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Genomic rearrangements are a hallmark of most childhood tumors, including medulloblastoma, one of the most
common brain tumors in children, but their causes remain largely unknown. Here, we show that PiggyBac trans-
posable element derived 5 (Pgbd5) promotes tumor development in multiple developmentally accurate mouse
models of Sonic Hedgehog (SHH) medulloblastoma. Most Pgbd5-deficient mice do not develop tumors, while
maintaining normal cerebellar development. Ectopic activation of SHH signaling is sufficient to enforce cerebellar
granule cell progenitor-like cell states, which exhibit Pgbd5-dependent expression of distinct DNA repair and
neurodevelopmental factors. Mouse medulloblastomas expressing Pgbd5 have increased numbers of somatic
structural DNA rearrangements, some of which carry PGBD5-specific sequences at their breakpoints. Similar se-
quence breakpoints recurrently affect somatic DNA rearrangements of known tumor suppressors and oncogenes
in medulloblastomas in 329 children. This identifies PGBD5 as a medulloblastoma mutator and provides a genetic
mechanism for the generation of oncogenic DNA rearrangements in childhood cancer.

INTRODUCTION

Cancer development is caused by the acquisition of somatic muta-
tions affecting tumor suppressors and oncogenes that encode factors
regulating cell proliferation, differentiation, and other hallmarks of
cancer (I). Compared to aging-associated cancers, childhood tu-
mors are characterized by significantly lower total numbers of ge-
netic mutations, although they exhibit chromosomal deletions,
amplifications, translocations, and other complex oncogenic ge-
nomic rearrangements (2). The origins of these oncogenic muta-
tions in childhood and young adult tumors remain obscure. A
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quintessential example is medulloblastoma (MB), one of the most
frequent childhood brain tumors. For example, MBs with activation
of Sonic Hedgehog (SHH) signaling are caused by the aberrant pro-
liferation of cerebellar granule cell precursors (GCPs) due to activat-
ing mutations in SMO or somatic deletions of the tumor suppressors
PTCH1, SUFU, and TP53. MBs also exhibit frequent amplifications
of oncogenes such as GLI2, MYC, and MYCN, and other complex
genomic rearrangements. MBs can be caused by Li-Fraumeni syn-
drome with germline deficiency of TP53, which dysregulates chro-
mosome replication and repair, thereby causing complex oncogenic
DNA rearrangements known as chromothripsis. However, the
causes of somatic DNA rearrangements in sporadic MBs are not
known, despite being a defining feature of this and most other child-
hood and young adult tumors.

Recently, we found that PGBD5 (PiggyBac transposable element
derived 5), the most evolutionarily conserved domesticated DNA
transposase—derived gene in vertebrates, can mediate sequence-
specific DNA rearrangements dependent on its putative nuclease
activity and end-joining DNA repair in human cells (3-5). Although
PGBDS5 can support genomic DNA integration in cells, its cellular
activity predominantly involves double-strand DNA breaks, dele-
tions, and other DNA rearrangements. While the specific enzymatic
mechanisms of PGBD5-induced genome rearrangements need to be
defined, PGBD5 can mediate rearrangements of both heterologous
transposon substrates as well as sequence elements in the human
and mouse genomes (3, 4), as validated by Helou et al. (6, 7) and
recently confirmed by Bigot et al. (8).

RESULTS

In surveying the expression of PGBD5 across human cancers, we
found that most human MBs express high levels of PGBD5 (4).
Therefore, we hypothesized that dysregulation of PGBD5 might
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contribute to the somatic induction of oncogenic DNA rearrange-
ments. Among the four major types of MBs, PGBD5 gene expres-
sion is highest in tumors with constitutive SHH signaling (4). Here,
we used mouse models of sporadic SHH MB, induced by constitu-
tive activation of SHH signaling in developing mouse cerebellar
GCPs, to investigate the possibility of developmental mutator activ-
ity of PGBD5 (Fig. 1A).

First, we engineered mice with loxP sites flanking exon 4 of
mouse Pgbd5, generating Pghd5"" and knockout Pgbd5~'~ mice in
which translation of the protein is out of frame after exon 4 (fig. S1A).
In situ hybridization (ISH) with a Pgbd5 exon 4-specific probe set
confirmed complete loss of exon 4 transcripts in ljgbd5_/_ mice
(figs. SI1B and S3B). We then crossed the Pgbd5~~ alleles into
Ptf1a““*;Ptch ! mice, which develop tumors with the highest
known penetrance among mouse models of sporadic SHH MB
(Fig. 1, B and C) (9). Mosaic loss of Ptchl leads to preneoplastic
hyperplasia of developing cerebellar GCPs due to the constitutive
activation of SHH signaling, similar to sporadic human SHH MBs
with somatic mutations of PTCH]I, which affect more than 40% of
patients with SHH MBs (10). Analysis of three independent cohorts
of Pgbd5*"*;Ptf1a“*;Ptchi™ and Pgbd5~'~;Ptf1a"**;Ptch "M
mice showed that Pgbd5 significantly promoted MB development
(Fig. 1D and fig. S1C). As observed with other mouse cancer models
(11), tumorigenesis was more penetrant in mice with mixed SW ge-
netic background as compared to the congenic C57BL/6] strain.
Among Pgbd5-knockout tumor model mice, as many as 70% of ani-
mals did not develop tumors after 1 year of life (mean 61%, log-rank
P = 1.4 x 10™®), whereas most Pgbd5""* mice (79%) rapidly suc-
cumbed to MBs with a median latency of 5 months.

To exclude the possibility of tumor cell-extrinsic effects of germline
Pgbd5™" deletion, we used Pgbd5-floxed mice in which Pgbd5 loss was
primarily confined to cerebellar progenitor cells due to conditional Cre
expression and loxP recombination. Both Pgbd5" ~;Ptf1a“"**;Ptch '/
mice and their Pgbd5"'~;Ptf1a”"*;Ptch """ littermates devel-
oped MBs with similar penetrance and latency (Fig. 1E). However,
genomic polymerase chain reaction (PCR) analysis using primers
specific for the Pgbd5-floxed allele demonstrated that seven of nine
analyzed tumors (78%) retained a substantial amount of intact
Pgbd5, indicating a selective advantage for Pgbd5-expressing tumor
progenitor cells (Fisher’s exact test P = 2.3 X 107 Fig. 1F and
fig. S1D).

We performed a similar analysis using a developmentally accu-
rate mouse model of sporadic SMO-mutant MB, corresponding to a
mutation of SMO that aberrantly activates SHH signaling in human
patients (10, 12). This model leverages a system for mosaic mutagenesis
with spatial and temporal control of recombination (MASTR) (12,
13). In this system, green fluorescent protein (GFP)-Cre is induced
by tamoxifen at postnatal day 0 (P0) in cerebellar GCPs and further
induces oncogenic SrmoM2 expression and concurrent deletion of Pgbd5
(fig. S2A). Both Pgbd5"" and their Pgbd5"* littermates developed
tumors with similar latencies (Fig. 1G). However, genomic PCR
analysis again showed that most analyzed Pgbd5"" tumors (four of
five) retained intact Pgbd5 alleles, indicating that Pgbd5 enhances
SmoM2-mutant SHH MB development (Fisher’s exact test P = 2.1 X
107% Fig. 1H and fig. S2B). To exclude the possibility that apparent
Pgbd5 expression was due to the infiltration of stromal or immune
cells, we confirmed the requirement for Pgbd5 in MB tumor cell de-
velopment using three of the same SmoM2-mutant tumors for ISH
with a Pgbd5 exon 4-specific probe and Cre-specific probe as a positive
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control for tumor cells (fig. S3, C to F). This revealed specific Pgbd5
transcript expression in tumor cells for two of three analyzed
MASTR-SmoM2;Pgbd5™" tumors. In all, these results indicate that
Pgbd5 promotes tumor development in diverse developmentally ac-
curate mouse models of SHH MBs.

