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Sonic hedgehog accelerates DNA replication to cause replication stress
promoting cancer initiation in medulloblastoma
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Summary

The mechanisms generating cancer-initiating mutations are not well understood. Sonic hedgehog
(SHH) pathway activation is frequent in medulloblastoma (MB), with PTCH1 mutations being a
common initiating event. Here, we investigated the role of the developmental mitogen SHH in
initiating carcinogenesis in the cells of origin, granule cerebellar progenitors (GCPs). We
delineate a molecular mechanism for tumor initiation in MB. Exposure of GCPs to Shh causes a
distinct form of DNA replication stress, increasing both origin firing and fork velocity. Shh
promotes DNA helicase loading and activation, with increased Cdc7-dependent origin firing. S-
phase duration is reduced and hyper-recombination occurs, causing copy-number neutral LOH, a
frequent event at the PTCH1/ptchl locus. Moreover, Cdc7 inhibition to attenuate origin firing
reduces recombination and preneoplastic tumor formation in mice. Therefore, tissue-specific
replication stress induced by Shh promotes LOH, which in tumor-prone Ptch1™"” GCPs results in

loss of this tumor suppressor, an early cancer initiating event.
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Granule cell progenitors (GCPs) of the cerebellum produce the largest neuronal population in the
human brain' and proliferate in response to Sonic hedgehog (Shh)*. GCPs are also the cell of
origin of SHH-MB’”, a common subtype of the most frequent malignant pediatric brain tumor®,
most commonly caused by Shh pathway mutations’. Mutations in the SHH receptor PTCH1 are
frequent genetic drivers of SHH-MB®, and PTCH1 is also mutated Gorlin syndrome, a cancer
predisposition disorder. PTCH1 is a tumor suppressor and acts to negatively regulate
intracellular downstream SHH signaling. Using MB-prone Ptch1*" mice, we previously found
that loss of heterozygosity (LOH) of the wild-type Ptchl allele is the molecular event leading to
preneoplasia formation and MB initiation’; however, the cause and molecular mechanism

leading to PTCH1 LOH and MB remained to be defined.

It has been proposed that oncogene or aberrant growth factor activation in precancerous lesions
induces replication stress and DNA damage'*'", fueling genomic instability and cancer growth'?.
While a link between oncogene activation and malignant growth has been established in many
cancer types, little is known about the molecular causes leading to the acquisition of tumor-
initiating mutations in normal tissues, an outstanding problem in the cancer field"*. Working on a
unique system that allowed us to study GCPs in vivo and ex vivo, we tested whether the normal
proliferative effects of the developmental morphogen Shh can lead to genomic instability and

DNA lesions responsible for tumor initiation in the SHH-MB cell-of-origin.

The present work therefore describes a hitherto unknown role for Shh as physiological inducer of

DNA replication stress and somatic recombination in neural progenitor cells. In contrast to
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oncogene-induced replication stress'*'”, we found that Shh-induced replication stress does not
lead to replication inhibition but is instead associated with a concomitant increase in both
replication origin firing and fork speed. Enhanced Shh-dependent origin firing is mediated by
helicase loading and activation, that promotes replication stress and recombination. The increase
in replication origins in Shh-exposed GCPs is dependent on Cdc7, a kinase regulating origin
firing, and reducing Shh-dependent origin firing via Cdc7 inhibition blocks Shh-replication stress

and MB initiation in tumor-prone mice.

Results

L arge-scale deletions and recombination events cause PTCH1 L OH in medulloblastoma

To investigate the mechanism of tumor initiation in SHH-MB, we first determined the nature of
the mutations that cause biallelic PTCH1 inactivation in human and mice. Most mutations in the
first PTCH1 allele in human SHH-MBs are indels and SNVs. Reanalysis of a human MB cohort®
indicated that 77% (43/56) of those cases additionally display loss of the wild-type allele as a
result of 9q deletions (29/56; 52%; copy loss-LOH) or 9q copy-neutral LOH (14/56; 25%) (Fig.
la,b). Copy-neutral LOH (CN-LOH) involves the duplication of one chromosome segment or
whole chromosome along with the loss of the corresponding homologous region, and can be due
to chromosome segregation errors or recombination events'®. Thus, we further analyzed CN-
LOH events in human SHH-MB to identify the cause of CN-LOH. All cases displayed large
regions of homozygosity (99 CN-LOH) comprising and neighboring the PTCH1 locus, while the
centromere and 9p arm of the chromosome retained heterozygosity, indicating that the CN-LOH
event responsible for the loss of the PTCH1 wild-type allele is homologous recombination (Fig.

la).
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As well, in advanced Ptch1*” MBs in mice, we identified megabase-long segments of
homozygosity on chromosome 13 (Fig. 1¢) causing CN-LOH, consistent with previous
reports'"'®. Since the chromosome containing the first Ptch1 mutant allele is used as
recombination template, these changes result in biallelic loss of Ptchl, evidenced as complete
absence of Ptchl exon 1-2, the genomic region corresponding to the engineered Ptchl mutation
' (Fig. le). Consistent with CN-LOH, whole chromosome 13 arm losses or big deletions were
not detected, as assessed by comparative genome hybridization arrays and chromosome paints
(Fig. 1d-f). These findings indicate that the mutation events leading to Ptchl LOH in most (9/11;
82%) Ptch1'” MBs and at least 25% of human MBs are somatic (mitotic) recombination events,

which result in copy-neutral LOH (Fig. 1a).

Sonic hedgehog causes DNA replication stress

DNA replication stress, a state of deregulated DNA replication®, is a major cause of LOH and
CNVs*"*?, During the early stages of cancer development, oncogene-induced replication stress
(OI-RS) causes DNA breaks and genomic instability. This in turn promotes multistage
carcinogenesis by driving extensive LOH and inactivation of tumor suppressor genes'"'"">.
Since Shh is a well-established mitogen for GCPs”, we used primary GCPs to test whether Shh
causes DNA replication stress in the SHH-MB cell-of-origin. This is a plausible hypothesis in
light of our previous observation that Shh induces y-H2AX and DNA breaks in GCPs **, and
based on previous studies showing that neuronal progenitors, including GCPs, require the

presence of essential S-phase checkpoint proteins to maintain genomic stability®>’.
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We investigated whether physiological levels of Shh cause DNA replication stress during S-
phase by performing short BrdU pulses in wild-type GCPs cultured in the absence or presence of
Shh. Consistent with Shh inducing replication stress in S-phase, enhanced y-H2AX levels were
seen in Shh-treated GCPs specifically in S-phase (Fig. 2a, Extended Data Fig. 1a). v-H2AX foci
frequently co-localized with regions of DNA synthesis (Fig. 2b), and y-H2AX progressively
accumulated with S-phase progression (Extended Data Fig. 1b), highlighting a relationship
between Shh-induced y-H2AX foci and DNA synthesis. GCPs also display 53bp1 foci,
preferentially in S-phase in vitro and in vivo in GCPs that are actively responding to Shh (Fig.
2c¢,d and Extended Data Fig. 1c). Together, these data suggest that Shh induces replication stress
in GCPs. We then used CIdU and IdU labeling regimes to determine the fate of Shh-dependent y-
H2AX foci in G2 and post mitotically in GCPs that previously transited through S-phase. -
H2AX fluorescence levels and the number of »-H2AX foci/cell were significantly lower in G2
compared to S-phase and continued to decrease post-mitotically in GO/1 cells (Extended Data
Fig. 1d-g); similarly, 53bp1 foci were resolved before G2 (Extended Data Fig. 1h). These results
established that the majority of Shh-induced DNA damage foci generated during DNA

replication (Fig. 2a) are resolved in S/G2.

