IGO Core Facility for

sequencing.
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QUANTIFICATION AND STATISTICAL ANALYSIS

E18.5 GCP proliferation rate, P12/21 TUNEL, KI67, NeuroD1 and EdU quantification

Proliferation rate was determined by quantifying the number of PH3+ cells per area of the outer EGL (mm2) using the ImageJ software96 on

images collected on the NanoZoomer 2.0 HT slide scanner with a 20x objective. 3 near adjacent hemisphere sections were selected from 3

mice per genotype to manually quantify the number of PH3+ cells and the area of the outer and total EGL.

TUNEL images were taken on a Nanozoomer2.0 HT slide scanner and exported at 20x. Quantification of the TUNEL+ cells on P12 pre-

neoplastic lesions/EGL were performed using ImageJ Fiji Software.96 Similar fields between the paramedian and copula pyramis lobules

in the lateral posterior hemispheres of 3 near adjacent sections were selected and the areas of the EGL (mm2) manually measured. The quan-

tification of the TUNEL+ particles within that area was automated. The reported cell death density was measured by averaging the TUNEL+

particle density on 3 near adjacent sections per animal from 3 animals of each genotype.

Ki67 and NeuroD1 quantification were done on Zeiss LSM 880 confocal images. Using ImageJ software,96 Ki67-DAPI double positive or

NeuroD1-Dapi double positive pixels were quantified and normalized to all DAPI positive pixels as a percentage. For every sample (n=3 per

genotype), 3 sections and 6 40x images (212.55 X 212.55 mm) per sectionwere quantified.On the graph, every point represents the averages of

the 3 sections (18 images).

Images of EdU staining in the lateral posterior hemispheres of 3 near adjacent sections of the cerebellum of P12 animals were taken at 20x

on a DM6000 Leica Microscope and processed using ImageJ Fiji Software.96 Slides were stained with Sulfo-Cyanine5 azide (Lumiprobe Cor-

poration, A3330) and Hoechst. The area of the EGL (mm2) was measured manually and the number of EdU+ GCPs in the area between the

paramedian and copula pyramis lobules were quantified using automation with ImageJ96 and cell density reported. The reported density of

EdU+ cells was measured by averaging the EdU+ cells on 3 near adjacent sections per animal from 3 animals of each genotype.

Quantification of CB and Tumor area

The area of the CB (mm2) and the Folding Index ((1-[convex length/EGL length]) x 100) at E18.5 in the Nestin-Cre Kmt2d mutants were

measured manually on NanoZoomer digitized images of sections stained with H&E and measured using the NDP.view2 software from 3 sec-

tions per animal in 3 animals for each genotype.

The areas of the EGL/lesions at P12 and P21 were calculated as a percentage of the total area of the cerebellum. The regions were outlined

manually on NanoZoomer digitized images of sections stained with H&E and area measured using the NDP.view2 software from 3 sections

per animal in 3 animals for each genotype.

The areas of the metastatic tumors were calculated as a percentage of the total spinal cord area along the spinal cord. Sections were

stained with GFP and DAPI and NanoZoomer digitized images created. NDP.view2 software was used to outline and measure the area of

the tumors and the area of the spinal cord plus tumor on a serial series of coronal sections (every 10th section;�30 sections/mouse). The num-

ber of animals per genotype are listed in the Figures.

Transcriptome analysis

RNA sequencing reads were 3’ trimmed for base quality 15 and adapter sequences using version 0.4.5 of TrimGalore (https://www.

bioinformatics.babraham.ac.uk/projects/trim_galore), and then aligned to mouse assembly mm10 with STAR v2.4 using default parameters.

Data quality and transcript coverage were assessed using the Picard tool CollectRNASeqMetrics (http://broadinstitute.github.io/picard/).

Read count tables were generated with HTSeq v0.9.1. Normalization and expression dynamics were evaluated with DESeq297 using the

default parameters and the Wald test and outliers were assessed by sample grouping in principal component analysis. Gene set enrichment

analysis (GSEA, http://software.broadinstitute.org/gsea) was run against MsigDB v6 using the pre-ranked option and log2 fold change for

pairwise comparisons. Over-representation analysis was done in R using enrichGO in the clusterProfiler package. Network analysis was per-

formed using enrichplot::cnetplot in R with default parameters. GEO ID: GSE211030.

Epigenome analysis

ATAC sequencing reads were trimmed and filtered for quality and adapter content using version 0.4.5 of TrimGalore (https://www.

bioinformatics.babraham.ac.uk/projects/trim_galore), with a quality setting of 15, and running version 1.15 of cutadapt and version 0.11.5

of FastQC. Reads were aligned to mouse assembly mm10 with version 2.3.4.1 of bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml) and were deduplicated using MarkDuplicates in version 2.16.0 of Picard Tools. To ascertain regions of chromatin accessibility,

MACS298 (https://github.com/taoliu/MACS) was used with a p-value setting of 0.001. The BEDTools suite (http://bedtools.readthedocs.io)99

was used to create normalized read density profiles. A global peak atlas was created by first removing blacklisted regions (http://mitra.

stanford.edu/kundaje/akundaje/release/blacklists/mm10mouse/mm10.blacklist.bed.gz) then taking 500 bp windows around peak summits

for ATACand counting readswith version 1.6.1 of featureCounts (http://subread.sourceforge.net). DESeq297 was used to normalize read den-

sity (median ratio method) and to calculate differential enrichment for all pairwise contrasts. Peak-gene associations were created by assign-

ing all intragenic peaks to that gene, and otherwise using linear genomic distance to transcription start site. Peak intersections were calculated

using bedtools99 v2.29.1 and intersectBed with 1 bp overlap. Gene set enrichment analysis (GSEA, http://software.broadinstitute.org/gsea)

was performedwith the pre-ranked option and default parameters, where each gene was assigned the single peak with the largest (in magni-

tude) log2 fold change associated with it. Motif signatures were obtained using Homer v4.5 (http://homer.ucsd.edu).100 Composite and
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tornado plots were created using deepTools v3.3.0101 by running computeMatrix and plotHeatmap on normalized bigwigs with average

signal sampled in 25 bp windows and flanking region defined by the surrounding 3 kb. Over-representation analysis was done in R using en-

richGO in the clusterProfiler package (Table S6). Network analysis was performed using the output from clusterProfiler with enrichplot::cnet-

plot in R with default parameters. The RNA-ATAC scatterplot was created using peak-gene assignments described above. GEO ID:

GSE211030.

Statistical analysis

All statistical analyses of quantified data from sectionswere performed using Prism software (GraphPad) and significance was determined as P

<= 0.05. The statistical analysis used for each figure/subfigure is described in the figure legends.
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