SHH MBs are thought to originate in developing cerebellar GCPs,
which in turn are dependent on SHH signaling (13-20). To exclude the
possibility that PGBD5-induced tumorigenesis is due to its control of
normal cerebellar development, we analyzed the cerebellar cytoarchi-
tecture of Pghd5~'~ mice. We observed grossly intact medial cerebellar
vermis and lateral hemispheres, including normal cytoarchitecture
and morphology, which are essential hallmarks of cerebellar develop-
ment (Fig. 2A). To examine the effects of Pgbd5 deficiency on SHH
signaling directly, we isolated GCPs from the cerebella of 5-day-old
mice, when SHH signaling is required for cerebellar development, and
measured SHH pathway activity using quantitative reverse transcrip-
tion PCR of the canonical SHH signaling biomarker Gli1 (17). We
observed no significant differences in Glil expression between
Pgbd5~"~ and wild-type developing cerebellar GCPs (P = 0.87; Fig. 2B).
Thus, the requirement of Pgbd5 for SHH MB development cannot be
explained by the effects of SHH signaling on growth and survival of
mutant GCPs, which initiate tumor progression.

Oncogenic SHH signaling leads to hyperplasia of cerebellar
GCPs. These preneoplastic cells express Atohl and persist in the
external granule layer between 3 and 8 weeks of age (20, 21). To
examine the effects of Pgbd5 on preneoplastic GCP hyperplasia,
we used an Atohl-GFP reporter transgene and fluorescence-
activated cell sorting (FACS) to isolate preneoplastic GCPs develop-
ing in the cerebellar external granule layer in 3- to 8-week-old
Pgbd5~'~;Ptf1a“"*;Ptch "/, Atoh1-GFP mice (22). We found that
21 of 28 (75%) of Pgbd5™*;Ptf1a“"**;Ptch "V Atoh1-GFP mice har-
bored preneoplastic cells in their cerebella, which was similar to
Pgbd5-knockout mice (Fig. 2, C and D). The preneoplastic populations
also showed no significant differences in the numbers of Atohl-
expressing cells (P = 0.16; fig. S4). Thus, Pgbd5 is dispensable for
normal cerebellar development, physiologic SHH signaling, and the
growth of preneoplastic SHH MB progenitor cells.

Vertebrate PGBD5 is derived from piggyBac DNA transposases,
which induce double-strand DNA breaks and rearrangements at
specific sequences via their ribonuclease H (RNase H)-like domain,
which is highly conserved among vertebrate PGBD5 genes (3, 4, 23,
24). Does PGBD5 promote MB development by inducing sequence-
specific somatic mutations? To test this hypothesis, we performed
whole-genome PCR-free DNA sequencing of MBs from both Ptch1i-

and SmoM2-mutant tumors, as compared to their matched normal

tissues. We analyzed resultant sequencing data using recently devel-
oped methods optimized for the accurate detection of somatic can-
cer genome rearrangements (25).

Pgbd5-expressing MBs from Ptf1a“"" *;Ptch " mice exhibited
nearly twice as many somatic DNA rearrangements, including dele-
tions, insertions, translocations, and amplifications, as compared to
those from Pgbd5-deficient mice (mean 69 and 44, respectively;
t test P = 0.036; Fig. 3A). This increase could not be attributed to the
age of tumor development, as Pgbd5-expressing MBs were signifi-
cantly younger (mean 140 and 201 days, respectively; t test P = 0.024;
Fig. 3B). There was no correlation between the number of somatic
genome rearrangements and tumor age (r = —0.18, P = 0.55;
fig. S5A), consistent with a distinct somatic mutational process re-
sponsible for tumor development. Pghd5*"* and Pgbd5~'~ tumors
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Fig. 1. Pgbd5 promotes tumorigenesis in diverse developmentally accurate mouse models of SHH MB. (A) Schematic of aberrant mechanisms of SHH signaling in cerebel-
lar GCPs in MB development (left). In Ptch7-mutant Ptf1a“"*:Ptch 1™ MB, by deletion of Ptch1 encoding a receptor for SHH, SMO signaling is disinhibited and highly activated,
leading to the generation of activated GLI (GLI*). In Smo-mutant MASTR-SmoM2 or Atoh1-CreER™*Rosa26"->™"2 MB, oncogenic constitutively activated form of SMO results in
GLI activation and aberrant SHH signaling. (B) Schematic of cerebellar tumor development in Ptch1- (top) and SmoM2-mutant (bottom) MB. Red arrowheads mark condition-
ally gene-targeted cell populations. PNLs (purple) lead to MB development. E, embryonic day; P, postnatal day. (C) Representative photographs of dissected brains of
Ptf1a“®*:Ptch 1™ (bottom left) mice that develop MBs marked by white arrows and dashed circles, as compared to Ptf1a“®*,Ptch 7™ mice (top left) that do not develop tumors.
Immunofluorescence microscopy (right) shows high Ki67 (green) and low NeuN (red) expression in MB tumors, with nuclei marked with DAPI (blue). The edge of the tumor
(white inset) is magnified with NeuN-positive cells on tumor edge corresponding to normal cerebellum. (D) Survival of Ptf1a“®*;Ptch 1":Pgbd5*'* (black) and Ptf1a“®*;Ptch1™;
Pgbd5’/ ~ (red) mice. (E) Survival of Ptf1a“"® *Ptch 1" mice with conditional knockout (CKO) of Pgdeﬂ/ ~ (blue) or control Pgbd5+/ ~ (black) or Pgde’/ ~ (red) littermates. (F) Ge-
nomic PCR analysis of conditional Pgbd5 excision in Pgbd5ﬂ/' CKO Ptch1-mutant tumors demonstrates that seven of nine (79%) analyzed tumors retain intact Pgbd5, as detailed
in fig. S1D. (G) Survival of MASTR-SmoM2 mice with CKO of Pgbd5ﬂ/ﬂ (red), as compared to control Pgbd5™* (black) or Pgde’V+ (blue) littermates. (H) Genomic PCR analysis of
conditional Pgbd5 excision in MASTR-SmoM2; Pgdeﬂ/ﬂ tumors demonstrates that four of five (80%) analyzed tumors retain Pgbds5 floxed alleles, as detailed in fig. S2B.
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Fig. 2. Pgbds5 is dispensable for normal SHH signaling and cerebellar development. (A) Representative immunohistochemistry micrographs of sagittal sections of
cerebellum of Pgbd5** (top) and Pgbd5™~ (bottom) mice at 6 weeks of age show normal cytoarchitecture and morphology of cerebellar hemispheres (left) and vermis
(right). (B) Expression of GliT mRNA in purified cerebellar GCPs from 5-day-old Pgde*/+ (black) and Pgbd5’/’ (red) mice. Bars represent means of three biologic replicates
(P = 0.87). (C) Representative fluorescence images of cerebellar hemispheres of 3-week-old Pgbd5™* (top) versus Pgbd5~~ (bottom) Ptf1a“"®*;Ptch1"":Atoh1-GFP mice
showing PNLs (green) marked by Atoh1-GFP expression, with nuclei marked with DAPI (blue). (D) Fraction of mice harboring PNLs (red) in PgdeW’/""t;PthaC'E/";PtchIﬂ/ﬂ;
Atoh1-GFP and Pgbd5’/’;PtflaC’e/*;Ptch7ﬂ/ﬂ;Atoh 1-GFP mice between 3 and 8 weeks of age. Both groups harbor similar fractions of PNLs that are defined as at least 10,000

Atoh1-GFP-positive cells (Fisher’s exact test P = 0.69); ns, not significant.

exhibited similar types of somatic structural rearrangements (fig. S5B).
Similar to human MBs, both Ptchl- and SmoM2-mutant mouse
MBs exhibited relatively low numbers of single-nucleotide variants
(SNVs), consistent with their early embryonal age of onset, regard-
less of Pgbd5 expression (mean 1.6 and 0.28 mutations/megabase,
respectively; fig. S6, A and B). There were also no significant differ-
ences in single- or double-nucleotide mutational signatures between
Pgbd5™"~ and Pgbd5*"* tumors, with the predominance of SBS5 and
SBS18 signatures, currently attributed to chronological age and radical
oxygen stress damage, respectively (fig. S6C) (26).