Although Shh is the most potent mitogen for GCPs, other growth factors such as Egf or Igf1 also
induce GCP proliferation’. To investigate whether GCP proliferation alone is sufficient to induce
replication stress foci, we stimulated GCPs with Igf1 or Shh. Interestingly, while 100 ng/ml Igf1

leads to similar proliferation levels as 10 nM Shh (Fig. 2e,f; Extended Data Fig. 11), only Shh but

not Igfl, induces y-H2AX (Fig. 2g), indicating that proliferation itself is not sufficient to induce

replication stress foci. This effect of Shh (compared to Igf1 and Ctl) was present even when -
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H2AX levels were measured only in S-phase GCPs (Extended Data Fig. 1k), indicating that it is
not due to difference in the ability of the mitogens to drive proliferation. Additionally, other
(weaker) GCP mitogens (bFgf and Egf) did not induce y-H2AX in GCPs (Extended Data Fig.
11,j), further suggesting that replication stress is specific to Shh. Moreover, GCPs proliferating in
response to Shh in vivo in the EGL display more y-H2AX than other highly proliferative tissues
such as the intestinal epithelium (Extended Data Fig. 2a-d). Together, these results indicate that
enhanced replication stress was not the result of proliferation per se but the specific consequence

of Shh-dependent DNA replication.

Increased fork speed and origin firing distinguish Shh-induced replication stress

DNA replication stress is defined as any condition associated with accumulation of single-
stranded DNA (ssDNA) or slowing or stalling of replication fork progression®’. Shh-treated
GCPs display high levels of ssDNA in S-phase (chromatin-bound Rpa32, Fig. 2h), indicative of
replication stress. To investigate how Shh might cause replication stress, we performed DNA
combing in GCPs directly isolated from mouse cerebella and cultured ex-vivo for 24 h. (Fig. 3a).
Shh did not cause replication fork asymmetry or stalling as assessed by DNA combing (Fig.
3b,e). In contrast, Shh, but not Igfl, led to a marked, 40% increase in fork speed (Fig. 3c,e).
Additionally, Shh, but not Igf1, caused a 7.4-fold increase in active fork density, a proxy of
replication origin firing (Fig. 3d; see also Extended Data Fig. 4a and Fig 5c-g). This effect is not
simply the consequence of proliferation since Igfl, like Shh, induced a 2-fold increase in the
fraction of BrdU-positive cells but did not enhance origin firing (Fig. 2f). Consistent with these
effects on DNA replication, Shh accelerated S-phase progression to reduce the length of S-phase

(Fig. 3f,g). Since these effects on DNA replication are qualitatively different from the classical
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definition of DNA replication stress, we term this Shh-induced replication stress (Shh-RS) (Fig.
3h,1). As far as we know, that Shh increases both origin firing and fork speed is a unique feature;
indeed, this seems to be an exception to the general rule that origin firing and fork speed are
anticorrelated®®>’. Another feature distinguishing Shh-RS from classical and oncogene-induced

RS is the presence of 53bp1 foci in S-phase and not in G1 (Fig. 2c¢).

We performed RNA sequencing to explore possible mechanisms governing Shh-dependent
changes on DNA replication (Extended Data Fig. 2e). Shh induces expression of essential
nucleotide metabolism genes (Extended Data Fig. 3a,b), and mass spectrometry revealed Shh-
dependent increases in NTP levels (Extended Data Fig. 3c), suggesting the possibility that Shh
increases ANTP levels to sustain a high fork speed, leading to DNA damage. If this is the case,
nucleotide supplementation in absence of Shh should lead to high DNA fork rates and increased
v-H2AX. Notably, nucleosides increased y-H2AX and accelerated S-phase in absence of Shh, but
did not augment DNA fork speed (Extended Data Fig. 3f-h). We found that nucleoside
supplementation was instead associated with a 2.1-fold increase in origin firing (Extended Data
Fig. 31), suggesting that increased origin firing, rather than fork speed, could be responsible for

Shh-induced replication stress.

Shh promotes M cm loading at replication origins

Shh resulted in a larger (7.4 fold) increase in origin firing compared to nucleoside
supplementation (Extended Data Fig. 4a), suggesting additional mechanisms mediating
replication initiation by Shh. DNA replication is initiated by the binding of origin recognition

protein complexes (Orc) to DNA sequences called replication origins®'. This event is followed
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by binding of the licensing factor Cdc6, which subsequently recruits Cdtl and the Mcm?2-7
heterohexameric complex onto chromatin®. This pre-replication complex (pre-RC) loading onto
chromatin during G1 is called origin licensing. Origin activation requires the association of
Cdc45 and the Gins complex with Mcm2-7 to form the CMG helicase, as well as key Mcm?2-7
phosphorylation events catalyzed by Cdc7°** for origin firing in S-phase. Our gene expression
studies revealed that Shh induces expression of pre-replicative complex, licensing factors, and
DNA helicase genes (Fig. 4a, Extended Data Fig. 4b-d). To investigate whether Shh regulates
origin licensing, we tested whether Shh also promotes loading of Mcm2-7 onto chromatin. In
asynchronous GCPs, Shh increased nuclear and chromatin-bound Mcm?2 (Fig. 4b,c,e); other
Mcm subunits like Mcm?7 are also recruited to chromatin in response to Shh (Fig. 4d), a result
expected from the fact that Mcm2-7 is recruited as a full hexamer and indicates that chromatin-
bound Mcm?2 is a good readout of origin licensing in our system. Consistent with general DNA
replication principles®', Shh-dependent origin licensing happens during G1, and Shh-treated
GCPs enter S-phase with higher chromatin-bound Mcm?2 (Fig. 4f-h, and Extended Data Fig. 4f-
g). However, pre-RCs are removed from chromatin as cells progress through S-phase, and there
is no difference in chromatin-bound Mcm?2 between Ctl and Shh conditions in late S-phase (Fig.
4g), indicating that Shh does not cause re-licensing in S-phase. Altogether, these results
demonstrate that Shh promotes replication origin licensing (Fig. 41), that could contribute to

increased origin density during S-phase.

Shh induces additional origin firing in a Cdc7-dependent manner
Many origins usually remain dormant during unperturbed S-phase progression; therefore, our

expectation was that increased origin activation would also occur, to account for increased
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replication fork density. Hence, we tested if Shh also promotes helicase activation. Shh treatment
of GCPs induced expression of the key helicase activators Cdk2, Dbf4 and Cdc7 (Extended Data
Fig. 4e) and led to Mcm2 phosphorylation in a Cdc7-dependent manner (Fig. 5a and Extended
Data Fig. 5a), the critical event leading to helicase activation®. Shh also induced chromatin
recruitment of Gins2 in a Cdc7-dependent manner, another indicator of helicase activation
(Extended Data Fig. 6b).

We next confirmed that these markers of helicase activation did indeed correspond to increased
number of active origins. First, we addressed whether the change in proportion of S-phase cells
could be a confounding factor for fork density measurements. However, normalization to S-
phase fraction to control for proliferation rate still demonstrated that Shh increases fork density
(Fig. 5¢c-e). To confirm that increased origin density was directly associated with Mcm?2
phosphorylation, we again assessed fork density in GCPs and found that Cdc7i blocked Shh-
dependent increase in p-Mcm?2 levels and elevation in origin density (Fig. 5a-e). This was seen at
low doses of Cdc7i, that did not affect S-phase fraction, fork speed (Extended Data Fig. 7a,b), or
baseline Mcm?2 phosphorylation.

Furthermore, to corroborate this finding, we measured inter-origin distances (I0Ds) by DNA
combing in GCPs. Shorter IODs reflect increased origin density and are the gold-standard to
evaluate origin activation. In keeping with the fork density measurements, we observed that Shh
led to a substantial reduction in IODs (Control: 132kb; Shh: 73kb; Fig 5f,g). Similarly, Cdc71
blocked Shh dependent reduction in IODs, a result supported by a different Cdc7 inhibitor
(Extended Data Fig. 6¢).

