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Abstract:

Medulloblastoma is the most common malignant CNS tumor of childhood, affecting ~350 patients/year
in the USA. In 2020, most children are cured of their disease, however, survivors are left with life-long
late-effects as a consequence of intensive surgery, and application of chemo- and radio-therapy to the
developing brain. The major contributor to improvements in patient survival has been the development
of risk-stratified treatments derived from a better understanding of the prognostic value of disease
biomarkers. The characterization and validation of these biomarkers has engendered a comprehensive
understanding of the extensive heterogeneity that exists within the disease, which can occur both
between and within tumors (inter- and intra-tumoral heterogeneity, respectively). In this review, we
discuss inter-tumoral heterogeneity, describing the early characterization of clinical and
histopathological disease heterogeneity, the more recent elucidation of molecular disease subgroups,
and the potential for novel therapies based on specific molecular defects. We reflect on the limitations
of current approaches when applied to a rare disease. We thr.n review early investigations of intra-
tumoral heterogeneity using FISH and immunohistochemical appt.aches, and focus on the application
of next generation sequencing on bulk tumors to elucidate intr.-tumoral heterogeneity. Finally, we
critically appraise the applications of single-cell sequencing -np.uaches and discuss their potential to
drive next biological insights, and for routine clinical applira.'on.
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Introduction

Medulloblastoma (MB) is the most common malignant CNS tumor of childhood (~350 cases/year in the
USA) and is a leading cause of childhood mortality. The primary treatment modality is maximal surgical
resection, followed by radiotherapy and/or chemotherapy. Due to improvements in clinical
management, neuro-surgical technique, neuro-imaging and the introduction of local and cranio-spinal
axis radiotherapy, 5-year survival rates have improved from 2-11% in the 1970s to approximately 75%
today (Ellison, Kocak, et al., 2011; Giordana, Schiffer, & Schiffer, 1998; Lannering, et al., 2012). Despite
these improvements, there still remain substantial numbers of patients for whom current treatments
are ineffective, both in primary and recurrent disease. Moreover, survivors are left with life-long
morbidities associated with intensive treatments, in particular a decline in core cognitive abilities
(Mulhern, et al., 2005). Now that survival is sustained in the majority of patients, efforts are being made
to stratify treatments that balance expected quality of life for survivors whilst maintaining cure rates
(Northcott, et al., 2019).

In this review, we detail the extensive clinical, cellular, genetic anu functional heterogeneity within MB
(Figure 1). Previous biomarker studies have demonstrated “~vw *.eatment success and failure can be
related to biomarkers of inter-tumoral molecular heteroger. 2ity, and the recent application of single-cell
sequencing techniques have started to unpick the biologcal and clinical implications of intra-tumoral
heterogeneity within individual MB tumors.

We discuss the history and current understanding of ‘nter-.umoral heterogeneity, summarized in Figure
2, and review single-cell strategies to better de''n.:at= intra-tumoral heterogeneity and to characterize
new treatment-refractory cell populations. \':= furcther speculate how new therapeutic opportunities
may be identified by considering each ir divi lual MB tumor to be an ensemble of molecularly distinct
subclones that reflect a spectrum of dynai. c cell states. We also explore why improvements to current
conventional therapeutics are platea.’ng and how an understanding of intra-tumoral heterogeneity can
enhance the development of novel *, ~ati..ents to improve patient outcomes, both in terms of survival
and long-term quality of life.

Inter-tumoral heterc zeneity

Clinical heterogeneity

Inter-tumoral heteroge. eity within MB has long been recognized, and a major research focus in the
disease is to identify .nd validate clinico-pathological markers that can be used to predict patient
outcomes for treatment individualization. In 1969, Chang et al. defined local tumor extension and tumor
dissemination stages (T and M stages respectively) for MB (Chang, Housepian, & Herbert, 1969), and the
relationship between distant metastasis and poor clinical outcomes has long been recognized (Zeltzer,
et al., 1999). Historically, a subtotal-tumor resection, typically defined as >1.5cm?” tumor remaining after
excision, was associated with poor outcomes (Zeltzer, et al., 1999), however, with improvements in
surgery, the difficulty in accurately assessing residual disease, and a better understanding of the
molecular heterogeneity within the disease, its prognostic impact is now less clear (E. M. Thompson,
Bramall, Herndon, Taylor, & Ramaswamy, 2018; E. M. Thompson, et al., 2016).

Currently, there is a stark treatment difference between ‘infant’ MB, defined as patients between 3 and
5 years old at diagnosis (dependent on national treatment policies) and childhood MB (non-infant
patients <16 years old). Infant patients are treated with protocols that avoid/delay cranio-spinal
irradiation, with the aim being to minimize the life-long debilitating late-effects associated with
irradiation of a very young brain (Lafay-Cousin, et al., 2009). For childhood patients, current treatment
regimens are aimed at ensuring cure and reducing late-effects through risk-adapted chemo- and
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radiotherapy, and, looking forwards, the aim is to improve stratification by more precisely applied
treatment strategies.