We identified putative MB tumor suppressor and oncogenes arising
from Pgbd5-induced genomic rearrangements by analyzing their
recurrence in independent mouse tumors, as compared to genes
recurrently mutated in human MBs (Fig. 3C, fig. S7, and data S1, S2,
and S5). This identified several genes, including Fbxw?7, Tbrl, Gfil,
Pik3ca, and others known to be recurrently mutated in human SHH
and non-SHH MBs (data S8) (10). The many of the same genes were
also recurrently mutated in StrnoM2-mutant mouse MB tumors, but
not in the rare Pgbd5-deficient tumors (fig. S8A). Mutated genes
were distributed across multiple distinct chromosomal regions,
consistent with the specific genome-wide activity of their Pgbd5-
dependent somatic mutagenesis (fig. S9 and data S20). This suggests
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that mouse SHH tumors model salient mutational features of
human MBs, including specific developmental PGBD5-induced
mutations.

To elucidate the specific mutational processes responsible for
PGBD5-induced somatic genomic rearrangements in SHH MBs,
we extracted 50-base pair (bp) sequences flanking all somatic DNA
rearrangement breakpoints and analyzed their composition using super-
vised and de novo sequence motif analysis algorithms (fig. S10, A and
B, and data S6). This analysis showed that most of the somatic DNA
rearrangements contained repetitive sequences at their breakpoints,
without apparent differences in rearrangement lengths (fig. S11),
consistent with involvement of nonallelic homologous recombina-
tion or microhomology-mediated end-joining, which showed modest
but not significant differences between Pgbd5-expressing and Pgbd5-
deficient SHH MBs.

In contrast, specific nonrepetitive sequence breakpoints were sig-
nificantly enriched at breakpoints of somatic DNA rearrangements
in Pgbd5-expressing SHH mouse MBs as compared to Pgbd5-deficient
tumors (mean 18 versus 6 per tumor, respectively; ¢ test P = 2.7 X
107%; fig. S11, A and B). Of the 2480 breakpoint sequences derived from
somatic DNA rearrangements among nine PtchI-mutant Pgbd5*"*
MB tumors, 149 exhibited distinct sequence motifs (Fig. 3D). Some
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Fig. 3. Pgbd5 promotes somatic mutagenesis of recurrently mutated tumor suppressor and oncogenes in mouse SHH MBs. (A) Numbers of SVs in Ptf1a®*;Ptch 18
tumors. Pgbd5”+ tumors (black, n = 9) harbor more SVs than Pgbd5‘/' (red, n = 4). Lines indicate mean (69 and 44, respectively), and significance is measured using t test
(*P = 0.036). (B) Age of tumors (days) in Ptch1-mutant tumors. Pgbd5*'* tumors (black, n = 9) are younger than Pgbd5™~ tumors (red, n = 4; mean 140 and 201 days,
*P = 0.024). (C) Oncoprint showing genes recurrently affected by SVs and SNVs in independent Ptch1-mutant tumors. Genes are curated based on likelihood that SVs or
SNVs affect gene function (see Materials and Methods for details). The left nine and right four columns indicate tumors from Pgbd5** and Pgbd5™~ mice, respectively.
Red, blue, light blue, pink, and gray symbols indicate amplifications, deletions, translocations, inversions, and no alteration, respectively. Green and dark gray squares in
gray symbols indicate missense and truncating mutations, respectively. (D) Three Pgbd5*/*-specific motifs are identified at SV breakpoints in PtchT-mutant tumors, using
discriminative MEME with Pgbd5~~ tumors as controls. E values indicate MEME discriminative algorithm significance (see Materials and Methods for details). The fre-
quency shown was calculated by dividing the number of sites by total numbers of 50-bp breakpoint sequences extracted from SVs. (E) These motifs in (D) and the previ-
ously identified PSS_RPE and PSS_Rhab motifs were identified at SV breakpoints affecting known tumor suppressor and oncogenes in six of nine (66%) of Pgbd5*/*
tumors. The affected tumor suppressors and oncogenes are boxed black. (F) Circos plot showing similarities among all motifs (see Materials and Methods for details).
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of these breakpoint sequences exhibited significant similarity to the
PGBD5-specific signal sequence (PSS) motifs previously observed
to be rearranged by PGBD5 in genomic transposition and forward
genetic assays (P = 7.6 x 107>, 4.5 x 1072, and 2.4 X 1072, respec-
tively; Fig. 3F and table S1) (4, 24). We confirmed the specificity of
this PSS breakpoint detection using shuffled sequences that showed
no significant associations despite having identical sequence com-
position (fig. S13 and table S1). We observed similar results in
SmoM2-mutant MB tumors (252 of 5036 PSS-like breakpoints;
P=5.2x107"to 3.4 x 1072 Fig. 3E, figs. S12 and S13, and table S1).
The relatively modest association of MB genomic rearrangement
breakpoints with previously observed PSS motifs suggests that other
developmental mutational processes remain to be found.

The occurrence of somatic genomic rearrangements with spe-
cific PSS motif breakpoints frequently involved known genetic
drivers of MB, including Smo, Nrgl, Wrn, Ntrkl, Fbxw7, and Gfil
(Fig. 3E and table S2). In some cases, we observed recurrently mu-
tated regions, such as, for example, mutations in chromosome 8
affecting both Nrgl and Wrn genes with distinct breakpoints in
three independent mouse MB tumors (table S2). In total, six of nine
(67%) mouse MB tumors exhibit recurrent Pgbd5-associated ge-
netic somatic mutations affecting known MB tumor suppressor and
oncogenes (table S2). These findings indicate that Pgbd5-induced
sequence-specific somatic mutagenesis contributes to mouse SHH
MB development.

To examine the contribution of PGBD5-induced sequence-
specific somatic mutagenesis in human MBs, we used de novo local
sequence assembly-based methods to analyze 329 tumor genomes
isolated from patients with all four major MB tumor subtypes, in-
cluding SHH MBs (Fig. 4, A and B) (27). We found that nearly one
in five somatic MB DNA rearrangement breakpoints contained PSS
motifs, previously observed to be rearranged by PGBD5 in genomic
transposition and forward genetic assays (Fig. 4C and data S9 to
S$12). This enrichment was significant when compared to somatic
breakpoints in non-PGBD5-expressing but highly somatically rear-
ranged human breast carcinomas (x* test P = 7.7 x 10™; Fig. 4C)
(4, 28). Using unsupervised de novo sequence motif analysis, we
also identified four sequence motifs, termed hMB1 to hMB4, which
were also specifically and significantly enriched in breakpoint se-
quences of somatic human DNA MB rearrangements, but not in
those from human breast carcinomas that are also highly somati-
cally rearranged (y* test P = 1.5 x 10™"*% Fig. 4D and figs. S14 and
$15, A and B).

In total, nearly one in three somatic human MB DNA rearrange-
ments exhibited specific sequence breakpoints (Fig. 4D). Multiple
human tumor DNA rearrangement breakpoints were similar to
those detected in Pgbd5-induced mouse SHH MBs (P = 5.3 X 10~°
and 1.0 X 1072 for hMBI1 versus Smo_mMB4 and hMB4 versus
Smo_mMBS5, respectively; Fig. 3F, fig. S13, and table S2). In particu-
lar, hMB4 motif showed significant similarity to PSS_Rhab and
PSS_RPE sequences identified as PGBD5 substrates in cellular as-
says (P = 3.3 X 107% and 6.0 x 107 respectively; Fig. 3F, figs. S13
and S15C, and table S1). Consistent with the oncogenic activity of
PGBD5-induced somatic mutagenesis, many recurrently mutated
key SHH and non-SHH MB tumor suppressors and oncogenes, in-
cluding GLI2, PPM1D, and MYC (29, 30), involved breakpoints with
specific PSS-like sequences (Fig. 4E and data S5). Therefore, human
MBs are defined by somatic DNA deletions, amplifications, and
other chromosomal rearrangements, marked in part by specific
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breakpoints with similarity to PSSs, which recurrently affect MB tu-
mor suppressors and oncogenes.