Additionally, we reasoned that reducing Mcm?2 levels should also limit the ability of Shh to

induce origin firing. We therefore used GCPs isolated from Mcm?2 hypomorphic mice (here
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termed Mcm2+") in which Mcm? levels are reduced to 60% of normal®. Consistent with this
prediction, Shh markedly reduced IODs in Mcm2** wildtype GCPs, and this Shh-dependent
induction in origin firing was attenuated in Mcm2*" GCPs (Fig. 5h). Together, our findings
suggested a model in which Shh-enhanced origin firing was the result of both Mcm loading and
origin licensing, and increased Cdc7 activation of origins (Fig. 51). Hence, these experiments
demonstrated that Shh induces origin firing, implicating the Cdc7-dependent activation of Mcm?2

as a central event in Shh-induced replication initiation.

EdU-seq in GCPsreveals Shh-dependent replication initiation domains

The increase in activated origins in Shh-treated GCPs would predict additional genomic regions
being coopted as replication origins. Therefore, as an orthogonal method to single molecule
analyses, we mapped replication initiation zones genome-wide using EdU-seq***". As expected,
we identified common initiation zones present in both Ctl- and Shh-treated GCPs (Fig. 6a).
Consistent with the DNA combing experiments, Shh-treated GCPs displayed higher numbers of
nascent DNA regions, which we term Shh-dependent initiation zones (Fig. 6a). In agreement
with a recent report’’, EdU peaks are enriched at poly A-T tracts and other repetitive sequences,
with most firing events in GCPs mapping to intergenic (70%) and intronic (27%) regions
(Extended Data Fig. 6d-f). Using replication timing data (Repli-seq’"), we found that Shh-treated
GCPs display a higher proportion of Edu-seq peaks in early replicating regions (Fig. 6b). Also,
among the 150 CNV regions identified in Ptch1* MBs, 22 (13%) matched replication initiation
regions in Ctl-treated GCPs, while 50 (33%) of them matched origins in Shh-treated GCPs (Fig.
6¢), suggesting a correlation between origin firing and genome structural changes in MB,

noteworthy as firing regions have been reported to be prone to breakage in mammalian cells®’.
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Consistent with Cdc7 effects mediating Shh-dependent replication initiation, we also observed
using EdU-seq that Cdc7-inhibition attenuated Shh-dependent replication initiation (Fig. 6d and
Extended Data Fig. 6g). (Note that, as EdU-seq only maps a subset of origins/replication
initiation zones™, the distances between initiation zones are larger than IODs measured by
combing.) In summary, the EdU-seq analysis demonstrated the recruitment of additional

genomic regions as sites of replication initiation in response to Shh.

Shh-dependent origin firingisrequired for Shh-dependent replication stress

To establish whether Shh-dependent origin firing is required for Shh-induced replication stress,
we used Cdc7i at low doses that do not perturb cell cycle progression while blocking Shh-
dependent origin firing (Fig. 5 and Extended Data Fig .6a). Under these conditions, Cdc7i
blocked Shh-induced y-H2AX and ssDNA accumulation (Fig. 7 a-d), consistent with increased
origin firing promoting DNA replication stress, establishing that increased origin firing is
upstream of Shh-dependent replication stress and not a consequence of it. Notably, this differs
from many instances of OI-RS where increased origin firing is a response to replication fork

stalling caused by oncogenes'*"” (Fig. 3).

Shh inducesrecombination in a Cdc7-dependent manner

We next investigated the consequences of Shh-induced replication stress for genomic instability
and specifically how genomic changes responsible for PTCH1 LOH in mouse and human SHH-
MBs might occur. Since copy-neutral LOH events leading to PTCH1 loss are the result of
somatic homologous recombination (Fig. 1a), we assessed whether Shh-dependent replication

stress leads to hyper-recombination. Supporting this hypothesis, Shh increases the expression of

21



290 essential homologous recombination (HR) genes but not non-homologous end-joining (NHEJ)

291 genes (Extended Data Fig. 7a-d). We observed that Shh increased total and chromatin-bound
292 Rad51 levels (Extended Data Fig. 7e,f), a key ssDNA binding factor in HR, in S-phase GCPs,
293 while 53bp1 foci (which promote NHEJ) were not increased (Extended Data Fig. 7g). This

294 suggested that ssDNA generated during Shh-induced replication stress in GCPs could be the
295 source of homology-directed repair events. Furthermore, using the sister chromatid exchange
296 (SCE) assay, a technique to assess the frequency of DNA recombination events, we found that
297 Shh promotes hyper-recombination in a Cdc7-dependent manner (Fig. 7e,f); in contrast, other
298 GCP mitogens did not induce SCEs (Fig. 7e and Extended Data Fig. 7h). Moreover, increased
299 HR was also evident using RaDR-GFP mice, which contain a truncated GFP reporter gene to
300 detect spontaneous recombination events originating from DNA breaks or broken replication
301 forks*, confirming that Shh-RS is associated with increased recombination (Extended Data Fig.
302 71). We conclude that Shh-induced replication stress promotes HR events that could enhance
303 LOH in GCPs, implicating the developmental mitogen Shh as a cause of hyper-recombination.
304

305 DNA replication and recombination signaturesin SHH-MB-a.

306 As we implicated Cdc7 as a mediator of Shh-dependent genomic instability, we next assessed the
307 relevance of this finding to clinical outcome in human medulloblastoma. In keeping with our
308 mouse model, high CDC7 expression is an indicator of poor prognosis (p=2.4¢™*) across all four
309 medulloblastoma groups (WNT, SHH, Group 3 and Group 4) and within SHH-MB (p=0.044)
310 (Extended Data Fig. 8a,b). The four MB groups have recently been divided in 12 subtypes,

311 where SHH-MBs have been categorized in 4 subtypes (SHH-MB-o,, B, v, 8)*'. SHH-MB-o. is the
312 subtype with worst prognosis, TP53 mutations, and the highest frequency of broad CNV
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(including chromosome 9q alterations containing PTCH1)*'. It is remarkable that Ptch1™" mice
also acquire Ptchl LOH and spontaneous p53 mutations”** and therefore constitute a model for
SHH-MB-o.. Furthermore, we found that SHH-MB-a. display high levels of CDC7 and a
distinctive DNA replication and homologous recombination gene ontology signature (Extended
Data Fig. 8c-)*', resembling the effects of Shh on GCPs. Recent proteomics-based classification
of MB identified 2 subtypes of SHH-MBs (SHHa and SHHb)* wherein SHHa displays DNA
replication and DNA recombination proteomic and gene expression signatures compared to
SHHb (Extended Data Fig. 9a-b). Importantly, SHHa displays high MCM2 mRNA and protein
levels, and the key CDC7-dependent phosphorylation events leading to MCM2 activation (p-
Ser40, p-Ser139, and p-Ser26/27) are also upregulated in human SHHa (Extended Data Fig. 9c-
e). These phenotypes in subsets of human SHH-MB mirror the gene expression and phenotypic
effects induced by Shh in GCPs, suggesting direct relevance of our findings on Shh-replication
stress arising from origin licensing and activation. Thus, we propose that changes in gene
expression driven by Shh in GCPs generate DNA replication stress, hyper-recombination and

MB-causing mutations characterizing both human SHH-MB-o/a and murine Ptchl MB.