Histopathological inter-tumoral heterogeneity

While initially described as sheets of small, round, blue cells (Rorke, 1983), subsequently, histological
variants of MB have been recognized. In current WHO disease definitions (Louis, et al., 2016), the most
common histopathological variant is classic MB (70% of cases, characterized by sheets of small, round,
blue cells). Desmoplastic/nodular MB (DN; 10-15% of cases) is characterized by reticulin-rich
desmoplastic inter-nodular regions and is associated with younger age of diagnosis. Infant
desmoplastic/nodular patients are associated with favorable disease outcomes (Hicks, et al., 2020;
Rutkowski, et al., 2010). The rarer MB with extensive nodularity (MBEN; 1-2% of cases) is almost
exclusively identified in patients under 2 years old (Giangaspero, et al., 1999) and is associated with a
favorable survival. Conversely, Large-cell/anaplastic (LCA; 10-15% of cases) disease is characterized by
pleomorphic cells and prominent nucleoli and is associated with & v arse prognosis (Ellison, Kocak, et al.,
2011; Lamont, McManamy, Pearson, Clifford, & Ellison, 2004).

Molecular heterogeneity: Subgroups and subtypes

MB has been a poster child for the genome-wide (noletular sub-classification of cancers and their
incorporation into routine clinical practice (Clifford, et ai., 2015; Northcott, Korshunov, Pfister, & Taylor,
2012; Northcott, et al., 2019). Starting in 200F, . *udies using genome-wide transcriptomic or DNA-
methylation patterns identified varying numke=i - of distinct molecular subgroups of MB (Cho, et al.,
2011; Kool, et al., 2008; Northcott, Korshu~.zv, * al., 2011; M. C. Thompson, et al., 2006); these findings
were unified in 2012 to reach an interna ion.l consensus of four molecularly-defined disease subgroups
(M. D. Taylor, et al., 2012). The WNT sun_roup (~10% of patients) is defined by activation of the
WNT/wingless embryonal signaling pau ‘vay; in >90% of WNT tumors, activating mutations of CTNNB1
stabilize the (-catenin protein, the -e'sy ~onstitutively activating the pathway. The remainder of WNT
subgroup tumours are associatfu ‘Wi mutations in APC1 (Goschzik, et al., 2018). This subgroup is
characterized by a favorable rroonosis (>90% survival) (Clifford, et al., 2006; Ellison, et al., 2005). The
SHH subgroup (28% of pati=n..\ is defined by activation of the Sonic Hedgehog embryonal signaling
pathway and is enriched i~ intc .7t and adult disease; SHH pathway mutations (e.g. PTCH1, SUFU, SMO)
characterize the majoriy of inese tumors (Northcott, et al., 2017; Northcott, Hielscher, et al., 2011).
Currently, the WHC His mevishes TP53™" and TP53" variants of SHH disease (Louis, et al., 2016), with
the TP53™ variant assod ‘ated with non-infant disease and very poor disease outcomes (Schwalbe, et al.,
2017; Zhukova, et al., 2013). Groups 3 and 4 (27% and 34% of patients respectively (Kool, et al., 2012))
have generic names which reflect the lack of a defined genetic lesion for these closely related subgroups
- indeed, the WHO disease definitions class Group 3 and Group 4 as a single, non-WNT/non-SHH entity
(Louis, et al., 2016). The definition of the molecular subgroups explained some of the clinico-
pathological heterogeneity previously observed disease-wide and led to the concept that MB is an
umbrella term for a group of molecularly distinct disease variants. After their initial description,
subsequent studies using larger sample numbers and techniques with greater genomic resolution have
identified subtypes of subgroups (Cavalli, et al., 2017; Northcott, et al., 2017; Schwalbe, et al., 2017),
and, in 2020, subtypes of each of the consensus molecular subgroups have been described (Figure 2). In
an international meta-analysis, Sharma et al. described eight DNA-methylation-dependent subtypes of
Groups 3/4 (Sharma, et al., 2019), and SHH disease has been split into infant and childhood molecular
variants (Kool, et al., 2014; Schwalbe, et al., 2017). More recently, the infant SHH subtype has been
further stratified into subtypes | and Il (Robinson, et al., 2018), and using combined
transcriptomics/methylomics, Cavalli et al. described four molecular subtypes of SHH disease (a, j3,
v and 3), mapping to child (a), infant (3, y) and adult (3) variants (Cavalli, et al., 2017; Waszak, et al.,
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2020); however, as of 2020, consensus definitions and nomenclature of SHH subtypes remain to be
defined.