We reasoned that PGBD5 may induce somatic mutations in pre-
neoplastic lesions (PNLs) in transformed neuronal progenitor cells
and/or their progeny, as they develop into fulminant MB tumors. To
investigate this process, we analyzed yYH2AX as a surrogate marker
of DNA damage signaling in Pghd5™* and Pgbd5~'~ cerebellar GCP
cells transformed by oncogenic SHH signaling in Atoh1-CreER™%;
R265moM2 mice. We observed prominent preneoplastic expansions
in both Pgbd5*"*and Pgbd5~'~ mice at P22 and P23 of development
(fig. S16A). We used the external cell layer structure to identify the
PNLs and 5-ethynyl-2’-deoxyuridine (EdU) pulse-chase labeling to
identify proliferating cells (fig. S16, A and B). Pgbd5*'* preneoplas-
tic cells did not exhibit higher level of yYH2AX nuclear foci in both
dividing EdU-positive and nondividing EdU-negative cells com-
pared with Pgbd5~~ preneoplastic cells (fig. S16, C and D). This
suggests that Pgbd5-dependent mutagenesis occurs upon later tu-
morigenesis of PNLs and/or its early activity in transformed GCPs
does not lead to global DNA damage signaling.

To define potential Pgbd5-dependent mechanisms in cerebellar
GCP transformation induced by oncogenic SHH signaling, we
performed single-nucleus RNA-sequencing (snRNA-seq) gene
expression analysis of Pgbd5** and Pgbd5~'~ MBs isolated
from Ptf1a“**;Ptch " mice (Fig. 5A). Upon identifying MB tu-
mor cells by detecting their DNA copy number alterations induced
by somatic mutations, we mapped the observed MB tumor cell gene
expression onto the developmental ontogeny of normal mouse
cerebellum (31). We observed that gene expression states of both
Pgbd5*"* and Pgbd5~'~ MB tumor cells resembled developing cere-
bellar GCPs and granule cells, with similar abundance of inferred
cell states between Pgbd5** and Pgbd5~"~ MB tumors (Fig. 5, B and C;
figs. S17 and S18; and data S21). Thus, Pgbd5-dependent neuronal
progenitor cell transformation involves GCP-like cells and their
subsequent tumorigenic evolution (Fig. 5E).

Can Pgbd5 contribute to the transformation of cerebellar GCP
transformation induced by oncogenic SHH signaling? To explore
this question, we compared single-nucleus gene expression profiles
of Pgbd5*"* and Pgbd5~'~ for each cell population within the tu-
mors. We observed significantly differentially expressed Pgbd5-
associated genes known to encode regulators of DNA damage repair,
neurogenesis, and cell migration (Fig. 5D and data S22). This in-
cluded Hjurp, which can regulate double-strand DNA repair (32-34),
neurogenesis factors DII3 and Arx (35, 36), as well as neuronal cell
migration regulator Nhslla (Fig. 5D and data S22) (37). Thus, in
addition to its oncogenic mutator functions via sequence-specific
somatic mutagenesis, Pgbd5 may also regulate neuronal progenitor
cell development and DNA damage repair.

DISCUSSION

Although somatic mutational mechanisms have been extensively
documented in aging-associated cancers, how oncogenic DNA re-
arrangements occur during dysregulated development in childhood
and young-onset tumors is poorly understood. Here, we demonstrate
that a domesticated DNA transposase—derived gene causes oncogenic
sequence-specific DNA rearrangements in medulloblastomas, a
common childhood brain tumor (38). We provide evidence that on-
cogenic developmental signaling not only can induce preneoplastic
cell expansion but also involves endogenous mutators to generate
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Fig. 4. PGBD5-associated sequence breakpoints recurrently affect somatic DNA rearrangements of known tumor suppressor and oncogenes in human MBs.
(A) Representation of human patient cohort showing the four major subgroups of MB that were included in the analysis (n = 329). (B) Pipeline to identify somatic SVs in
human MB. (C) Previously identified PSS sequences (4, 24) are enriched at SV breakpoints in human MB as compared to somatic SVs in human breast carcinomas (i test
P=7.7x 107""). Percentages represent the frequency of SVs (each SV has two breakpoints and 4 x 50-mers) where the motif was identified using a FIMO g value thresh-
old of 0.3 based on a ROC curve analysis (fig. S14, B and C). Multiple indicates that more than one motif was identified at one SV, in either distinct or the same 50-mers.
Scrambled sequences showed no enrichment and represent the background of the FIMO algorithm. (D) A set of four de novo motifs identified at SV breakpoints in human
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tated MB tumor suppressors and oncogenes in diverse tumor subtypes involve somatic DNA rearrangements with specific (red) sequence breakpoints, including PSS
motifs. Numbers refer to the SVs detected in human patient cohort described in (A).

Yamada et al., Sci. Adv. 10, eadn4649 (2024) 22 March 2024 7 of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

Analyses

A A Chromium . Processing:
A... = @ ... —> NextGEM :>Illum|na_ => Cell Ranggr =) -Inference of CNVs &
Frozen tumors Single Cell sequencing ARC malignant/normal calling _
Pgbd5**n=3 Nuclei extraction  Further purification ~ Multiome Kit :g?f{:::;:l' Zisfss‘;?:na;‘:;‘ast::”
Pgbd5+-n=3 by Singulator™100 by FACS (7-AAD) P v
B Cell class
RGC @ GrBA interneurons
@ sBrainstem progenitors @ Purkinje cells
@ Neuronal progenitors @ oOther neurons
@ other progenitors Glial progenitors
Upper rhombic lip o
UBC / GCP progenitors @ oiigodendrocytes
@ unipolar brush cells @ Astrocytes
@ Post mitotic NTZ neurons @ mmune
@ Excitatory cerebellar nuclei neurons @ Non-neuroectoderm
GCPs Red blood cells
@ oranule cells @ Mesenchymal stem cells
@ Glutamatergic neurons Roof plate-like stem cells

E10 © E12 O E14 ®E16 ®E18 @P0 @P5 @FP7 @P14

C Pgbd5 +/+ Pgbd5 /-

© Glutamatergic neurons- | 55 ‘82

Astrocytes 20 a4

Glial progenitors+ 10

UBC / GCP progenitors- 3 6
Oligodendrocytes- 3 6

: Other neurons+ 2 2
GABA interneurons+ 0 1

Number of cells mapped to cell class

VZ progenitors

Age Cluster Cell class Pgbd5 +/+ Pgbd5 -/-
P14 2 Granule cells - [ 27 | s
P14 9 Granule cells - [ 207+ | 55°
P14 12 Granule cells - [ 1210 -