in vivo Cdc7 inhibition prevents MB initiation in Ptch1”" mice

Finally, we wished to establish the relevance of our findings to cancer-initiation in MB. Because
Cdc7i inhibition blocks Shh-dependent replication stress and recombination, we predicted that in
vivo Cdc7 inhibition should decrease the likelihood of Ptchl LOH events. Since Ptchl LOH is
the MB-initiating event preceding preneoplasia’, we hypothesized that in vivo Cdc7 inhibition
during Shh-dependent GCP proliferation, when GCPs are at risk of Ptchl LOH, should decrease

preneoplasia incidence. We therefore treated tumor-prone Ptch1*” mice from postnatal day 1
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(P1) to P16 with 2 mg/kg/day TAK-931, a validated Cdc7 inhibitor (Cdc71) used in clinical trials
#_or vehicle (Fig. 8a). We used low Cdc7i doses (20 times lower than the ones used in vivo to
block the growth of other tumor ‘[ypes44 so as not to block cell proliferation while reducing the
level of helicase activation. Under these conditions, Cdc7i did not affect mouse growth and at P7
had no effect on EGL thickness, a direct correlate of total GCP number (Fig 8b,c and Extended
Data Fig. 10a-e). As well, GCP proliferation in P7 cerebella was unaltered, as measured using
three proliferation markers (Ki67, phospho-histone H3 and BrdU; Extended Data Fig. 10f-1).
Cdc7i did not alter cerebellar development since cerebellum mid-sagittal area and IGL area and
perimeter were normal at P16 (Extended Data Fig. 10c,d), further supporting Cdc7i at this dose
not affecting GCP proliferation. Furthermore, Cdc7i did not affect cerebellar balance function as
assessed by the rotarod test (Fig. 8e).

In contrast, using in vivo DNA combing, we found that Cdc7i reduced origin firing in vivo (Fig.
81). Also as expected from in vitro results (Fig. 5a), Cdc7i reduced helicase activation (p-Mcm?2),
and the rate of DNA synthesis (BrdU fluorescence intensity/cell) (Fig. 8f-h and Extended Data
Fig. 10j,k), but not the number of BrdU+ cells (Extended Data Fig. 10h). Strikingly, Cdc7i also
reduced recombination rate in vivo (Fig. §j), and Cdc7 inhibition for 2 weeks led to a five-fold
reduction in preneoplasia incidence. This was reduced from 63% (9/14) to 12.5% (2/16), and the
number of preneoplastic lesions per cerebellum was decreased compared to vehicle-treated
animals (Figure 8k-m). These results therefore supported our model that reduction of Shh-
dependent DNA replication stress in tumor-prone Ptch1*" GCPs before cancer initiation is

capable of preventing medulloblastoma-initiating mutations.

Discussion
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Recent work has shown that mutations resulting from cell division account for two thirds of the
mutations in human cancers', indicating that DNA replication errors are a major source of
cancer-causing mutations. Therefore, investigating ways to render DNA replication ‘safer’ in
tumor-initiating cells becomes an attractive aim for cancer biology'’. However, current
knowledge on DNA replication in metazoans is primarily based on studies performed using
Xenopus egg extracts, drosophila embryos and immortalized cell lines*’, none of which is the
cell of origin of cancer. Although several studies have determined how oncogenic signaling leads
to chromosomal instability at precancerous stages or in cell lines expressing oncogenes®**,
fewer have investigated how oncogenic signaling leads to genomic instability in primary cells,
and many of them are restricted to hematopoietic stem cells*’. Moreover, very few studies have
investigated how DNA replication-associated processes affect the function of primary or stem

cells*, and little is known about how DNA replication stress causes genomic instability in

primary cell populations at risk of transformation.

Here we show that Shh, a developmental mitogen, alters DNA replication dynamics in GCPs, the
SHH-MB cells of origin. This leads to DNA replication stress and elevated homologous
recombination. Although Shh caused ssDNA accumulation, it did not cause fork stalling or
asymmetry, establishing that previously demonstrated Shh-induced DNA breaks®* are not the
consequence of replication inhibition. Indeed surprisingly, we discovered that Shh in fact induces
both increased replication fork speed and origin firing. Several classical oncogenes are known to
induce origin firing"’, however depleting replication substrates and leading to fork
slowing/stalling® '°. Shh-RS is associated with faster DNA replication and shortened S-phase, in

contrast to OI-RS where S-phase checkpoint activation, S-phase lengthening and arrest may
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occur’’. As well, unlike OI-RS, Shh-RS is not associated with the presence of persisting
replication intermediates such as ultrafine anaphase bridges or 53bp1 foci in G1 (which are the
outcome of replication inhibition after mitosis). Therefore Shh-RS and OI-RS appear
qualitatively different (Fig. 3h,i).

28,29

There is a well-documented negative correlation between fork rate and origin firing™”, also

observed in the RS phenotype caused by PARP inhibition’'. This correlation is likely the result
of limited availability of DNA substrates, such as dNTPs and replication factors %%,
Therefore, cells adjust the number of active origins in accordance to fork speed to complete S-

phase in a timely fashion **°

. Hence, for Shh to cause such a marked reduction in S-phase time,
a simultaneous increase in origin firing and fork speed is necessary. The strong transcriptional
effects of Shh increasing nucleotide metabolism and replication proteins could ensure this S-
phase acceleration. That GCPs physiologically exposed to Shh coopt flexible or dormant origins
to achieve such fast replication is also intriguing. We propose that Shh-induced replication stress

is a trade-off of this Shh-dependent acceleration of S-phase required for the rapid production of

the largest neuronal population in the brain.

As both Shh-RS and Shh-induced origin firing are blocked by Cdc7i, we favor a model where
increased origin firing is due to Shh increasing Cdc7 activity, with elevated origin firing then
being a major source of Shh-RS (Fig. 81). Supporting this notion, increased Mcm2-
phosphorylation is observed, with the Mcm helicase and Cdc45 being the best characterized
Cdc7 substrates, and a major function of Cdc7 being regulation of origin firing >’. Furthermore,

in keeping with this model, Shh-origin activation was dependent on availability of Mcms, being
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attenuated in Mcm2""~ GCPs. However, Cdc7 phosphorylates other substrates in other cellular
processes”"; thus, other Cdc7 targets may also contribute to Shh-RS. As well, increased fork

velocity was independent of Cdc7, suggesting that additional pathways may also contribute to

Shh-RS.

Shh-dependent replication stress is associated with elevated homologous recombination. This
could arise from accelerated S-phase and high density of replication forks. This would reduce the
time available to deal with replication of difficult genomic regions, and/or repair of endogenous
DNA lesions, that are then instead dealt with by increased homologous recombination events
(Fig. 81). Such increased somatic recombination provides a mechanism that will promote LOH in
GCPs, the cell of origin of Shh-MB, particularly CN-LOH events. We were able to test this
possibility in a preclinical MB model, given the dependency of Shh-RS on Cdc7 activity,
harnessing the availability of a well characterized Cdc7 inhibitor. This resulted in reduced Shh-
induced somatic recombination, alongside decreased preneoplastic cerebellar lesions. This
therefore provides a ‘proof of principle’ demonstrating that attenuating DNA-replication-stress in
primary cells at risk of transformation abrogates tumor-initiation. This work also extends the
developmental functions of Shh™®, to consider its consequence as a developmental mitogen on
DNA replication and genome stability and suggests an approach that may be applicable in some