The incorporation of molecular subclassification alongside current clinical biomarkers of MB has enabled
the investigation of subgroup-specific, optimized treatment strategies. These can be through reduced
therapeutic intensity, which is being investigated for WNT subgroup patients without other high-risk
features (clinicaltrials.gov identifiers NCT02066220, NCT01878617, NCT02724579), or through the
inhibition of the SHH pathway protein Smoothened in patients with SHH tumors with vismodegib or
sonidegib (Li, Song, & Day, 2019; Robinson, et al., 2015).

Current clinical stratification recognizes poor outcomes conferred by amplification of the MYC and
MYCN loci, which are the most commonly amplified oncogenes in MB (Ellison, Kocak, et al., 2011;
Northcott, et al., 2019; Ryan, et al., 2012). However, studies of their prognostic impact are inconsistent,
suggesting heterogenous disease behavior for these loci, discussed later in this review.

The definition of molecular disease subgroups has enabled the ir:. =stigation of the impact of subgroup-
dependent associations of disease biomarkers, previously defirzu “nu characterized on the disease as a
whole. Consequently, it has been recognized that while patients ‘~i*n a MYCN amplified SHH tumor have
dismal outcomes (Schwalbe, et al., 2017), MYCN amplifiec Gro 1p 4 patients have similar outcomes to
their non-MYCN amplified Group 4 counterparts (Gosch.'k, et al., 2018; Ramaswamy, et al., 2016). The
amplification of MYCN in SHH disease is associatr.a .¢itn LCA histology and mutations in TP53.
Independently, mutations of TP53 are a marker of pc-r-risk and are, in turn, associated with MYCN
amplifications and LCA histology (Schwalbe, et »' »017; Zhukova, et al., 2013). LCA histology is also
associated with MYC-amplified tumors, which ar » znr.ched in Group 3 MBs (Schwalbe, et al., 2017). This
approach has also been applied to risk-strav.“ication of patient molecular subgroups by cytogenetic
markers. In standard-risk Group 3 and Gruup | disease, 2 or more changes among losses of chromosome
8, 11 and gain of chromosome 7 identifieu ~ favorable risk group, closely associated with subtypes VI
and VI, and with a 100% 5-year su. ‘ival in the PNET4 clinical trial and near 100% survival in an
independent validation cohort (Gosr.nz.* et al., 2018).

Alongside patient groups requi‘ing better treatment options, the application of new investigative
techniques is enabling a mo e 1 fined understanding of the disease. By applying proteomics and
phospho-proteomics, it has « =<ei. shown that the molecular subgroups show highly heterogenous post-
transcriptional modificaticns, and that transcriptionally similar tumors can vary at the post-
transcriptional and pcst-tionslational level, enabling a better functional understanding of disease
biology; Forget et 1. 'esc..0ed how aberrant ERBB4-SRC signaling is a hallmark, and putative target for
novel therapies, in Grour 4 MBs (Archer, et al., 2018; Forget, et al., 2018).

Inter-tumoral heterogeneity of immune markers

Immunotherapy is being rapidly developed for targeting tumor-specific cell-surface antigens (Riley, June,
Langer, & Mitchell, 2019; Terry, et al., 2020). However, unlike other paediatric brain tumours (e.g.
glioblastomas, astrocytomas and ependymomas), MBs typically do not have large amounts of immune
cell infiltrates and, surprisingly, their immune landscape strongly resembles healthy brain tissue
(Griesinger, et al., 2013). Nevertheless, a 2020 study by Donovan et al. identified three cell-surface
antigens, EPHA2, HER2 and interleukin 13 receptor a2, that were expressed by MB cells and absent on
the cell surface of normal brain cells. They reported that subsequent administration of CAR T cells
targeting these epitopes was a highly efficient therapy in xenograft mouse models of Group 3 metastatic
MB (Donovan, et al., 2020).

A 2020 study by Grabovska et al. applied a deconvolution approach, methylCIBERSORT, to DNA
methylation microarray data from 2,325 MBs to explore inter-tumoral immune variation and the



composition of the tumour immune microenvironment (TIME). They reported a significant immune
heterogeneity among medulloblastoma subgroups and subtypes (Grabovska, et al.,, 2020). The most
frequently infiltrated non-cancer cell types across all MB subgroups were CD8T, B-cells, and eosinophils.
Remarkably, the proportions of immune cell types differed significantly between the four consensus
molecular subgroups, and MYC amplification in Group 3 tumours was associated with a distinct TIME
defined by significantly increased proportions of CD8T and B cells. Consensus clustering of MB immune
cell profiles identified four immune clusters. Immune cluster membership ‘cut across’ the consensus
molecular subgroups, and was associated with specific clinico-molecular features, offering potential for
a more refined understanding of clinical behaviour when TIME as well as consensus molecular subgroup
is considered.