P14 3 GCPs - [ 1263 | Ed

P14 7 GCPs - [ 958 | B4

P14 6 GCPs - [l 742 | &

P5 1 GCPs - [ 445 | Y

P5 2 GCPs - J123 | B

P5 6 GCPs - [ 120 | B2

P14 1 Granule cells - | 106 s

P5 8 Glutamatergic neurons - |117 |133

PO 10 GCPs - | 139 Jros

E18 8 GCPs - | 34 | O

P5 4 GCPs - | 55 Jr2s

P5 3 Granule cells - | 55 110

P14 10 GCPs - | 69 |47

P5 0 Granule cells - | 31 B

P14 4 Astrocytes - | 15 |25

P5 5 Granule cells - | 19 |18

PO 0 GCPs -+ 11 7

Number of cells mapped to cell cluster

D
Malignant GCPs o Malignant ZWU’;
granule cells :
6
7.5
= =
T4 ke
@ © 50
L L
= : : =]
5’) Step, Lepreld HuLp /p11a1 5’)
o Bcggmgo\zmooogEomuhh " (o)
—I' 2 Lamb1 l Raddb Gmfiigsos —|| 25
.................. Ket12: ABUGL 5. Saad e ... . e 2P808 Krta
2n:ﬁn : slcadas y Adamts? s |
0 — 0.0
-10 5 10 -10 -5 0 5 10
Pgbd5 +/+ <« Iog2 fold change — Pgbd5 -/- Pgbd5 +/+ <« log, fold change — Pgbd5 -/-
Pathogenic
SHH
signaling
Physiologic
Normal cerebellum 9 DNA damage
o — 4 Additional damage by PGBDS
.we““a } * O Self-renewal
o o o 0/ Q-
O@DO \ < oo
A O , i i i
yp%/a 5 PGBD5 @ PGBD5’s roles in tumorigenesis
Granule cell 'Siy Q% mutagenesis %j -DNA rearrangements
progenitors m & = b =] -Dysregulation in DNA damage repair pathways
‘O*/o "a”Sf"’mam" 5 oo -Dysregulation in neurogenesis and cell migration
Preneoplastic lesion Medulloblastoma

Fig. 5. Pgbd5-dependent mechanisms of cerebellar GCP transformation. (A) Schematic of experimental procedure for snRNA-seq of three Pgbd5*/* and three
Pgbd5~'~ fresh-frozen Ptf1a®*;Ptch1™" SHH MBs; same tumors as were analyzed by whole-genome DNA sequencing were used. (B) Uniform Manifold Approximation
and Projection (UMAP) plots of the cerebellar reference (N = 62,040) used to annotate the cells from Pgbd5** and Pgbd5~~ Ptf1a®*;Ptch1™" SHH MBs. Cells are colored
by age (left) and by refined cell class ontology (right). (C) Cell class and cluster consensus predictions for Pgbd5+/+ (orange) and Pgbd5'/‘ (blue) MB tumor cells. Left: UMAP
plots of the cerebellar reference highlighting the mapped clusters of malignant cells of each genotype. Middle: Bar plot depicting the cell class consensus predictions for
the tumor cells for each genotype. Right: Bar plot depicting the cluster-specific consensus predictions for tumor cells for each genotype. Only clusters with more than
10 cells mapped to by either genotype are shown. (D) Volcano plot showing differential gene expression between Pgbd5** and Pgbd5~'~ malignant GCPs and granule
cells. Genes significantly up-regulated in Pgbd5*"* MBs are highlighted in orange, while significantly up-regulated genes in Pgbd5~"~ tumor cells are highlighted in blue
(logoFC > 0.25, adjusted P < 0.05). (E) Model of PGBD5-dependent tumorigenesis, illustrating how pathogenic SHH signaling is associated with hyperplasia of cerebellar

granule cell progenitor cells, leading to PNLs that undergo PGBD5-dependent somatic mutagenesis and malignant transformation.

Yamada et al., Sci. Adv. 10, eadn4649 (2024) 22 March 2024



SCIENCE ADVANCES | RESEARCH ARTICLE

genomic rearrangements that are predicted to affect tumor suppres-
sors and oncogenes. We also derived the first principles of how a
domesticated DNA transposase can promote somatic genome mu-
tagenesis, providing a foundation for the identification of other
sequence-specific mutational processes in other cancers. This raises
the possibility that incorporation of sequence-specific DNA rear-
rangements into cancer mutational profiling could improve diagno-
sis and treatment (39, 40).

PGBD5-mediated somatic mutagenesis offers a genetic mecha-
nism for sequence-specific DNA rearrangements in developmental
cancers, including neuroblastomas, Ewing sarcomas, desmoplastic
small round cell tumors, rhabdomyosarcomas, small cell carcino-
mas, and many other young-onset cancers that express PGBD5. Ab-
errant PGBD5 activity also offers a plausible mechanism for the
generation of complex DNA rearrangements typically observed in
these tumors, including chromoplexy, and other complex DNA re-
arrangements (41).

Many studies have implicated replication stress as a cause of so-
matic mutations in cancer, including that induced by high-level
SHH signaling in cerebellar GCPs (42). However, this concept does
not explain how sequence-specific mutations, including those af-
fecting tumor suppressors and oncogenes, initially occur. The re-
sults presented here offer a mechanism by which dysregulated
SHH developmental signaling can activate PGBD5 mutagenic ac-
tivity and/or impair its efficient repair. It is also possible that dys-
regulation of PGBD5 and other sequence-specific nucleases can
induce not only somatic mutagenesis by virtue of their cellular
nuclease activities but also epigenetic dysregulation via its interac-
tions with chromatin and cellular factors, such as those identified
in single-nucleus gene expression profiling of specific tumor cells.

While we favor the idea that PGBD5 acts directly on DNA (3, 4,
6-8), direct biochemical and structural studies will be needed to de-
fine the exact enzymatic mechanisms of PGBD5 cellular activities and
their developmental regulatory factors, including the possibility that
PGBDS5 promotes somatic DNA rearrangements through recruitment
of other nucleases and chromatin remodeling factors. This is an im-
portant direction of future work because two recent publications re-
ported an inability to detect DNA transposition of PGBDS5 in cellular
assays (43, 44). While PGBD5 can support genomic DNA integration
in cells, its cellular activity predominantly involves double-strand
DNA breaks, deletions, and other DNA rearrangements, with relatively
few precise transposon-specific excisions and insertions (8). Thus,
human PGBD5 is divergent from “cut-and-paste” transposases such
as Trichoplusia ni piggyBac, but rather should be considered a
transposase-derived protein with domesticated genomic integration
and DNA rearrangement activities in human cells.

Although we focused on the domesticated DNA transposase-
derived PGBDS5 in this study, we propose that the principles and
implications of somatic developmental mutators revealed herein ex-
tend beyond cancer development (38). First, PGBDS5 has been re-
cently implicated in normal brain development, where PGBD5 is
required for the induction of double-strand DNA breaks in develop-
ing neurons and proper neuronal migration and development (45,
46). Second, transposable element-derived genes are among the
most ubiquitously present genes in living organisms (47), with many
transposases domesticated in diverse genetic species and somatic
tissues (48). One can imagine how domesticated transposases can
provide molecular mechanisms for somatic genetic diversification
during normal tissue development and, when dysregulated, cause
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somatic mutations that are increasingly being found as causes of di-
verse sporadic human diseases.

MATERIALS AND METHODS

Mice

Ptfla-Cre/+, Ptch™', and Atoh1-GFP mice were obtained from
M. Hoshino (49), B. Wainwright (50), and J. Johnson (22), respec-
tively. All three lines were initially maintained on mixed back-
grounds (SW and C57BL/6]) and subsequently backcrossed with
C57BL/6] mice to generate C57BL/6]-background mice. Atohl-
CreER™ (Math1-CreER™) (007684) and R26SmoM2 (005130) mice
were obtained from the Jackson Laboratory (51, 52). Atohl -CreER"™
mice were maintained on SW background. Pgbd5-floxed mice were
generated by targeting exon 4 of mouse Pgbd5 (InGenious Targeting
Laboratory; fig. S1A). Targeting vector consisting of LacZ and NeoR
cassettes was electroporated in C57BL/6 embryonic stem cells,
and targeted clones were microinjected into Balb/c blastocysts.
Resulting chimeras were crossed with C57BL/6 FLP mice to remove the
Neo cassette to generate Pgbd5-floxed mice, as confirmed using geno-
typing with SC2 (GAGAGCACCGTTGGTGCATATCAG) and
SC4 (AGAGTATGAGCGGGAGAGGAGCAG) (fig. S1A). Pgbd5-floxed
mice were then crossed with B6.FVB-Tg(Ella-cre)C5379Lmgd/]
(Ella-Cre) mice to generate global Pgbd5-deficient mice, as confirmed
by genotyping with SC2 and SC5 (TTTCTCAGCTGTCCCCAG-
CATAGC) primers. Pgbd5-deficient mice were backcrossed with
C57BL/6] mice for six generations. The MASTR model was adapted
from Wojcinski et al. (53) and Lao et al. (13) (fig. S2A). Atohl-
FIpoER/+, R26MASTR (MA), and R26SmoM2 (SmoM2) mice were
maintained on a mixed background and subsequently outbred into
an SW background. Genotyping of Atoh1-FIpoER/+ and R26™45T®
were done by PCR using following pairs of forward and reverse
primers: GCTCTACTTCATCGCATTCCTTGC (forward) and AT-
TATTTTTGACACCAGACCAAC (reverse) and GATATCTCACG-
TACTGACGG (forward) and TGACCAGAGTCATCCTTAGC
(reverse), respectively. Offspring were obtained by crossing either
Atoh1-FIpoER/+; SmoM2/SmoM2; Pgbd5"* with MA/+; Pgbd5"™,
Atoh1-FipoER/+; SmoM2/SmoM2; Pgbd5"* with MA/MA or Atoh1-
FIpoER/+; SmoM2/SmoM2; Pgbd5"* with MA/MA; Pgbd5"™*. All
experiments were conducted in compliance with protocols approved
by the Memorial Sloan Kettering Cancer Center Institutional Animal
Care and Use Committee.

