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Abstract

Medulloblastoma (MB) is the most common primary malignant brain tumor of
childhood and a significant contributor to pediatric morbidity and death. While
metastatic dissemination is the predominant cause of morbidity and mortality for

patients with this disease, most research efforts and clinical trials to date have focused
on the primary tumor; this is due mostly to the paucity of metastatic tumor samples
and lack of robust mouse models of MB dissemination. Most current insights into
the molecular drivers of metastasis have been derived from comparative molecular
studies of metastatic and non-metastatic primary tumors. However, small studies on
matched primary and metastatic tissues and recently developed mouse models of
dissemination have begun to uncover the molecular biology of MB metastasis more
directly. With respect to anatomical routes of dissemination, a hematogenous route
for MB metastasis has recently been demonstrated, opening new avenues of inves-
tigation. The tumor micro-environment of the primary and metastatic niches has
also been increasingly scrutinized in recent years, and further investigation of these
tumor compartments is likely to result in a better understanding of the molecular
mediators of MB colonization and growth in metastatic compartments.
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INTRODUCTION

Medulloblastoma (MB) is the most common malignant brain
tumor in children, arising in about 0.74 per 100 000 children
per year in the United States (66). The current standard
of care for children over the age of 3-5 years includes
neurosurgical resection, craniospinal irradiation (CSI), and
cisplatin-based chemotherapy. In patients with average-risk
disease, the 5-year survival rate is 85%, compared with 70%
for children with a high-risk designation (68, 89).
Unfortunately the morbidity and mortality of therapy is
high, and even those children who achieve remission and
cure are left with lifelong sequalae including neurological,
cognitive, and endocrinological impairment (59). In those
cases where children do not survive, mortality almost always
results from metastatic dissemination of the tumor from its
primary site of origin in the posterior fossa to the leptome-
ninges. More rarely, MB spreads to extraneural sites such
as bone, lung, liver, or lymph nodes (81). In 20-30% of
affected children, metastasis will have occurred at time of

first presentation, while in others this occurs as a metastatic
recurrence (100). Integrative genomic studies have shown
that this embryonal tumor comprises at least four molecular
subgroups (SHH, WNT, Group/Grp 3, Group/Grp 4) with
distinct clinical characteristics, including heterogenous recur-
rence patterns and propensity for metastatic dissemination
(64, 65). SHH and Grp 4 patients have an intermediate
prognosis and can show metastatic dissemination, especially
Grp 4 tumors which comprise the majority of metastatic
MB cases. WNT subgroup tumors are associated with an
excellent prognosis, in contrast to Grp 3 tumors which are
associated with poor outcomes and frequently show meta-
static dissemination at first presentation or recurrence. (74,
75). More recent efforts to further resolve the molecular
classification of MB have defined additional subtypes within
the original four subgroups, permitting a more granular view
of outcome and dissemination risk profiles (11, 87).
Because metastasis is the major cause of mortality in
children with MB, there should be a special focus on
the characterization of this phenomenon to identify novel
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therapeutic targets for prevention or amelioration of
metastatic dissemination. Expression profiling of metastatic
and non-metastatic MB cases has informed much of the
current understanding of the molecular drivers of tumor
dissemination. Additional insights have been derived from
comparative molecular analyses of matched primary and
metastatic tissues, although these efforts have been limited
by a paucity of such tissue samples (75). Various pre-
clinical models including in vitro migration assays and
in vivo murine models (transgenic and xenograft) have
been used to uncover the molecular drivers of dissemina-
tion, the phylogenetic relationships between primary and
metastatic tumor deposits, the anatomical routes of MB
dissemination, and the biology of the primary and meta-
static tumor microenvironments (TME) which facilitate
dissemination and distant implantation. Current and emerg-
ing concepts in the field are reviewed and summarized
here.

Patterns of relapse and metastasis by subgroup

The four molecular subgroups of MB listed in the WHO
classification are SHH-activated, WNT-activated, Grp 3,
and Grp 4 (49). SHH tumors are characterized by aber-
rant activity of the Sonic hedgehog signaling pathway,
which is frequently caused by mutations in pathway com-
ponents, including PTCH, SMO, and GLI2. Tumors of
this subgroup arise from the external granule layer of the
cerebellum, frequently demonstrate desmoplastic/nodular
histology, and represent the predominant subgroup in
infants under age 3 and patients over age 16 (63). Cohort
studies have shown that metastases are rarely present at
the time of first presentation and recurrences are more
likely to occur locally (i.e. in the surgical cavity) than in
the leptomeninges (75).