clinical contexts to render DNA replication potentially safer to prevent cancer initiation.
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Fig. 1. CNVsand copy neutral LOH arethe source of PTCH1 wild-type allele inactivation.
a, Example of copy-neutral-LOH (CN-LOH) in human SHH-MB responsible for inactivation of
the PTCH1 wild-type allele. Top plot shows absolute copy number and lower plot displays
allele-specific copy number; left plots display all chromosomes while the right ones display
chromosome 9 (a,b). Schematic shows the homologous recombination event that leads to CN-
LOH. After DNA replication and a recombination event between the two homologous
chromosomes, the LOH event is produced in mitosis depending on how sister chromatids are
segregated. b, Schematic and example of CNV-LOH in SHH-MB responsible for inactivation of
the PTCH1 wild-type allele. Schematic shows the CNV (deletion) LOH event. ¢, Minimal
segment of LOH on mouse chromosome 13 from 9 Ptchl*" advanced MBs based on SNP
analysis; 7/9 samples display chromosome 13 LOH (absence of SNPs). d, CNV represented as
segments of gain or loss (SGOL score) in advanced Ptchl'” MBs show high level of deletion at
the Ptchl locus without broad chromosome 13 deletions. €, qPCR on genomic DNA from 3
advanced Ptchl'” MBs demonstrated biallelic loss of the wild-type Ptchl allele; the primers
recognize the gene region (Exonl-2) targeted in the engineered mutant allele and are therefore
specific for the Ptchl wild-type allele °, detecting Ptchl LOH; shown are mean Ptch1 allele
levels; each point represents one animal. f, Metaphases labelled with Chromosome 11 (red) and
13 (green) paint FISH probes from the same 3 Ptch1*" advanced MBs displaying Ptchl LOH (e)
show absence of whole chromosome 13 losses or big deletions, consistent with CN-LOH. Scale
bar, Sum; each (M1-M3) tumor was stained independently once and 30 metaphases/tumor

analyzed.

Fig. 2. Shh causes DNA replication stress. a, y-H2AX levels in BrdU-positive (BrdU+) and

BrdU-negative (BrdU-) GCPs; one-way anova, median and Tukey distribution, n= 248 cells for
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640 Ctl samples and n= 203 cells for Shh samples; data from 3 independent experiments. b, BrdU

641 and y-H2AX immunostaining; histograms show mean fluorescence along a cross-section of a
642 GCP (white line); n=3 experiments. Throughout the paper, -H2AX levels were obtained by
643 measuring the average nuclear fluorescence intensity. C, 53bpl immunofluorescence and

644 proportion of 53bpl-positive GCPs in BrdU- and BrdU+ cells; n= 422 cells (378 BrdU- and 44
645 BrdU+) from 3 independent experiments; two-sided Fisher’s exact test; arrowheads indicate
646 53bpl foci. d, Number of 53bp1 foci in BrdU- and BrdU+ GCPs; mediantinterquartile range,
647 two sided Mann-Whitney test , n= 122 BrdU+ cells and n= 39 BrdU- cells from 3 independent
648 experiments; cells without foci were not analyzed in d since they are better represented in c. €,
649 BrdU and y-H2AX immunofluorescence of GCPs treated with vehicle (Ctl), 100ng/ml Igf1, or
650 10nM Shh; n=3 experiments. f, Quantification of BrdU incorporation (meant95% CI), n= 25
651 images for Ctl, n= 29 images for Igfl, and n= 20 images for Shh samples, representative of 3
652 independent experiments. g, Quantification of y-H2AX levels in Ctl-, Igf1- and Shh-treated

653 GCPs; median and Tukey distribution; one-way anova (f,g); n= 146 Ctl cells, n= 249 Igf-treated
654 cells, and n= 359 Shh-treated cells from 3 experiments (e-g). h, Quantification and representative
655 images of chromatin-bound Rpa32 in S-phase (BrdU+) GCPs, two-sided t-test, meant 95% CI;
656 n= 93 Ctl S-phase cells, and n= 110 Shh S-phase cells from 3 experiments; scale bars, 5 pm
657 (b,c,e,h).

658

659 Fig. 3. Shh alters DNA replication dynamics. a, Schematic of GCP isolation, ex-vivo culture
660 for 24 hr., DNA combing experiments and variables measured. b, Quantification of replication
661 fork asymmetry in Ctl-, Igf1- and Shh-treated GCPs; median with Tukey distribution, Kruskal-
662 Wallis test, n= 330 bi-directional forks for Ctl, n=227 bidirectional forks for Igf1, and n= 185
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bidirectional forks for Shh samples. Data from 3 independent experiments. C, DNA replication
fork speed (kbp/min) in Ctl-, Igf- and Shh-treated GCPs; median (M) and number (n) of fibers
indicated; median and inter-quartile range, Kruskal-Wallis test, n=1064 forks for Ctl samples,
582 forks for Igfl samples, and 609 forks for Shh samples; obtained from 3 experiments. d,
DNA fork density (Forks/Mbp DNA) in Ctl-, Igf- and Shh-treated GCPs; 207Mb, 203Mb and
230Mb of combed DNA measured for Ctl, Igf1 and Shh conditions respectively, obtained from 2
independent experiments. €, Representative images of replication forks analyzed, n=3
experiments. f,g, Experimental outline (f) and results (g) of S-phase time (hr.) measurements in
Ctl- and Shh-treated GCPs; meantsem. (n=4 experiments), two-sided t-test. h, Representation of
the DNA replication changes induced by Shh in comparison to oncogenes. i, Comparison
between Shh-induced replication stress (Shh-RS) and oncogene-induced replication stress (OI-

RS).

Fig. 4. Shh promotes pre-replication complex assembly. a, GSEA plot for the pre-replicative
complex in Shh- vs. Ctl-treated GCPs; n=3 samples/group. b,c, Nuclear (Nucl.) and chromatin-
bound (Chrom.) Mcm?2 levels in Ctl- and Shh-treated GCPs assessed by immunofluorescence,
n=190 Ctl cells and n=207 Shh cells (nuclear images); n=176 Ctl cells and n=207 Shh cells
(Chromatin faction) from 3 independent experiments; mean+95% CI, two-sided t-test. Scale bar,
Sum. d, Chromatin-bound Mcm?7 levels in Ctl- and Shh-treated GCPs; meant95% CI two-sided
t-test, n= 346 cells for Ctl samples and n=363 cells for Shh samples, from 3 experiments. €,
Western blot (WB) from Ctl-, Igf- and Shh-treated GCPs subjected to cell fractionation and
blotted for Mcm2, B-tubulin and histone H2B; TCE, total cell extract; S2, cytosol; P2,

membrane; S3, nuclear soluble; P3, chromatin. Mean Mcm?2 levels relative to H2B in P3 are
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indicated, two sided t-test; n=3 experiments. f, Chromatin-bound Mcm2 in G0/G1 and S-phase
(BrdU+) in Ctl- and Shh-treated GCPs; mean+95%CI, two-tailed t-test; n= 166 cells for Ctl and
n=186 cells for Shh samples (G0/1) and n= 46 cells for Ctl and n= 109 cells for Shh samples (S-
phase) from 3 independent experiments. g, Chromatin-bound Mcm2 in early and late S-phase in
Ctl- and Shh-treated GCPs; representative data of n=3 experiments, meant95%CI, two-sided t-
test; n>40 S-phase cells for Ctl samples and n>90 S-phase cells for Shh samples, from 2
independent experiments. h, Representative images of chromatin-bound Mcm2 of GCPs in
different cell cycle stages; n>4 experiments; scale bars, 2um. i, Model showing the effect of Shh

promoting helicase loading.