Tumor induction

On P2, pups from AtohI-CreER™ x R26SmoM2 and crossings from
the MASTR model were injected with tamoxifen (2 and 200 mg/kg;
Sigma-Aldrich, T5648), respectively, in corn oil subcutaneously.
Some pups from the MASTR model were injected on PO. For the
yH2AX analysis using p22/23 Atohl1-CreERT; R26SmoM2, pups were
injected with tamoxifen (200 mg/kg) on PO0. Study end points included
reduced activity, ataxia, and/or domed skulls.

Histology, immunohistochemistry, and immunofluorescence
of mouse cerebellum and tumors

Under deep anesthesia, animals were perfused with intracardiac 0.9%
saline followed by 4% paraformaldehyde (PFA)/0.1 M phosphate buf-
fer (PB). Brains were dissected, further fixed in 4% PFA/0.1 M PB over-
night, and embedded in paraffin blocks. Sagittal sections of cerebella
were stained with hematoxylin and eosin. Immunohistochemistry was
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performed using anti-Ki67 (ab15580, Abcam) and anti-NeuN
(A60, EMD Millipore), respectively. For yYH2AX staining of the PNLs,
cryosections were used. On P22/23, cerebella were dissected and fixed
in 4% PFA/0.1 M PB overnight. After cryopreservation in sucrose,
cerebella were embedded in OCT (Thermo Fisher Scientific), and
blocks were sectioned sagittally in 10-pm sections using a rotary
microtome cryostat (Leica). Sections were stored at —20°C. Antigen
retrieval was done in sodium citrate buffer [10 mM sodium citrate and
0.05% Tween20 (pH6.0)] for an hour at 99°C. Anti-phospho-histone
H2A.X (Ser'®) antibody (JBW301, MilliporeSigma) was used in
combination with an Alexa Fluor 488-conjugated anti-mouse
immunoglobulin G antibody (Invitrogen).

EdU staining

On P22/23, at 2 hours before sacrifice, EAU (50 mg/kg, Invitrogen)
diluted in 0.9% saline was injected intraperitoneally. Cryosections
were prepared as detailed above. For double staining with YH2AX,
antigen retrieval was performed before EAU staining. Click-iT
Plus EAU Alexa647 Imaging kit (Invitrogen) was used to stain
EdU" nuclei.

Counting of YH2AX foci

The PNLs between lobule VI and VII of the vermis from Atohl-
CreER™; R26SmoM2; Pgbd5** and Pgbd5™'~ mice were imaged
using LSM800 (Zeiss) with a 63X oil lens. A total of 90 nuclei per
animal (3 images X 30 nuclei) were counted for yYH2AX foci and for
the presence of EAU.

Copy number analysis

Upon euthanasia and tumor dissection, genomic DNA was extracted
from tumors and matched normal tissues (Transnetyx). Genomic
DNA real-time PCR was performed using probes for Pgbd5 wild-
type (Pgbd5-1 WT), Pgbd5-floxed (Pgbd5-1 FL), and Pbgd5-null
(Pgbd5-1 EX) alleles, with probes for jun as reference (Transnetyx).

Isolation of mouse cerebellar GCPs

The protocol was adapted from Nakashima et al. (54) and Lee
et al. (55). Briefly, P5 cerebella were trypsinized at 37°C, followed
by deoxyribonuclease (DNase) I treatment. GCPs were then iso-
lated by a Percoll gradient consisting of 60 and 35% Percoll solu-
tions. After centrifugation at 2000g, cells at the interface between
the 35 and 60% Percoll were collected. The cells were washed
twice in phosphate-buffered saline (PBS) before analysis.

Isolation and sorting of PNLs

After euthanasia, cerebella at 3 to 8 weeks were isolated and dis-
sociated by trypsin followed by DNase I treatment (55). The cells were
resuspended in 0.1% bovine serum albumin/PBS with DNase I.
The GFP-positive population representing PNLs were collected by
FACS using the FACSMelody system (BD Biosciences). After doublet/
triplet and dead cells were excluded, GFP-positive fractions
were collected for analysis. Data were analyzed using FlowJo version
10 (BD Biosciences).

Gene expression analysis

Total RNA was extracted from P5 GCPs using RNeasy Plus Micro
Kit using on-column DNA digestion protocol (Qiagen). Reverse
transcription was performed using qScript (Quanta Biosciences)
followed by real-time PCR using KAPA SYBR FAST ROX Low
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(Roche) on the ViiA 7 Real-Time PCR instrument (Applied Biosystems).
The following primers were used for Glil (forward, GAGGTTGGGAT-
GAAGAAGCA; reverse, CTTGTGGTGGAGTCATTGGA), Pgbd5
(forward, GCGGCCGGAAAGAACTATATGC; reverse, CACAGCAG-
TAGATCCCTTGC), and Actb (forward, GAGAAGATCTGGCAC-
CACACG; reverse, GGTCTCAAACATGATCTGGGTC).

RNA ISH/FISH

BaseScope hybridization probes specific for Pgbd5 exon 4 were
generated as per the manufacturer’s instructions (ACD, catalog no.
1181898-C1). Upon cardiac perfusion and fixation in 4% PFA/0.1 M
PB overnight, dissected brains were washed twice with 30% sucrose/
PBS and incubated overnight at 4°C. After cryopreservation in sucrose,
brains were embedded in OCT (Thermo Fisher Scientific), and
blocks were sectioned sagittally in 10-pm sections using a rotary
microtome cryostat (Leica). Sections were stored at —80°C.
Cryosections were baked for 1 hour at 60°C and fixed in 4% PFA for
15 min followed by washing in PBS. After dehydration, epitope
retrieval treatment with ER2 for 5 min at 95°C and subsequent
Protease III treatment for 15 min at 40°C were performed. The
probe set was hybridized for 2 hours at 42°C. Signal amplification
steps were performed according to the manufacturer’s protocol. Fast
Red (Leica Bond Polymer Refine Red Detection kit DS9390) was
used as chromogen. Hematoxylin was used as a counterstain. Mouse
Ppib (ACD, catalog no. 701078) and Bacillus subtilis dapB (ACD,
catalog no. 701018) probe sets were used as positive and negative
controls, respectively. An adjacent section of the Pghd5 ISH section
was used to identify Cre-expressing cells, i.e., tumor cells. A Cre-
specific probe set (ACD, catalog no. 312288-C2) was used for fluo-
rescence ISH (FISH). Cryosections from frozen samples were baked
for 1 hour at 60°C. Sections were fixed in 4% PFA for 15 min and
washed in PBS followed by dehydration. Epitope retrieval treatment
with ER2 for 10 min at 95°C, followed by 10 min of incubation
with ACD 2.5 LS Hydrogen Peroxide, was performed. The probe
set was hybridized for 2 hours at 42°C. Mouse Ppib (ACD, catalog
no. 313918) and bacterial dapB (ACD, catalog no. 312038) probes
were used as positive and negative controls, respectively. The
hybridized probes were detected using the RNAscope 2.5 LS
Reagent Kit-Brown (ACD, catalog no. 322100) according to the
manufacturer’s instructions with the following modifications.
3,3’-diaminobenzidine application was omitted and replaced with
Alexa Fluor 488 Tyramide signal amplification reagent for 20 min at
room temperature (Life Technologies, B40953). After staining, slides
were washed in PBS and incubated in 4’,6-diamidino-2-phenylindole
(DAPL 5 pg/ml; Sigma-Aldrich) in PBS for 5 min, rinsed in PBS,
and mounted in Mowiol 4-88 (Calbiochem). Slides were stored at
—20°C before imaging.