Tumors of the WNT subgroup arise from the lower
rhombic lip and are driven by Wingless-related integration
site pathway activation (26) through frequent somatic
mutations of beta-catenin (CTNBBI) and monosomy 6.
These usually show classic histology, tend to affect older
children (ages 4-15) and are associated with an excellent
prognosis, low rates of recurrence, and very low rates of
metastatic dissemination (16). Grp 3 and Grp 4
tumors occupy the fourth ventricle, and are less clearly
defined at the molecular level than SHH or WNT tumors.
Grp 3 tumors harbor MYC amplification in 15-20%, are
enriched for tumors with large cell/anaplastic (LCA) mor-
phology, and predominantly affect infants and young
children (never adults). Both Grp 3 and Grp 4 tumors
can carry isochromosome 17q (il7q), though this finding
is more frequent in Grp 4. Rates of metastatic dissemina-
tion at first presentation are high for Grp 3 MB which
confers an especially poor prognosis, particularly in young
infants treated with chemotherapy only (80). Recurrence
patterns for both subgroups are similar, with a tendency
towards dissemination in previously irradiated patients,
with a particularly low latency period for Grp 3 tumors.
Metastatic relapses of Grp 4 tumors tend to present with
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isolated deposits, whereas the metastatic relapses of Grp
3 tumors are typically multifocal or laminar (100).
Importantly, evaluation of molecular subgroups in matched
primary and metastatic tissues from multiple cohorts has
confirmed that subgroup affiliation is unchanged between
these compartments, further supporting the distinct biol-
ogy of these subgroups (75).

Integrative data clustering methodologies such as simi-
larity network fusion (SNF) analysis (97) have been applied
to matched MB DNA methylation and gene expression
profiles to further resolve the intra-group heterogeneity
of MB (85). This analysis has identified 12 unique sub-
types, which show distinctive molecular and clinical char-
acteristics, including four Shh-activated (Shha, Shhf, Shhy,
Shhd), two Wnt-activated (Wnta, Wntp), three Grp 3 (3a,
3B, 3y) and three Grp 4 (4a, 4f, 4y). Shha tumors affect
children aged 3-16 years, show various copy number altera-
tions (resulting in enrichment of MYCN, and GLI2 ampli-
fications), frequently carry 7P53 mutations, and have the
worst prognosis overall. In infants, Shh tumors show Shhf
and Shhy affiliation, of which the Shhf tumors are much
more frequently metastatic and have a worse prognosis.
SHHS tumors are usually identified in adults, show fre-
quent TERT promoter mutations, and have an overall
better prognosis. Evaluation of the two Wnt subtypes
shows that Wntoa tumors mostly comprise pediatric patients
and have ubiquitous monosomy 6, while Wntp carries a
diploid chromosome 6. Both subtypes however have a
similar prognosis and equivalently low rates of metastasis.
Within the Grp 3 subtypes, 3a tumors show frequent
chromosome 8q loss (MYC locus is at 8q24), 3f tumors
show higher frequency of GFII and GFIIB oncogene
activation, OTX2 amplification, and loss of DDX31I, and
3y tumors show frequent 8q gain. While 3a and 3y show
similarly high rates of metastasis (as compared to 3p),
the latter subtype shows a poorer prognosis overall, even
when controlling for MYC amplification status. Finally,
while 4a, 4p, and 4y show differential molecular profiles,
the rate of metastatic dissemination is homogenous between
these subtypes.

Preclinical models

Various in vitro and in vivo experimental models of MB
metastasis have been developed to characterize the biology
of metastasis, and for preclinical testing of novel thera-
peutics. The in vitro assays which have been utilized primarily
include assays of cell migration, such as scratch assays,
radial migration assays, and Matrigel/Boyden chamber
approaches (1, 10, 35, 36). In vivo xenograft and transgenic
mouse models have been developed to permit more extensive
molecular characterization of tumors in various compart-
ments, and elucidation of the anatomical pathways of dis-
semination (Figure 1). A recurrent challenge with xenograft
models of metastatic MB has been the mismatch between
mouse survival times and the length of time required to
achieve tumor cell dissemination and distant implantation.
One solution to this problem, which has been utilized by
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Models of Metastasis in Medulloblastoma
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Figure 1. Models of metastasis in medulloblastoma. Mouse models of
medulloblastoma dissemination and metastasis include traditional
patient-derived xenograft (PDX) models with injection of tumor cells
orthotopically, into CSF spaces such as ventricles or cisterns, or into
subcutaneous flank tissue. Mouse models created by injection into