Fig. 5. Shh induces helicase activation and origin firing. a,b, pMcm2 s40/41 and Mcm2 WB
(a) and quantification (b) from GCPs treated with Ctl, Cdc7i (PHA767491, 1uM), Shh or
Shh+Cdc7; meantsem., anova test; n= 4 blots for Ctl and Shh samples, n= 2 blots for Cdc7i, n=
3 blots for Shh+Cdc7i condition. ¢, Experimental outline of fork density measurements (d);
bottom images show the total DNA stain (ssSDNA) corresponding to images shown in e. d, Fork
density (forks/Mbp) in Ctl-, Cdc7i-, Shh- and Shh+Cdc7i-treated GCPs (759Mb, 1028Mb,
650Mb and 924Mb of combed DNA respectively, analyzed from two experiments). €,
Representative images of fork density measurements shown in d; scale bar, 50 um (c,e). f,g,
Representative images of inter-origin distance (IOD) (f) and quantitation (g) in Ctl-, Cdc7i-, Shh-
and Shh+Cdc7i-treated GCPs; Kruskal-Wallis test, median with Tukey distribution; n= 86, 30,
153 and 75 fibers for the respective Ctl-, Cdc7i-, Shh- and Shh+Cdc7i-treated samples; data from

2 independent experiments; scale bar, 10 pm (f). h, IODs in Mem2"" and Mcm2 ™~ GCPs treated
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without or with Shh; one-way anova, median with Tukey distribution. The “n” of DNA fibers
scored was: Mcm2™* Ctl, n=40; Mcm2 ™" +Shh, n= 56; Mcm2 ™" Ctl, n= 57; Mcm2"" +Shh, n=
78; data from 2 independent experiments. Median IODs indicated below graphs (g,h). Cdc7i was
added during the last 4hr of the experiments (a-g). i, Model summarizing Shh effects on

replication initiation.

Figure 6. Shh-dependent replication initiation domainsrevealed by EdU-seq. a, Examples
of Edu-seq tracks in Ctl- and Shh-treated GCPs. Input is the first row of each replicate. Left
graphs depict common replication initiation zones and right graphs illustrate Shh-dependent
initiation zones; n=2 experiments. b, Percentage of EdU-seq peaks localized to early replicating
regions in Ctl- and Shh-treated GCPs. ¢, Number of CNVs in Ptch1”" MBs that overlap (or not)
with EdU-seq peak-containing regions in Ctl- and Shh-treated GCPs; two-sided Fisher’s exact
test; n=942 peaks for Ctl samples, and n= 4321 peaks for Shh samples, from two independent
experiments were analyzed (b-c). d, EQU-seq tracks of Ctl-, Shh-, and Shh+Cdc7i-treated GCPs;

n=2 experiments.

Fig. 7. Origin firing isrequired for Shh-dependent replication stress and recombination. a,
Images of v-H2AX immunostaining in Ctl-, Cdc7i-, Shh- and Shh+Cdc7i-treated GCPs; right
side panels show merge y-H2AX, BrdU and Dapi images; n=3 experiments. b, Quantification of
v-H2AX images presented in d, n=612 cells for Ctl, n= 52 cells for Cdc7i, n= 680 cells for Shh,

n= 748 cells for Shh+Cdc7i, from 3 independent experiments; median, boxplots with Tukey
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distribution; one-way anova with Tukey post-test. ¢, Chromatin-bound Rpa32 (ssDNA) in S-
phase (BrdU+ cells) in Ctl-, Igf1-, Cdc7i-, Shh- and Shh+Cdc7i-treated GCPs; the number of S-
phase cells was: n= 65 in Ctl, n=45 in Igf1, n=43 in Cdc7i, n= 66 in Shh, n=48 in Shh+Cdc7i
S-phase cells from 2 representative experiments; meant95%CI, one way anova, Tukey post-test
(b,c). d, Representative images of c. e, Experimental outline and quantification of sister
chromatid exchanges (SCEs)/metaphase in Ctl-, Igf1-, Shh- and Shh+Cdc7i-treated GCPs; the
numbers of metaphases analyzed were: n= 90 in Ctl, n=98 in Igfl, n= 87 in Shh, and n=54 in
Shh+Cdc7i; data from of 3 independent experiments; median and Tukey distribution; Kruskal-
Wallis test. f, Images of metaphases labeled with the SCE assay in Ctl-, Igf1-, Shh- and
Shh+Cdc7i-treated GCPs; n=3 experiments. Scale bars (a,d,f), Sum. In a-d, Cdc7i was added

during the last 4hr of the experiment.

Fig. 8. In vivo Cdc7 inhibition reduces origin firing and hyper-recombination, preventing
medulloblastoma initiation. a, Experimental design. Ctl- and Cdc7i (TAK-931)-treated
Ptch1*" mice were analyzed at postnatal day 7 (P7) and P16. b, Mouse body weight at P12 in
Ctl- and Cdc7i-treated pups; n =14 mice in Ctl group and n=22 mice in Cdc7i group; meantsem,
two-sided t-test. c-d, Cerebellum area (mm?) at midline (c) and representative images (d) in Ctl-
and Cdc7i-treated P16 mice; meantsem, two-sided t-test, n=6 mice/group. €, Latency to fall on
rotarod test; meantsem, two tailed t-test, n=9 mice/group. f, p-Mcm?2 levels in the outer EGL of
Ctl- and Cdc7i-treated mice; meantsem, two-sided t-test, n=5 mice/group. g, BrdU fluorescence
intensity in Ctl- and Cdc7i-treated mice, meantsem; two-tailed t-test, n=5 animals/group. h,

Representative images of BrdU and p-Mcm?2 staining, n=5 animals; scale bar, 3um. i, Outline of
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in vivo DNA combing and fork density quantification of Ctl- and Cdc7i-treated mice for 6
consecutive days and analyzed at P7, n=3 animals/group; two-sided t-test, meantsem. j,
Experimental outline of in vivo recombination assay and number of SCEs/metaphase in vivo in
Ctl- and Cdc7i-treated mice at P7; median with range, Mann-Whitney test; n= 57 metaphases in
Ctl and n=69 metaphases in Cdc7i-treated mice, analyzed from 3 experiments. Representative
images shown on the right; scale bar, 2um. K, Preneoplastic lesion incidence at P16 in Ctl- and
Cdc7i-treated mice; two-sided Fisher’s exact test. |, Number of prencoplastic lesions per
cerebellum in Ctl- and Cdc7i-treated mice; meantsem, two-sided t-test; n=11 Ctl mice, and n=
14 Cdc7-treated mice (k,1). m, Examples of H&E P16 cerebellum sections of Ctl- and Cdc7i-
treated mice shown in Lk. Scale bar, 500 um. n, Model of Shh-dependent replication stress and
medulloblastoma initiation I: Physiological levels of Shh increase both active origin number and
fork speed, resulting in accelerated S-phase. This however leads to increased replication stress,
likely due to reduced time to solve challenges to DNA replication, increasing recombination
events. II: In wild-type GCPs Shh-replication stress and increased recombination rates alone are
not sufficient to cause biallelic inactivation of Ptchl. III: However, in In Ptch1* GCPs, Shh-
driven recombination events causing Ptchl LOH are sufficient to cause tumor suppressor
inactivation (PtChl'/'), leading to constitutive, ligand-independent, hedgehog pathway activation
that perpetuates mitogenic stimulation resulting in clonal expansion of the Ptchl” GCPs; this in
turn causes preneoplasia. Continued replication stress at preneoplastic stages would further

promote genome instability and progression to advanced tumors.
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Methods
Ethics statements
This study complies with the Canadian Council on Animal Care guidelines. The animal protocol

FC2016-03 was approved by the IRCM animal care committee.

Statistics & Reproducibility

The statistical tests, number of samples, error bars and statistical measure displayed on the
graphs is indicated in the figure legend of each panel. Unless otherwise indicated, every
experiment was replicated three of more times. No statistical method was used to predetermine
sample size. No data were excluded from the analyses. The experiments were not randomized.
When possible, investigators were blinded to allocation during experiments and outcome
assessment. Statistical tests were performed on Prism (Graphpad) or R. Further information on

research design is available in the Nature Research Reporting Summary linked to this article.

GCPisolation and culture

Postnatal day 7 (P7) GCPs were isolated as previously described ®'.

For most experiments, GCPs were grown in serum-free Neurobasal media supplemented with
B27, Glutamax and Sodium Pyruvate for 24hrs. Murine Igfl (PreproTech, Cat. No. 250-19) was

used at 100ng/ml, and Shh (R&D Systems, Cat. No. 1845-SH) at 10nM.