Future approaches

The molecular era has enabled the subclassification of the disease and, from this, groups of patients
with favorable outcomes (e.g. WNT subgroup patients) have bee n identified and are eligible for therapy
de-escalation in current trials. There are also groups of patients (N, VC amplified Group 3 tumors; TP53
mutated/MYCN amplified SHH tumors) for whom 5-year surviv l ra1 2s are unacceptably low (i.e. < 20%).
Since conventional treatments are failing in these patients ne v treatment approaches or philosophies
are needed, however the potential for dramatic survivil .~rrovements using new combinations of
conventional chemo- and radiotherapy is limited.

Molecular sub-divisions within a rare disease such as . *8 makes the investigation of the clinical and
biological relevance of these subgroups and sub*,nes very challenging, and it is envisaged that future
studies will necessitate international co-opera.i,n to collect sample cohorts of sufficient size. For
example, the recent international meta-an='vsi_ that defined eight subtypes of Group 3 and Group 4 MB
included 1,501 patient samples, represer ting >2 years’ worth of total MB patients from USA and Europe
combined (Sharma, et al.,, 2019). Conse.uently, using these approaches, this level of disease
stratification may have been taken to .*< furthest logical extreme; however, a unified multi-omic study
(NGS, DNA methylation, transcriptc m .- proteomics, metabolomics), applied to a cohort size > 1000,
has yet to be published. Addition-'v, .*2 NGS techniques currently applied to bulk tumors have reached
their maximal (i.e. genome-wiu. per base calls) genomic resolution. New approaches are therefore
needed to continue to improve natient outcomes.

Future improvements to u ~at’nents may involve novel therapeutics (Hill, et al., 2015; Kumar, et al.,
2017) for patients with 2001 prognoses. Related to this are the very poor survival rates following disease
relapse; once patien.. have received cranio-spinal irradiation, there are currently no other effective
treatment options and cnsequently, long-term survival following disease relapse is between 5 and 12%
(Johnston, et al., 2018; Pizer & Clifford, 2009).

Intra-tumoral heterogeneity

Not every genetic lesion, be it a driver or a passenger alteration, will necessarily be present in every cell
of a MB tumor. In addition to inter-tumoral variation between MBs from different patients, evidence
has emerged for the presence and clinical impact of diversity within MB tumors - this diversity is termed
intra-tumoral heterogeneity (McBride, Rida, & Aneja, 2015; Park, Gonen, Kim, Michor, & Polyak, 2010;
Yates & Campbell, 2012; Ye, et al., 2009).

Early studies of intra-tumoral heterogeneity

Numerous bulk tumor studies have reported intra-tumoral heterogeneity of key MB biomarkers (e.g.
LCA histology, MYC(N) amplifications, CTNNB1 and TP53 mutations) through the application of



conventional wet-lab techniques, such as histopathological assays, immunohistochemistry and FISH
(Ellison, 2010; Hill, et al., 2015; Korshunov, et al., 2012; Pietsch & Haberler, 2016; Ryan, et al., 2012; X.
Wang, et al., 2013).

Histopathological intra-tumoral heterogeneity

The distinction of MB into the histopathological subtypes recognized by the WHO can be problematic,
since MBs often display a complex admixture of subtypes within the same tumor. Two typical examples
of morphological intra-tumoral heterogeneity are mixed-classic and LC/A as well as mixed-DN and MBEN
histological subtypes (Ellison, 2010; Kool, et al., 2012; Rausch, et al., 2012) (Figure 3.1A). The extent and
relevance of heterogeneity, defined by their distinct spatial histology, is not yet clearly defined for such
MBs. It is also unknown whether these heterogeneous types have distinct molecular correlates.
Understanding the clinical, pathologic and prognostic role of in ra-tumoral heterogeneity in MB tissue
morphology and its link with molecular intra-tumoral heterogenrity in MB tumorigenesis is an area for
future studies.