extra-CNS sites such as the subcutaneous flank putatively achieve meta-
stasis only through hematogenous dissemination, while metastasis

some subgroups, is to inject xenografted cells subcutane-
ously in the flank, as this permits more effective surgical
control of disease. Resection of primary tumor increases
the survival period of the mouse model sufficiently so as
to achieve dissemination and leptomeningeal/distant implan-
tation(22). A modified xenograft mouse model generated
through tumor cell injection into the cisterna magna has
also shown consistent leptomeningeal dissemination along
the brain and spinal cord, and provides another in vivo
model of metastasis (13). Transgenic models of metastatic
MB have proven difficult to generate. One model utilized
by our subgroup is an insertional mutagenesis mouse model
developed using a Sleeping Beauty transposon system—
consisting of a T2/Onc transposon and a Sleeping Beauty
11 (SB11) transposase encoded under the Mathl enhancer/
promoter—on a Ptch™~ or Tp53™ background (Ptchl*~/
Mathl-SB11/T20nc, Tp53™'[Mathl-SBI11/T20nc) (14, 15,
99). This random mutagenic approach permits the applica-
tion of functional genomics approaches to interrogate the
specific roles of individual genes in cell processes such as
migration and metastasis. Gene sites which carry transposon
insertions at rates higher than background are termed gene-
centric common insertion sites (gCISs), and these insertion
events are assumed to be enriched due to survival benefits
conferred by altered gene function. Comparison of the
gCISs in matched primary and metastatic tumors permits
inference of the functional contributions of individual gCIS
to metastatic spread, and evaluation of the molecular and
phylogenetic relationships of metastatic disease to primary
tumor.

Brain Pathology 30 (2020) 691-702
© 2020 International Society of Neuropathology

Intraventricular PDX injection

=7,

@‘/‘

Genetic Models

— CSF circulation

— Blood circulation

(Y

in orthotopic or CSF injected PDX models may proceed hematogenously
or through CSF Genetic mouse models include those generated by
germ line editing, allografting of edited mouse neural stem cells, or
through mutagenic transposon approaches, and can putatively achieve
dissemination through blood and/or CSF.

Molecular drivers of metastasis

Comparative molecular analysis of tumors with and with-
out dissemination has identified activity of genes and
signal transduction pathways enriched in metastatic popu-
lations, and which putatively drive metastasis in MB. One
of the earliest such analyses identified enriched expression
of RAS/MAPK pathway components in metastatic tumors,
a finding which has been recapitulated in other studies
(27, 51). Receptor tyrosine kinases (RTKs) upstream of
RAS/MAPK such as PDGFR and ERBB2 (HER2/neu)
have each been specifically implicated in MB pathogenesis
and migration. Overexpression of ERBB2 in MB cell lines
significantly increases in vitro invasion and cell migration
compared to controls (32), and upregulates expression of
downstream RAS/MAPK pathway genes (MAPK, MEKY)
and of S100A4 (S100 calcium binding protein A4). S100A4
in particular has been implicated in regulation of motility,
invasion, and tubulin polymerization, and is a known
driver of tumor progression and metastasis in a number
of epithelial and non-epithelial malignancies (7). PDGFRA
has been identified as a gCIS in both primary and meta-
static compartments in Sleeping Beauty functional genomics
screens, strongly suggesting a role for this gene in the
maintenance of disease in both primary and metastatic
compartments, and implicating it as a potential metastatic
driver (99). Indeed, treatment of MB cell lines with anti-
PDGFRA antibody abrogates fibronectin-dependent adhe-
sion in in vitro assays, and results in the inhibition of
downstream activating phosphorylation of pathway com-
ponents including MAP2K1, MAP2K2, and MAPKI1/3
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(51). HRAS over-expression in SHH tumor cell lines results
in increased cell migration in vitro, and significantly
increases rates of pulmonary metastases when injected
subcutaneously in mice, as compared to controls (101).
The authors of that study further reported a case of
matched human primary and metastatic MB tumor samples
that demonstrated a higher degree of MAPK activation
in metastatic tissue than primary tumor (101). Interestingly,
immunostaining of tissue from a single primary tumor
showed increased MAPK phosphorylation in the perivas-
cular niche relative to tumor bulk, suggesting a role for
RAS/MAPK signaling in tumor dissemination, especially
pertinent in light of recent data showing that MB tumor
cell dissemination may proceed through hematogenous
routes (22, 101).