I mmunofluor escence (1 F)
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For dissociated cells, GCPs were fixed in 4% PFA by adding 8% PFA in 1X PBS to the same
volume of media for 15min. Immunofluorescence was performed as previously described 2+,
To visualize chromatin-bound proteins, GCPs were incubated for Smin at 4°C, before fixation,
in extraction buffer containing 25mM Hepes, pH 7.5, 50mM NaCl, ImM EDTA, 3mM
magnesium chloride, 300mM glucose and 0.5% Triton X-100 ®%. After blocking in 10% goat or
donkey serum containing 0.1% Triton, cells were incubated in primary antibodies overnight at
4°C. The following antibodies were used: Rat anti-BrdU (Abcam, Cat. No. ab6326), 1:2000.
Mouse anti-BrdU clone B44 (BD, Cat. No. 347580), 1:200. Anti-RPA32 (Abcam, Cat. No.
16855), 1:100. Anti-y-H2AX (CST, Cat. No. 9718S), 1:2000. Anti-y-H2AX clone JBW301
(Millipore, Cat. No. 05-636), 1:1000. Anti-y-H2AX-AF647 (Biolegend Cat. No. 613408), 1:200.
Anti p-MCM2 S40/S41 (Bethyl, Cat. No. A300-788-M), 1:200. Anti-MCM2 (Abcam Cat. No.
ab4461) 1:2000. Anti-53BP1 (Novus, Cat. No. NB100-304), 1:4000. Anti-Rad51 (Abcam, Cat.
No. ab133534), 1:1000. 53BP1 and Rad51 immunostainings required antigen retrieval for
15min at 98°C in sodium citrate buffer (10mM sodium citrate pH6.0, 0.05% Tween20) before
the blocking step. All secondary antibodies were used at a 1:1000 dilution. Image acquisition
was performed on a LSM700 (Zeiss), a LSM800 Airy Scan (Zeiss), or a SP8 (Leica) confocal

microscope.

DNA combing

For each experimental condition (e.g. control, Igfl, Shh, nucleosides), 1.2x10” P7 GCPs were
cultured in 60mm dishes in replicate for 24 hours. Cells were pulsed with 25mM CldU (Sigma,
Cat. No. C6891) for 20min, washed with pre-warmed PBS and then pulsed with 125mM IdU

(Sigma, Cat. No. I7125) for 20min. GCPs were harvested by pipetting. 5x10° GCPs were used to
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cast 3 agarose (Bioshop, AGA101) plugs per replicate and processed for DNA combing
according to a previously described protocol ® omitting the SCE buffer plug digestion steps. IdU
was detected using Mouse anti-BrdU clone B44 (BD, Cat. No. 347580) and CldU was detected
using Rat anti-BrdU (Abcam, Cat. No. ab6326). Images were acquired using a widefield
microscope (Leica DM4000 or Zeiss Axiophot) using a 63X or 40X lens. The elongation rate
(um to kbp conversion) was obtained after bacteriophage lambda DNA combing, as previously
described . Measurements were performed using ImageJ. Fork density was calculated by
counting the number of labeled DNA replication forks per mega-base pair of DNA (Mbp), which
was measured using anti ssSDNA antibody (MAB 3034) staining; all ssDNA fibers were
measured independent of whether they contained labelled forks. Fork density was normalized to
S-phase (Fig. 5d) by dividing fork density values by the S-phase fraction. For DNA fork speed,
the length of the IdU tracks next to CldU tracks was measured and divided by the IdU incubation
time (20min). DNA fork asymmetry is expressed as % asymmetry=((long IdU - short IdU)-
1)*100. IODs correspond to “eye-to-eye” distances (expressed in kbp), as exemplified in Fig.

5f-h.

Cell fractionation

Cell fractionation was performed according to a modified protocol **. 1.2x10” P7 GCPs were
used per condition. Protein lysates were loaded on pre-casted TGX gels for SDS-PAGE and
western blotting. Anti-histone H2B (Abcam, Cat. No. ab1790), 1:25,000. Anti-B-tubulin,

1:10,000. Anti-Mcm?2 (Abcam Cat. No. ab4461) 1:10,000.

GCP metaphase preparations
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A protocol © was adapted for GCPs. Cells were grown on PDL-coated coverslips at a density of
2x10°/coverslip in 5001 Neurobasal media in 24-well plates. Cells were treated with 0.02pg/ml
Colcemid (added in 50ul media) for 1h at 37C. 350ul of media were removed and 2ml pre-
warmed 75mM KCI were added slowly (in 500ul volumes) to the remaining media. Cells were
placed at 37°C for 15min. Three drops of freshly prepared 3:1 methanol/acetic acid (fixative)
were added to each well using a Pasteur pipette. After a 2min prefixation, the solution was
removed and 500l fixative were added to each well for Smin. The fixation was repeated two
more times and the coverslips were allowed to air dry at RT for 15min. Metaphases were used

for chromosome paint FISH or the SCE assay.

Sister chromatid exchange (SCE) assay

GCPs were grown in 5uM BrdU for 24h in presence of Shh to label the chromatids equally.
After a Smin wash in Neurobasal at 37°C to remove the BrdU, cells were incubated for 24
additional hours in presence of vehicle, Igfl, Shh or Shh+500nM PHA767491 (Cdc7i).

Metaphases were prepared as indicated above and BrdU was detected according to .
Chromosome paint FI SH

Mouse chromosome 13 (XMP 13, Cat. No. D-1413-050-FI) and chromosome 11 (XMP 11, Cat.
No. D-1411-050-OR) paint FISH probes were purchased from Metasystems. Hybridizations

were performed according to manufacturer’s instructions.

S-phase time measur ements
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S-phase time measurements were performed using sequential pulses of thymidine analogs ¢’ in
order to extrapolate the percentage of cells in S-phase by measuring the Leave or Quit fraction,
the fraction of cells that exit S-phase in a determined time window according to the formula Ts=
Ti*Scells/Lcells, were Ti represents the time (hrs) between pulses, Scells are cells in S-phase and
Lcells are the Leave fraction. GCPs were pulsed with 25uM Cl1dU for 2hr and during the last
30min of that period a 30min pulse of 125uM IdU was added and cells were fixed in 4% PFA.
Rat anti-BrdU (Abcam, Cat. No. ab6326) was used to recognize CldU-positive cells (Lcells),
while mouse anti-BrdU clone B44 (BD, Cat. No. 347580) was used to label IdU-positive cells

(Scells).

Nucleoside supplementation

Intermediate dilutions were prepared at a S0mM concentration. Thymidine and cytidine were
dissolved in H,O, while adenosine and guanosine were dissolved in 20mM NaOH. The solutions
were mixed in equal proportions to obtain a final stock solution containing 2.5mM of each

nucleoside; this solution was further diluted in the culture media to SuM.

In vivo Cdc7 inhibition

Newborn Ptch1*"” mice were treated daily from postnatal day 1 (P1) to postnatal day 16 (P16)
with 2mg/kg TAK-931(Cdc71) by intraperitoneal injections; the injection volume was 10ul.
Control mice were injected daily with a vehicle solution containing 1.25% DMSO in water. The
side of the injection was alternated every day. To avoid litter effects, each litter always contained

animals being treated with vehicle and animals assigned to Cdc7i. At P16, mice were
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anesthetized and perfused with saline and 4% PFA. Cerebella were dissected, sectioned and

stained with Hematoxylin & Eosin.

In vivo DNA combing

Postnatal 7 (P7) pups that had been treated for seven days with vehicle or TAK-931 were given
an intraperitoneal (IP) dose of 100mg/kg CIdU for 20 min followed by a 100mg/kg pulse of IdU
for 20min. All mice were sacrificed at the same time and GCPs were quickly isolated, directly

embedded in agarose plugs and processed for DNA combing as explained above.