Intra-tumoral heterogeneity of protein biomarkers by ‘mriunohistochemistry

Alongside histopathological subtype, the immunoisto.hemical (IHC) detection of biomarkers is
routinely applied in MB diagnostics to distinguish Mb ‘rom other brain tumor entities of a similar
location and histopathology (e.g. ependymoms#; .5 well as to estimate intra-tumoral heterogeneity
(Chiang & Ellison, 2017). Numerous IHC s di~s have demonstrated that MBs show highly
heterogeneous patterns of key protein bic... rk. s among cells within the same tumor (Figure 3.1B) (de
Haas, et al., 2006; Eberhart, Tihan, & Bui_ar 2000; Ellison, Dalton, et al., 2011; Hill, et al., 2015). Nuclear
accumulation of B-catenin protein in at lea.t 10% of MB cells is a clinically significant intra-tumoral
heterogeneity cut-off score applied in « standard molecular testing of MB (Pietsch & Haberler, 2016;
Silva, et al., 2013). Ellison et al. test:c 235 MBs and demonstrated a strong heterogeneity of GAB1
protein expression among inter- a. 1 w.itra-nodular compartments of DN tumors (Ellison, Dalton, et al.,
2011), while a study by Hill et a.. reported heterogenous TP53 protein expression in 29 relapsed MBs
(Hill, et al., 2015). Although 'He is useful for the characterization of spatial intra-tumoral heterogeneity
for selected biomarkers, ii~ apj«ication to intra-tumoral heterogeneity-focused studies is limited. Since
conventional IHC assav, o2 optimized to detect and quantify the expression of a single marker of
interest per tissue <_-tic> *he characterization of a specific biomarker by intra-tumoral heterogeneity in
the context of other r olecular alterations is challenging. Furthermore, initial tissue preservation
conditions, tissue pre-processing for optimized antigen retrieval and individual sectioning skills can
strongly affect the nature and reproducibility of results from IHC. Finally, being dependent on successful
antibody assays, IHC requires numerous optimization and control steps as well as an accurate scoring
system to avoid false positive/negative intra-tumoral heterogeneity counts/scores.

Intra-tumoral heterogeneity of chromosomal defects by FISH

Fluorescence in-situ hybridization (FISH) is a commonly used method to identify tumor-specific
chromosomal aberrations and is a gold-standard tool for detection of aneuploidy and specific oncogene
amplifications in MB diagnostics and research. In 2012, applying interphase FISH, a study by Ryan et al.
observed highly variable cellular gene amplification patterns underlying MYC copy number
amplifications in MB patient biopsies (Ellison, Kocak, et al., 2011; Ryan, et al., 2012). Furthermore, intra-
tumoral heterogeneity in the amplification of MYCN has been reported in multiple MB studies (Figure
3.1C) (Aldosari, et al., 2002; Ellison, Kocak, et al., 2011; Lamont, et al., 2004; Ryan, et al., 2012). The
inherent intra-tumoral heterogeneity for MYC/N has necessitated empirically-defined guidelines for
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scoring of their amplification for clinical application. For example, a MYC/N amplification cut-off of >5%
of cells in 200 non-overlapping nuclei is applied in current SIOP-PNET5-MB clinical trial (Pietsch &
Haberler, 2016). Even though conventional FISH techniques provide a clear assessment of intra-tumoral
heterogeneity status for candidate single CNAs, FISH protocols are labor intensive (involving a number
of fixation, incubation and washing steps) and since each probe can only typically target one
chromosomal aberration, the quantitative intra-tumoral heterogeneity assessment of the cytogenetic
landscape of chromosomal alterations requires application of more advanced technologies (Rodriguez-
Mateos, Azevedo, Almeida, & Pamme, 2020).

Intra-tumoral heterogeneity in the molecular era of Next Generation Sequencing (NGS)

NGS studies have greatly improved an understanding of inter-tumoral heterogeneity and identified key
sets of cancer driving events in MB (Hovestadt, et al., 2019; Northcott, et al., 2017; Ocasio, et al., 2019;
A. M. Taylor, et al., 2018; Zhang, et al., 2019). Since the emergerce of NGS, MB studies of intra-tumoral
heterogeneity have followed two major approaches, focusing on .he spatial and inferred heterogeneity
within bulk tumors and the characterization of intra-tumoral he'e: ~geneity at the single-cell level.

Spatial analysis of intra-tumoral heterogeneity in bull tun ors by multi-regional sampling

In some types of cancer, e.g. non-small cell lung can.c. and clear cell renal cell carcinoma, subclonal
changes are spatially distinct (de Bruin, et al., 2014, “er.inger, et al., 2014). Thus, clinical diagnoses
based on single tumor biopsies might be depende’t upon the sampling site, potentially leading to
patients receiving sub-optimal therapies bas:d ir part on incorrect molecular and histological
diagnostics. To address the clinical significance of 5. atial heterogeneity in MB, Morrissy et al. performed
a study assessing multiple biopsies deriv.a ror.. the same MB tumors (Morrissy, et al., 2017) (Figure
3.2). Importantly, none of the assessed t.™r rs were uniformly homogeneous or heterogeneous: tumors
showed spatial homogeneity at the transci.ptome level and distinct patterns of spatial mutational
heterogeneity. Divergent clonality of ke ¢ driver mutations was detected across multiple biopsies, and
the authors suggested that spatial h7.. rogeneity of MB should be considered when targeting single
mutations therapeutically. The ~>d, also presented some evidence of homogenous expression of
antigen-coding genes within m.'tiple biopsies from 9 primary MBs (Morrissy, et al., 2017); the intra-
tumoral heterogeneity of imn. ine viomarkers in MB remains an area of research that requires further
exploration.