Like the RAS/MAPK pathway, the PI3K/AKT pathway
is a powerful regulator of cellular proliferation and migra-
tion, with clearly demonstrated roles in tumor dissemination
in other tumor types (12, 43). In MB, the pathway fre-
quently shows aberrant overactivity (31, 76), and emerging
data strongly imply a role in MB cell migration (28). In
addition to RTK over-expression, the pathway can also be
activated in MB through loss of PTEN tumor suppressor,
which is encoded on chromosome 10q, and also frequently
deleted in MB (62, 77). Sleeping Beauty functional genomic
screening has identified insertions in Pten, as well as Akt2
and Pik3rl as being enriched in the metastatic compart-
ment, further implicating the pathway as a regulator of
metastatic dissemination (99). In vivo experiments using the
RCAS/tv-a system (76) have demonstrated that viral intro-
duction of Shh and Akt genes to cerebella of Nestin-TVA
mice greatly increases the penetrance of tumor formation
relative to Shh alone, and induces leptomeningeal metastasis
in about 1/5 of mice (99). Interestingly, as with the RAS/
MAPK pathway, the PI3K/AKT pathway can be upregulated
in cells of the perivascular niche (in response to CSI),
which could drive intravasation and hematogenous dissemi-
nation of malignant cells (29).

Various other pathways such as the HGF/cMET and
NOTCH signaling pathways have also been shown to drive
a pro-migratory phenotype in MB. The HGF/cMET pathway
is a known regulator of both cerebellar development and
MB pathogenesis (33, 37, 44, 45, 93). Upregulated cMET
expression has been identified in a subset of SHH and
Grp 3 MB cases, and increased expression of the gene
can drive pathway activity and dissemination. Activation
of the HGF/cMET pathway can also be achieved through
tumor suppressor loss by epigenetic and mutational silenc-
ing of SPINT2 (serine protease inhibitor kunitz-type 2)
(37). In vitro studies have demonstrated that the pathway
has a pro-migrational effect on MB cells, partly effected
by increasing the expression and activity of a tissue factor
(TF) which drives cellular motility through modulation of
actin cytoskeleton (72, 73). In vitro pharmacological target-
ing of cMET inhibits the pathway, and impairs cell mobility
in migration assays (41). The NOTCH signaling pathway
has been implicated in dissemination of numerous cancers
through roles in epithelial-mesenchymal transition, escape
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from anoikis mediated cell death, and pro-angiogenic func-
tions. There is significant over-representation of genes in
the NOTCH signaling pathway in Grp 3 MB, and specific
activating pathway mutations have been identified (18, 62).
Early reports indicated significantly higher expression and
activity of NOTCH2 compared to NOTCHI1 in embryonal
tumors such as MB, and implicated NOTCH?2 specifically
in cellular proliferation and tumor growth (18). More recently
however, investigations with xenograft mouse models of
metastatic Grp 3 MB showed higher expression of NOTCH1
and its transcriptionally active intracellular domain (NICD1)
in spinal metastatic deposits than in primary tumors, with
upregulated expression of NOTCHI1 pathway genes.
Consistent with earlier reports, NOTCHI1 expression in
primary MB tissue obtained from patients with metastatic
disease was confirmed to be low, suggesting that the path-
way is upregulated in a subclone with increased metastatic
capacity. These pro-metastatic effects may be mediated
through activation of TWIST1 which in turn activates BMI1.
BMI1, a member of Polycomb Repressive Complex I, is
predictive of metastasis in various cancer types, associated
with poor outcome in Grp 3 MB, and has been suggested
as a potential therapeutic target in recurrent MB (3).

In addition to canonical signaling cascades, non-coding
RNAs such as microRNAs have gained attention as impor-
tant drivers of tumor pathogenesis and dissemination (79).
Recurrent amplification of the miR-17/92 polycistron has
been implicated as a driver of proliferation in SHH-pathway
dependent MB, whereas the highly conserved miR-
183~96~182 cluster encoded on chromosome 7q has been
shown to be upregulated in non-SHH-MB (61, 94). The
overexpression of this cluster (and miR-182 in particular)
has been very clearly associated with a pro-metastatic phe-
notype in other cancers. In MB, the cluster has been shown
to regulate the PI3K/AKT/mTOR signaling axis, suppress
expression of pro-apoptotic genes, and drive increased cell
mobility in scratch assays in vitro (98). Intracranial injec-
tion of MB cell lines that overexpress miR-182 generated
tumors with large cell/anaplastic histology and significantly
greater degrees of local cerebellar infiltration, as well as
leptomeningeal metastatic dissemination (2).