In vivo recombination assay

Ctl- or Cdc7i-treated postnatal day 7 (P7) pups were given intraperitoneal injections with
50mg/Kg BrdU every hour for 7 hr. Three hours after the last BrdU injection a dose of 2mg/kg
TAK-931 or vehicle was administered to extend the treatment regime for an additional day (pups
were left with their mother), and GCPs were isolated at P8, plated on PDL-coated coverslips for

one hour, and the metaphases prepared as explained above.

RNA sequencing (RNAseq) and analysis

3x10° GCPs/well were grown in 6-well plates and treated for 24h with 1:1000 DMSO (Control),
Igfl and Shh in triplicate. Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen,
Cat. No. 74134). 400-450ng total RNA were used for RNAseq. Enrichment of transcriptomic
RNA was achieved by ribosomal RNA depletion using the Ribo-Zero Gold H/M/R rRNA
removal kit from Epicentre (Illumina). Stranded RNA-Seq (chemical fragmentation, cDNA-

dsDNA, library) was performed using the KAPA Stranded RNA-Seq Library Preparation Kit
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(Illumina Platforms). Library quality control and quantitation were performed using the Agilent
High Sensitivity DNA kit on a Bioanalyzer and the NEBNext Library Quant Kit for Illumina.
Paired-End 50 reads were sequenced on a HiSeq 2500 with v4 chemistry (Illumina).

Quality control of read sequences was performed using the FastQC algorithm. Adaptor
sequences and low quality score bases (Phred score < 30) were first trimmed using Trimmomatic
v. 0.22 %, and reads smaller than 32-bp long were discarded. The resulting reads were mapped to
the mouse genome assembly mm10 using STAR ®. Only concordant mapped reads were
subsequently used. HTSeq 0.6.1p1 " was used to obtain gene mapping-read counts based on
Ensembl (release 86) gene annotation downloaded from the UCSC genome browser .
Transcript isoforms from single genes were merged using cufflink 7, resulting in 48526
annotated genes. We further selected genes expressed above a nominal background level, defined
as more than 10 mapping reads in at least 2 replicates of either sample. This results in X
expressed genes. The R Bioconductor package DESeq2 " was used to normalize gene expression
levels and to investigate the differential expression of genes between groups. A g-value < 0.05
and a minimum expression fold-change of 2 were considered to select significantly differentially
expressed genes. Source data for the RNAseq analyses shown in Extended Data Fig. 2, Extended
Data Fig. 3, Extended Data Fig. 4, and Extended Data Fig. 7 can be found in Supplementary

Table 1.

EdU-seq
GCPs were pulsed with 100uM EdU (Sigma, Cat No. 900584) for 15min, washed in warm PBS
for 3 min, harvested and processed as described”’. Azide-PEG3-Biotin Conjugate was obtained

from Sigma (Cat. No. Sigma 762024). We used 1.5x10” GCPs/condition and two different
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experiments were performed as replicates. Inputs correspond to biotinylated DNA before the
streptavidin capture of EdU-substituted DNA. Libraries were prepared using the Kappa
HyperPrep Kit according to manufacturer instructions, using 12 amplification cycles. Library
quality control and sequencing were performed as described for RNAseq. The resulting reads
were aligned to the mm10 mouse reference genome using Bowtie v2.3.17* with the following
parameters: -q --fr --no-mixed --no-unal —local. The output sam files were filtered using samtools
7 to remove alignments containing three or more mismatches. Two concurrent analyses were
performed to identify enriched regions. (1) Each sample replicate was compared to sequenced
input DNA using MACS v2.1.1.20160309 "° callpeak function with the parameters “-f BAMPE
-g mm --broad —-nomodel -B -q 0.05”. Replication initiation zones were defined by clustering
enriched regions that are 120kb of each other using the tool bedtools cluster ” with the
parameters “bedtools cluster —i —d 120000 *“. (2) Each sample replicate was compared to
sequenced input DNA using MACS v2.1.1.20160309 callpeak function with the parameters “-f
BAMPE -g mm --broad -nomodel -B -q 1”. Regions with at least 3-fold enrichment against the
input DNA were kept for the subsequent analyses. Replication initiation zones were defined by
clustering enriched regions 50kb of each other using bedtools cluster with the parameters

“bedtools cluster —1 —d 50000 .

DNA copy number variation (CNV) analysis of Ptch1”" advanced medulloblastomas
We used normalized log?2 ratio (sample/reference) of the aCGH array dataset GSE19381
(samples GSM480969, GSM480970 and GSM480971) from GEO. The R package cghMCR was

used to quantify segments of DNA copy across the samples.
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Analysisof PTCH1 LOH in human MBs
We downloaded human MB whole genome sequences® from the ICGC dataset
EGADO00001003127 (EGAS00001001953) and analyzed copy number and allele-specific copy

number using FACETS’®,

M ass spectrometry

1.5x10” GCPs per condition (Ctl, Igfl, Shh) were grown for 24 in triplicate in 60mm dishes.
Cells were washed in cold 150 mM ammonium formate solution pH of 7.4 and then extracted in
600 uL 31.6% MeOH/36.3% acetonitrile in H,O (v/v). Cells were lysed and homogenized by
bead-beating for 2 minutes at 30Hz using a 5 mm metal bead in a TissueLyser II (Qiagen). Cell
extracts were partitioned into aqueous and organic layers following dimethyl chloride treatment
and centrifugation. Aqueous supernatants were dried by vacuum centrifugation at -4°C
(Labconco, Kansas City MO, USA). Pellets were subsequently resuspended in 25 pl H,O as the

injection buffer.

For semi-quantitative targeted metabolite analysis of mono-, di-, and tri-phosphate nucleoside,
samples were injected onto an Agilent 6430 Triple Quadrupole (Agilent Technologies, Santa
Clara, CA, USA). Chromatography was achieved using a 1290 Infinity ultra-performance LC
system (Agilent Technologies, Santa Clara, CA, USA) consisting of vacuum degasser,
autosampler and a binary pump. Separation was performed on a Scherzo SM-C18 column 3 pm,
3.0x150mm (Imtakt Corp, JAPAN) maintained at 10°C. The chromatographic gradient started at
100% mobile phase A (5 mM ammonium acetate in water) with a 5 min gradient to 100% B (200

mM ammonium acetate in 20% ACN/80% water) at a flow rate of 0.4 ml/min. This was followed
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by a 5 min hold time at 100% mobile phase B and a subsequent re-equilibration time (6 min)
before next injection. 5 uL of sample volume was injected for analysis. Sample temperature was

maintained at 4°C before injection.

The mass spectrometer was equipped with an electrospray ionization (ESI) source and samples
were analyzed in positive mode. Multiple reaction monitoring (MRM) transitions were optimized
on standards for each metabolite quantitated. Gas temperature and flow were set at 350°C and 10
1/min respectively, nebulizer pressure was set at 40 psi and capillary voltage was set at 3500V.
Relative concentrations were determined by integrating the area under the curve for the
quantifying MRM transition and compared to external calibration curves. Data were analyzed

using MassHunter Quant (Agilent Technologies, Santa Clara, CA, USA).

Data availability

Deep-sequencing data supporting the findings of this study have been deposited in the Gene
Expression Omnibus (GEO) under accession codes GSE147409 (EdU-seq) and GSE147410

(RNA-seq).

Human LOH data in SHH-MB were derived from dataset EGAD00001003127 obtained with

authorization from the ICGC Consortium: https://icgc.org/. Mouse CNV data was downloaded

from GSE19381. Source data for Fig. 1-8, Extended Data Fig. 1-10, and Uncropped Gels have
been provided as Source Data Files. All other data supporting the findings of this study are

available from the corresponding author on reasonable request.
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