Currently, MBs can be 1 2liak'y assigned to a molecular subgroup from just a single biopsy based on their
transcriptome (Norche~tt, norshunov, et al., 2011; Northcott, Shih, et al., 2012; Schwalbe, et al., 2011)
or, more commonly, thfir methylome (Northcott, et al., 2017; Schwalbe, et al., 2017; Sharma, et al.,
2019), however, in their paper, Morrissy et al. suggested that to identify 80% of mutations in any tumor,
at least 5 biopsies need to be tested, with at least 4 biopsies required to detect only 50% of alterations
in highly heterogeneous tumors (Morrissy, et al., 2017).

Caveats of bulk NGS approaches

The suitability of using NGS sequencing of bulk tumors to elucidate intra-tumoral heterogeneity can be
problematic. When bioinformatically inferring intra-tumoral heterogeneity and clonal evolution from a
single sequenced biopsy, spatial heterogeneity is not assessed. To catalogue a more complete landscape
of heterogeneity, a number of biopsies need to be bulk sequenced and subsequently compared, which is
expensive and often not practical given the availability and size of tumor material recovered from
surgery (Morrissy, et al., 2017). Moreover, bulk sequencing data does not reflect the number of cells and
the size of a cancer specimen. Thus, in downstream analyses, samples with different physical
dimensions might show different patterns of clonal evolution that is modulated in part by their size and
cellularity, with more cellular specimens showing an older ancestral history in contrast to samples with a
lower cell content. Another challenge faced by bulk tumor sequencing is contamination by stromal cells
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(low tumor purity), which reduces the frequency of cancer alleles in bulk sequencing data (Turajlic,
Sottoriva, Graham, & Swanton, 2019). Limitations in allelic copy number inference (the number of
genome copies at a given site) and SNV assignment (number of allelic copies for a given mutation) may
result in a misleading clonal profile when derived from bulk sequencing data.

Intra-tumoral heterogeneity of medulloblastoma by single-cell sequencing

Single-cell sequencing is an emerging alternative to bulk sequencing. In contrast to bulk sequencing,
single-cell approaches allow comparison of the frequency of aberrations among multiple individual cells
within the same tumor (McGranahan & Swanton, 2015). Single-cell sequencing has been applied to
investigate intra-tumoral heterogeneity in many cancers (Fu, et al., 2020; Izar, et al., 2020; Qian, et al.,
2020). Remarkably, a single-cell study of genomic intra-tumoral heterogeneity of breast cancer by Wang
et al. suggested that any two single cells originating from the <ame tumor would have a different
genomic profile (Y. Wang, et al., 2014).

Developmental origin of medulloblastoma cells by sir zle-\ ell transcriptomics

Prior to the emergence of single-cell sequencing, genc .y, =-w0-cell-type associations have been studied,
with proposed cells of origin being extra-cerebellar >=!s from the dorsal brainstem for WNT MBs
(Gibson, et al., 2010) and cerebellar granule neurnn rogenitors (GNPs) (Oliver, et al., 2005; Yang, et al.,
2008) for SHH MBs. Transcriptome analysis of i wiilual cells allows the characterization of stochastic
mRNA fluctuations in cells of the same tvoe, to turther distinguish diverse cell types, as well as to
uncover the phenotypic and morphologi.al p ‘operties of cells within a tumor (Raj & van Oudenaarden,
2008). Several recent studies have applieu <single-cell RNA sequencing approaches to characterize the
transcriptome of single MB cells (Figui > 3.3A). Hovestadt et al. investigated the cellular origin of twenty-
five MBs belonging to four molecu'ar ~ungroups at a single-cell level, and, based on gene expression
differences, characterized tissue-snec fir, cellular and developmental states of MB. Tumors belonging to
WNT, SHH and Group 3 subg-oups were shown to consist of undifferentiated and differentiated
neuronal-like malignant popt ations. Group 4 tumors were composed of differentiated neuronal-like
neoplastic cells, with evidenc. for the cell of origin of Group 4 tumors being unipolar brush cells and
glutamatergic cerebellar nu.'~. (Hovestadt, et al., 2019). A contemporaneous study by Vladoiu et al.
confirmed that MB cor :ists of mixed cellular populations with divergent differentiation trajectories. In
this study, the SHH Mv subgroup was shown to transcriptionally mirror the granule cell hierarchy, and
Group3 tumors to be ¥ ailar to Nestin-positive stem cells, while Group4 MBs resembled unipolar brush
cells (Vladoiu, et al., 2019). The clinical implications of understanding intra-tumoral heterogeneity in the
context of SHH subgroup MB have been explored using single-cell RNA sequencing in two further
studies. Ocasio et al. assessed cellular diversity in response to treatment by the SHH-pathway -
Smoothened inhibitor, vismodegib. Treatment with this drug increased cellular differentiation and
reduced the proliferative capacity of SHH tumors in transgenic, MB-prone mice (Ocasio, et al., 2019).
Zhang et al. identified that OLIG2-expressing glial progenitors were highly enriched in therapy-resistant
and relapsing MBs (Zhang, et al., 2019).