Anatomic routes of metastatic dissemination

Historically, tumor dissemination to the leptomeninges was
assumed to occur by passive spread through the cerebro-
spinal fluid (CSF), although this has never been empirically
proven. Recently, dissemination has been shown to occur
through the hematogenous compartment, which may inform
efforts to identify inhibitors of metastatic dissemination(22).
The specific anatomical routes and protein mediators of
tumor cell dissemination into the bloodstream—where they
become circulating tumor cells (CTCs)—and exit to the
leptomeninges, have not yet been elucidated, but if identified
would present exciting and novel therapeutic targets.
Expression analysis of Grp 3 primary and metastatic tumors
has identified CCL2 as a differentially expressed gene between
these compartments, and copy number gain of this protein
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in Grp 3 primary tumors predicts higher rates of metastatic
dissemination

(22). Forced expression, or knockdown, respectively, of
CCL2 in rarely metastatic xenografted cell lines significantly
increased and decreased metastatic rates, respectively,
strongly suggesting a role in mediating metastatic dissemi-
nation(22). Importantly, CCL2 and its cognate receptor
CCR2 (together forming the CCL2/CCR2 signaling axis)
have been shown to facilitate leukocyte trafficking out of
the hematogenous compartment, and dysregulation of the
axis has been implicated in driving the dissemination and
progression of metastasis in a large number of other
malignancies (48).

Like the CCL2/CCR2 axis, the pro-metastatic role of
the CXCR4/CXCLI12 axis has also been demonstrated in
numerous cancers and has received increasing attention
as a possible driver of MB dissemination (67). CXCR4
expression by tumor cells facilitates homing of malignant
cells to niches where stromal cells express the CXCL12
ligand (also known as SDF-1, stromal cell-derived factor
1) (8). In normal cerebellar development, CXCR4 appears
to play important roles in the Shh-induced proliferation
and migration of granule cells (46, 50, 102). Overexpression
of CXCR4 is common in MB, particularly in the SHH
subgroup suggesting a role for metastatic dissemination
of MB (82, 84, 86). Treatment of MB cell lines in vitro
with CXCL12 has been shown to have proliferative and
pro-migratory effects. Interestingly, CXCL12 has known
pro-angiogenic functions and is expressed on tumor vessel
walls, suggesting the possibility that this axis may be
involved in the hematogenous dissemination of MB cells
(34, 61, 65, 82). The cellular localization and activity of
CXCR4 in MB has been shown to be mediated in part
by protein phosphatase 2C delta (WIP1), through sup-
pression of G protein coupled receptor 5 (GPCRYS) (9).
WIPI is a known oncogene, with p53 inhibitory function,
and encoded on 17q (17q22-23). Interestingly, gene expres-
sion analysis has shown that metastatic MB has increased
expression of WIP1, and that this is accompanied by
higher expression levels of CXCR4 (10).

Prior to introduction of routine chemotherapy for patients
with MB, nearly 20% of all relapses included an extraneural
component. Since the introduction of chemotherapy as
standard of care for MB treatment, extraneural metastases
have become exceedingly rare in children, though still seen
in the adult population (20, 91). Overall, the most common
extraneural site is bone, with lymph nodes and visceral organs
relatively less affected. Recent advances in detection of CTCs
has revealed that MB patients often have CTCs at diagnosis,
suggesting there is an early propensity for intravasation of
subclones of MB primary tumors (22). MB CTCs display
positivity for CD56 (NCAM), which, coupled with CD45
exclusion (to exclude white blood cells) and morphological
examination, allows the identification of such cells. CD56+ve
MB cells are also found in the blood of patients that display
overt extraneural disease at progression, indicating that the
expression of the antigen is conserved at relapse and could
be useful for tracking MB CTCs during the entire course
of the disease (17, 23, 92). However, efforts to characterize
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the surfaceome of MB CTCs should be undertaken, because
expression of CD56 is frequently focal in primary tumors.
The ability of MB to intravasate is shared with neural stem
cell progenitors, which are also able to leave the CNS to
contribute to neurogenesis in tumors such as prostate cancer,
a process which supports tumor development and progres-
sion in turn (56). In the context of a possible hematogenous
route for MB leptomeningeal metastasis, it has become
increasingly relevant to improve our understanding of the
mechanism of MB cell intravasation, as this could represent
the first step of both extraneural and leptomeningeal dis-
semination of MB (21, 22).