Whole-genome sequencing of mouse MBs

Tissues, including tumor and matched skin or spleen, were harvested
from symptomatic mice and flash-frozen using a dry ice and ethanol
bath. DNA and RNA were extracted using the Qiagen AllPrep kit,
according to the manufacturer’s instructions. Paired end libraries
(2 x 150 bp) were prepared using Illumina TruSeq DNA PCR-Free
kit and sequenced using Illumina HiSeq X at a depth of 80x for
tumors and 40X for matched normal tissues. Reads were aligned
to the mm10 reference genome with BWA-MEM (version 0.7.15)
and processed by eliminating duplicate reads with NovoSort Mark-
Duplicates (version 3.08.02). SNVs were detected using Mutect2
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(version 4.0.5.1), Strelka2 (version 2.9.3), and Lancet (exonic)
(version 1.0.7). High-confidence SNVs included those that were
detected by more than one caller. SVs were detected using Manta,
SvABA (version 0.2.1), and Lumpy (version 0.2.13). For SVs, all
those that passed quality filters were included. Sequencing data are
available from the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA).

Single-nucleotide mutational signature analysis

of mouse MBs

Mutational signature analysis was performed using three main
steps: de novo extraction, assignment, and fitting (56). For the first
step, we ran hierarchical Dirichlet process (https://github.com/
nicolaroberts/hdp, ¢78989b). Then, all extracted signatures were
assigned to the COSMIC reference (https://cancer.sanger.ac.uk/
signatures/sbs/) (39) to define which known mutational processes
are active. Last, we applied our recently developed fitting algorithm
(https://github.com/UM-Myeloma-Genomics/mmsig, df771ba) to
estimate both the presence and the contribution of each mutation-
al signature in each sample (57).

Identification of genes affected by SVs in mouse MBs

Genes analyzed included those from the COSMIC cancer gene
census (58). We considered genes to be putatively affected by SV's
if (i) the gene was affected by an SV breakpoint; (ii) the gene over-
lapped with a duplication, inversion, or deletion; or (iii) the gene
resided within 25 kb of a translocation breakpoint. For the Onco-
print depicted in Fig. 3C, we curated putative driver alterations
arising from Pgbd5-induced SVs by analyzing for recurrence, as
well as comparing to genes known to be recurrently mutated in
human SHH MBs. Specifically, the putative tumor suppressor and
oncogenes were identified as (i) genes affected by SVs in >4
Ptch1-mutant tumors, (ii) genes affected by point mutations in >2
tumors, (iii) genes affected by SVs in >2 tumors that were also
affected by SVs in >10% of human SHH MBs, or (iv) genes af-
fected by SVs that were demonstrated to be recurrently mutated
by Northcott et al. (10). These SVs were further analyzed for their
chromosomal loci. By using the UCSC cytoband annotation file,
the cytobands corresponding to the region in which each break-
point of SVs resides were annotated (fig. S9 and data S20).

Whole-genome sequencing of human MBs

All patient material was collected after receiving written informed
consent, which includes consent to publish the data, as approved
by the Medulloblastoma Advanced Genomics International Con-
sortium and the International Cancer Genome Consortium (27).
Somatic SV's were called using Genomon-SV (v0.4.1) and DELLY2
(v0.7.5) as described by Skowron et al. (27). For each SV de-
tected by either algorithm, we used Velvet to assemble reads
around the detected breakpoints, and the resultant contigs were
then remapped locally using human genome reference sequences
with and without detected SVs using blat. This approach ensures
detection of heterozygous SVs, which would be mapped both to
reference sequence without incorporated variant contigs and to
reference sequence that incorporates them. Subsequently, we se-
lected variants for which assembled contigs could be mapped to
the reference sequence containing somatic SVs, and variants from
matched normal tissue that could not be mapped to the reference
sequence that incorporates variant contig sequences. Sequencing
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data are available from European Genome-phenome Archive (EGA)
using the following accession numbers: EGAD00001003125,
EGADO00001004347, and EGAD00001003127.

Identification of breakpoint sequence motifs in mouse MBs
Sequences +50 bp flanking both breakpoints from identified SVs
were extracted with bedtools (version 2.29.2) using the mm10 refer-
ence genome. To identify motifs that are putatively associated with
Pgbd5 activity in mouse tumors, we used de novo motif analysis of
the breakpoint sequences from Pgbd5-expressing tumors and the
breakpoint sequences from Pgbd5-deficient tumors as background.
We used discriminative MEME (v5.4.1) (59), which determines
relative sequence enrichment in an experimental set of sequences
relative to a control set. Pghd5-deficient breakpoint sequences were
used as controls. Discriminative MEME was used with default pa-
rameters but limited to between 11 and 16 bp. Repetitive motifs
were eliminated, and the remainder were chosen as putative Pgbd5-
associated motifs. For SmoM2-mutant tumors, motifs were identi-
fied using classic MEME with default parameters and limited to
between 11 and 16 bp.

Identification of breakpoint sequence motifs in human MBs
Sequences +50 bp flanking both breakpoints from identified SVs
were extracted with bedtools (version 2.29.2) using the hg19 refer-
ence genome. To identify de novo motifs, classic MEME (version
5.1.1) (60) with default parameters but limited to 11 bp was used
(http://meme-suite.org/). Putative PSS motifs were selected by elim-
inating repetitive motifs and by determining whether candidate mo-
tifs were found when discriminative MEME was run relative to
50,000 randomly selected 50-mers from the hg19 reference genome
without repeat masking. To quantify the abundance of motifs at SV
breakpoints, we used FIMO (version 5.1.1) (60) with default param-
eters (fig. S14). Q-value cutofts for quantitation were determined by
identifying a threshold where previously identified PSS motifs
(Rhabdoid and RPE) could be specifically detected, but negative
control motifs (RAG1/2 and scrambled) were not. This cutoff was
characterized by a receiver operating characteristic (ROC) curve
and chosen for sensitivity of 100% and specificity of 75% for the
previously identified PSS motifs. For the quantifications, each SV is
counted only once (i.e., each SV has 4 X 50-mers and 2X break-
points). As a comparator, we included human breast carcinoma SVs
(4, 28). To mimic the background distribution of the FIMO algo-
rithm, we used randomly scrambled sequences.

Sequence motif comparisons

The similarity of motifs was evaluated using TomTom (https://
meme-suite.org/meme/tools/tomtom) (61). The first set of query
motifs that included those from three Ptchl-mutant tumors and six
SmoM2-mutant tumors were compared with previously identified
target motifs [PSS motifs: including 11 motifs (PSS_1 to 11), PSS_
Rhab, PSS_RPE, and PSS_HPRT]. To test for similarities, 10,000
shuffled target motifs were generated and their P values were exam-
ined. If the P value of the target motif ranked within the lowest 5%
of all 10,001 P values, motif was deemed significantly similar. In the
same way, the second set of query motifs (hMBI to hMB4) were
compared with nine mouse motifs and their shuffled sequences.
Last, the query motif sets (hMB1 to hMB4) were compared with the
previously identified 14 PSS motifs and their shuffled sequences. A
Circos plot (Fig. 3F) was generated to show similarities among all
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motifs. Line thickness is proportional to degree of similarity, as
indicated. The mouse MB motifs include three PtchI-mutant motifs
in blue (Ptchl_mMBI-3) and six SmoM2-mutant motifs in green
(Smo_mMB1-6). The human MB motifs are colored purple (hMB1
to hMB4). The previously identified PSS motifs include 14 motifs in
gray (PSS_1-11, PSS_Rhab, PSS_RPE, and PSS_HPRT) (4, 24).