Clonal structure and temporal intra-tumoral heterogeneity by single-cell genome sequencing

Genomic alterations in cancer comprise a fundamental resource of cellular diversity (Junker & van
Oudenaarden, 2014). Intra-tumoral heterogeneity acts as a substrate for genomic tumor evolution,
whereby sequential acquisition of alterations generates genetically related subpopulations of cells
within the tumor. Multiple studies (e.g. on glioblastoma, breast, kidney and ovarian cancers) are
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beginning to characterize the temporal process of acquisition of mutational lesions (Casasent, et al.,
2018; McGranahan & Swanton, 2015; McPherson, et al., 2016; J. Wang, et al., 2016; Xu, et al., 2012). A
study by Gerstung et al. inferred clonal evolution patterns in 38 cancer types (totaling 2,061 tumors,
including 146 MBs) using genomic data obtained from bulk tumor samples. This study reported that
chromosomal aneuploidy is an early event in MB development, with loss of chromosome 17q as well as
mutations in DDX3X and PTCH1 being key early driver events (Gerstung, et al., 2020). However, given
this work was performed on bulk sequencing data, it only provided a broad and inferred overview of the
evolutionary history of MB, neither reflecting intra-tumoral heterogeneity nor considering these
changes in a subgroup-specific manner. The application of single-cell WGS to tumors allows aneuploidy
detection and phylogeny to be directly inferred without deconvolution, and outperforms bulk
sequencing for more precise branching and tracking the phylogenetic relationships between mutations
with similar allelic frequency (Malikic, Jahn, Kuipers, Sahinalp, & Beerenwinkel, 2019). Thus, single-cell
genome sequencing offers clear potential for a more accurate estimate of MB clonal substructure
compared to bulk sequencing in the future (Figure 3.3B).

Spatial intra-tumoral heterogeneity at single-cell resolut’on

Understanding the relationship among single-cells and the.- rel itive locations within a tumor is crucial
for understanding MB pathology. Emerging spatial transc:.ntomics approaches offer a near-single-cell or
even a sub-cellular resolution. For instance, the applicatio. of spatially-barcoded arrays and subsequent
data deconvolution allowed assessment of genetic he ~rogeneity up to a single-cell level in ~2,200
regions of melanoma tissue (Thrane, Eriksson, Maaskola, Hansson, & Lundeberg, 2018) as well as
~6,750 tissue domains of prostate cancer tum.n's i3erglund, et al., 2018). Berglund et al. identified
distinct expression profiles for the normal tiss '@ components, namely stroma, glands and immune cells
were identified and compared with spati~ .« tre nsciiptional profiles of cancer cells. High-resolution spatial
transcriptomic profiling of serial MB sectic -5 on a single-cell level is a promising technique to uncover a
whole 3D landscape of MB tissue, hei,~ing to identify new therapeutic biomarkers (Figure 3.3C).

Medulloblastoma subgrouping an 1 single-cell DNA methylation profiling

Extensive epigenomic profilins <. 110,294 nuclei, combining the information on DNA methylation,
chromatin contact and chrc maun accessibility was performed by Liu et al, generating an atlas of DNA
methylation of the mousc bran. at single-cell resolution (Liu, et al., 2020). Studying epigenetic intra-
tumoral heterogeneity av ~ single-cell level is crucial for understanding MB tumorigenesis, since the
currently understoc * n.~lerular subtypes of subgroups of MB have been defined by DNA methylation
patterns. Recent evider e indicates the presence of intra-tumoral heterogeneity of methylation status
in Group 3 and Group +~ MB samples, with single tumors having mixed methylation patterns consistent
with Group 3 and Group 4 subgroups (tastowska, et al., 2018). International consensus studies have
been undertaken to define heterogeneity in Group 3 and Group 4 MB according to molecular subtypes,
assigning more specific subgroup and subtype definitions (Northcott, et al., 2017; Northcott, et al., 2019;
Sharma, et al., 2019). Single-cell assessment of genome-wide DNA methylation would be a suitable
technique to further improve MB subtyping by providing a catalogue of intra-tumoral heterogeneity and
allowing cell-specific subtyping to be performed.

Limitations of single-cell sequencing

Due to the inherently limited yield of nucleic acids from a single cell, amplification methods have to be
applied to provide a sufficient amount of material for sequencing. Amplification bias, however, can
result in a poor coverage, high background noise as well as allelic dropout (Junker & van Oudenaarden,
2014; Zahn, et al., 2017). While single-cell genomics to assess aneuploidy and/or mutation detection can
be performed on DNA extracted from fresh-frozen or formalin-fixed, paraffin embedded specimens,
most published protocols for single-cell transcriptomics are dependent upon high-quality fresh or frozen
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tumour tissue, which therefore precludes analysis of archival specimens. Single-cell sequencing is a
developing and currently expensive field of research which continues to rapidly evolve. The application
of automated techniques and robotics will enable greater numbers of processed cells with more
uniform sample handling. There is much scope for the statistical development of methodologies to
reduce noise and amplification-free approaches are being actively developed. Due to costly techniques
and reagents, all published single-cell MB studies described in this review were performed on relatively
small tumor cohorts of up to 25 MBs. As costs decrease, techniques will become more accessible, and
we believe that intra-tumoral heterogeneity assessment will be invaluable for the elucidation of the
fundamental biological processes underpinning tumorigenesis and for the clinical investigation of these
findings.

Clinical significance and application of intra-tumoral heterogeneity in medulloblastoma

Once intra-tumoral heterogeneity biomarkers have been identifind, their clinical relevance and potential
to improve diagnostic accuracy should be investigated. Furtheimore, understanding the significant
longitudinal steps of clonal evolution in each MB subgroup, ina ‘heir timing in tumorigenesis might
allow ‘evolution-aware’ disease management, with potentia! 7~r ....proved clinical outcomes and a lower
incidence of disease recurrence. Clinical trials of the futu ~ should also take into account that driver
events might be heterogeneous, while different subclone. might be targeted by specific inhibitors. For
instance, the DARWIN trial (Deciphering Anti-turior Response With Intratumor Heterogeneity
(clinicaltrials.gov identifier NCT02183883) investigated \ hether progression-free survival of non-small
lung cell cancer could be improved by targetin-, ie clonally dominant tumor driver, and the clinical
behavior of the same driver in its subclonal stae f evolution.

Summary

In this review, we have discussed t*a 1.’<tory and current understanding of inter- and intra-tumoral
heterogeneity within MB. Through wn irr proved understanding of heterogeneity, a more refined disease
sub-classification has driven better . ~tient outcomes, through biomarker identification, and subsequent
application of molecularly-detarn.:ned, risk-adapted therapies. To effectively treat patients for whom
current therapies are uns.:cce-sful, it will be important to develop more refined treatment
personalization for patien.. by adopting validated findings from large, multi-omic bulk tumor studies
allied to novel biolog cal insights from single-cell intra-tumoral heterogeneity studies. However,
balanced against tae nou.oontial of outcomes to be improved by new disease understanding is the
requirement to develor and employ routinely-applicable, low-cost clinical assays for key disease
biomarkers arising from these studies.
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Figure Legends:

Figure 1: Medulloblastoma is a heterogeneous disease. Schematic illustrates an interplay of intra- and
inter-tumoral heterogeneity of medulloblastoma and highlights the clinical significance of heterogeneity
for patients.

Figure 2: Timeline of inter-tumoral heterogeneity discovery in medulloblastoma. Key advances in the
understanding of clinical, molecular and proteomic inter-tumoral heterogeneity are shown.

Figure 3: Timeline representing the development of key approaches for the investigation of intra-
tumoral heterogeneity within medulloblastoma: 1 — Microscopy as a tool to uncover intra-tumoral
heterogeneity: 1A — Histopathological heterogeneity with mixed patterns of DN and MBEN histology
within a frozen tissue section stained by H&E; 1B — TP53 protein expression heterogeneity among single
cells of MB FFPE tissue section assessed by immunohistochemicr! targeting of the anti-TP53 antigen; 1C
— Heterogeneity in a MYC copy number profile assessed ' MYC-specific iFISH probes. 2 -
Representation of the bulk NGS approaches applied to resear .h i tfra-tumoral heterogeneity based on
the study of Morrissy et al. (2017). 3 — Representation of t-~ 5.7 zle-cell technology advances used to
assess intra-tumoral heterogeneity by single-cell sequenci.’g: 3A — Example t-SNE plot illustrating the
abundance of single-cell clusters with variable functicns/distinct cellular origins, using single-cell
transcriptomics analyses; 3B — Schematic dendrosrarn  representing the subclonal structure of
medulloblastoma on a single-cell level; 3C — lllustratinn ~f a spatial transcriptomics experiment with a
frozen MB tissue section placed onto a barcozc.! slide to explore a spatial landscape of MB at a
subcellular resolution.
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