Single-nuclei multiome ATAC + gene expression

of mouse MBs

Nuclei extraction

Frozen pieces (~50 mg) of tumors from Ptfla-Cre/+; Pich1™,
Pgbd5*"* (n = 3) and Pgbd5~'~ (n = 3) were used for nuclei isola-
tion. Nuclei extraction was performed according to the protocol
from Masilionis et al. (62). Singlulator100 (S2 Genomics) was
used for nuclei extraction. Extracted nuclei were stained with
7-aminoactinomycin D (Invitrogen) and FACS-sorted for further
nuclei purification. Ten thousand nuclei were targeted for library
construction using ChromiumNextGEM Multiome ATAC + Gene
Expression kit (10x Genomics).

Single-cell multiome data processing and QC

Cell Ranger ARC v2.0.0 (10x Genomics) was used (“count” option
with default parameters) to filter and align raw reads, identify
transposase cut sites, detect accessible chromatin peaks, call cells,
and generate raw count matrices for scMultiome samples. Align-
ment was performed using the mm10 reference genome build cou-
pled with the Ensembl 98 gene annotation. Reads that mapped to
the intronic regions were excluded for the RNA modality.

Quality control (QC) and data processing steps were performed
using Signac v1.3.0 (63) and Seurat v4.3.0 (64). QC metrics for
RNA and Assay for Transposase-Accessible Chromatin (ATAC)
modalities were calculated independently but were jointly used to
filter cells. A combination of thresholds was established for each
sample based on hard cutoffs or on the distribution of each metric
within the sample (data S21). In the RNA modality, cells were fil-
tered on the number of genes, unique molecular identifiers (UMIs),
and mitochondrial content. In the ATAC modality, cells were fil-
tered on the number of peaks detected, transcription start site en-
richment, and nucleosome signal.

Normalization and dimensionality reduction in single-cell
multiome data

For the RNA modality, libraries were scaled to 10,000 UMIs per
cell and log-normalized. UMI counts and mitochondrial content
were regressed out from normalized gene counts, and the residu-
als were z-scored gene-wise. Dimensionality reduction was per-
formed using principal components analysis (PCA) on the top
2000 most variable features. For the ATAC modality, peaks were
called using MACS2 (v2.2.7.1) (65) using the CallPeaks function
from Signac library with default parameters. ATAC reads were
quantified in each peak per cell, and a resulting count matrix was
generated. Dimensionality reduction was performed using latent
semantic indexing (LSI) (66).

A weighted nearest neighbor graph was constructed between all
cells using the first 30 principal components from the RNA data and
the top six dimensions of the LSI reduction from the ATAC data
with the following default parameters: 20 multimodal neighbors,
200 approximate neighbors, and L2 normalization enabled. This
weighted nearest neighbor graph was used as input for projection
into two dimensions using Uniform Manifold Approximation
and Projection (UMAP) (67) and for clustering using a shared
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nearest-neighbor (SNN) algorithm (64) based on the Louvain algo-
rithm on a k-nearest neighbor graph with k = 20 and resolution 0.2.
Joint sample integration and visualization in single-

nuclei RNA data

RNA libraries from all samples were merged and processed as de-
scribed above for normalization and dimensionality reduction with
a minor change (no variables were regressed out). To visualize the
samples in a shared UMAP space, Harmony (v0.1.1) (68) was run to
integrate the samples using the first 30 principal components as in-
put and regressing out the differences between samples. The result-
ing batch-corrected embedding and the top 30 dimensions were
used as input for projection into two dimensions (UMAP) and for
clustering (SNN algorithm) with k = 20 and resolution 0.5.

Cell type annotation in single-nuclei RNA data

Annotation of cell types was performed using four different
reference-based annotation tools: three machine learning-based
prediction methods [SciBet (69), SingleCellNet (70), and SingleR
(71)] and a statistical model [Spearman correlation as previously
described (72)]. A consensus label annotation was assigned when
at least two methods agreed.

Cell type annotation was performed using a murine cerebellar
developmental atlas (31) [nine developmental samples ranging
from time points E10 (embryonic day 10) to P14; N = 62,040 cells]
as the reference. To obtain more granular clusters in the reference,
we reprocessed and clustered each individual reference sample as
described above, resulting in 209 new clusters. To label these new
clusters, we used a combination of age, new cluster number, and
cell class information from the original publication (31). Cell class
was assigned on the basis of the proportion of the original cell type
in the new cluster. If the proportion of one original cell type was
greater than 75% in the new cluster, that label was used. In cases
where this was not achieved, a label consisting of two prominent
cell type labels was used. The new cluster labels were used to per-
form annotation of cell types in the mouse MB samples.
Malignant cell identification in single-nuclei RNA data
Copy number variants (CNVs) were inferred on a sample basis
using inferCNV (v1.10.1) (73) with the following parameters:
cutoff = 0.1, window_length = 101, analysis_mode = “samples,’
cluster_by_groups = FALSE, sd_amplifier = 1.5, HMM = FALSE,
and denoise = TRUE. The mitochondrial chromosome (defined as
having gene symbols starting with “mt”-), ribosomal genes (defined
as having gene symbols matching “Rps,” “Rpl,” “Mrps,” “Mrpl”), and
MHC genes (defined as having gene symbols starting with “H2”-)
were excluded from the CNV inference. A normal reference was
assembled selecting clusters composed of a single cell type and
originating from multiple samples (immune and oligodendrocyte
precursor cell clusters) in the integrated snRNA-seq space. Last, hi-
erarchical clustering of cells based on their CNV profiles was used
to identify subtrees of malignant cells with prominent copy number
signal, distinguishing them from normal cells lacking CNV signal.
Differential expression in single-nuclei RNA data
To identify differentially expressed genes (DEGs) between different
genotypes within malignant cell populations, we used two different
strategies. The first approach used a Wilcoxon rank sum test applied
through the FindMarkers function from the Seurat package (logFC.
threshold = 0, min.pct = 0.05). For the second approach, pseudo-
bulk RNA files were generated and processed for the targeted cell
populations of each sample. Adaptor sequences and the first four
nucleotides of each read were removed from the pseudobulk read
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sets using Trimmomatic (v0.39) (74). Reads were scanned from the
5" end and truncated when the average quality of a 4-nucleotide
sliding window fell below a threshold (phred33 < 30). Short reads
after trimming (< 30 bp) were discarded. High-quality reads were
aligned to the mouse reference genome build mm10 using STAR
(v2.7.9a) (75) with default parameters. Multimapping reads (MAPQ < 1)
were discarded from downstream analysis. Gene expression levels
were estimated by quantifying reads mapping to at most two loca-
tions (MAPQ > 3) to exonic regions (the maximal genomic locus of
each gene and its known isoforms) using featureCounts (v2.0.3)
(76) and the mm10 ensGene annotation set from Ensembl. Gene
expression levels were estimated by quantifying primary alignments
mapping to at most two locations (MAPQ > 3) to exonic regions
(the maximal genomic locus of each gene and its known isoforms)
using featureCounts (v2.0.3) (76) and the mm10 ensGene annota-
tion set from Ensembl. Normalization (mean of ratios) of the data
and differential gene expression analysis were performed using
DESeq2 (v1.30.1) (77) with the Wald test. Genes that pass signifi-
cance in both strategies (log,FC > 0.25 and adjusted P value > 0.05)
are DEGs with strongest confidence.
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