Tumor microenvironments in primary and
metastatic compartments

Several cellular components of the brain parenchyma,
such as neurons, astrocytes, and microglia establish exten-
sive cross-talk with MB tumor cells. Similarly, extensive
interactions link MB tumor cells and non-cellular com-
ponents of the brain extracellular matrix, which also play
a key role in regulating availability of nutrients and growth
factors important for tumor cell proliferation and motil-
ity. The cellular components of primary MB TME have
been investigated in small cohorts by immunohistochem-
istry to look at a few populations simultaneously, or more
recently, in large transcriptomic datasets by bioinformatic
approaches to highlight the relative abundance of cell-type
specific gene expression signatures (52, 54, 70, 71, 96).
Immunohistochemistry-based approaches return binary
results about presence/absence of a given cell population,
but results across studies from different institutions can
be contradictory, and depend on the robustness of the
biomarkers and antibodies used. Quantification of the
different cellular components of the TME by immuno-
histochemistry is also complicated by the relatively low-
throughput nature of the technique but, on the contrary,
immunohistochemistry provides spatial information about
the location of TME cell populations, contributing to
our understanding of spatial heterogeneity of MB. When
analyzed through quantification of gene expression sig-
natures, MB TME differs dramatically according to the
subgroup affiliation of the tumor. SHH MBs are char-
acterized by the highest levels of infiltration of macrophages
and T cells compared to other subgroups, PD-LI is high-
est in a few WNT and SHH tumors, and Grp 3 tumors
have the highest number of CD8+ T cells. Grp 3 and 4
tumors have the largest number of cytotoxic lymphocytes
and also the largest number of endothelial cells (5). It
is also important to highlight the limitations of such
gene expression-based approaches to profile the MB TME;
when signature genes are expressed by both tumor cells
and TME, confounding effects arise which have to be
taken into account to robustly identify TME populations.
Gene expression-based approaches also do not allow
evaluation of the spatial distribution of TME cell popu-
lations, which has important implications for generation
of hypotheses about the immune-suppressive status of the
tumor (24). Taken together, recent findings from small
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immunohistochemistry-based studies and larger bioinfor-
matic studies converge on identifying SHH-activated MBs
as the most enriched in macrophages, which are more
abundant in areas of active proliferation. The macrophage
M1 vs. M2 polarization status and its correlation with
progression is still under investigation (42, 53, 90).
While progress has been made in describing the TME
in primary MB, there have been no advances in under-
standing the TME of leptomeningeal metastasis, the biggest
hurdle being the lack of suitable samples for molecular
profiling and a relevant model system in mice. Evidence
on the importance of the TME in leptomeningeal metas-
tasis comes from preclinical studies where macrophage-
targeted immunotherapies have been applied to Grp 3
orthotopic xenograft models (25). Gholamin and colleagues
used the humanized anti-CD47 antibody, Hu5F9-G4, to
block CD47-SIRP« interaction which resulted in impaired
local and metastatic growth of MB (25). CCL2 cytokine
is a major chemoattractant for activated macrophages, and
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its overexpression in a small number of human Grp 3
primary tumors and metastases supports the relevance of
macrophages in Grp 3 human leptomeningeal metastases
(22).

MB tumor cells in the primary tumors also extensively
interact with the unique components of the brain extracel-
lular matrix. There are three recognized domains of the
brain extracellular matrix: a neural interstitial matrix, a
basal lamina, and perineuronal nets. The interstitial matrix
is composed of loosely associated components such as
hyaluronan, tenascin C and R, and a remarkably small
amount of collagen and adhesive glycoproteins, such as
laminin and fibronectin. In contrast, the basal lamina—
which covers the endothelial cells of parenchymal blood
vessels and the surface of the pia—is composed of a dense
network  of  collagen, laminin and fibronectin
(Figure 2). As a consequence, the ECM that comes in to
play in primary MB—the interstitial matrix—is very dif-
ferent from the ECM that leptomeningeal metastases are
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Figure 2. The primary and metastatic cell niche. Primary tumor cells
reside in neural interstitial matrix composed of hyaluronan, collagen,
adhesive glycoproteins, and cellular components such as microglia,
macrophages, and parenchymal cells (i.e., neurons/astrocytes/
oligodendrocytes). Extravasation of circulating tumor cells (CTCs) in
response to cytokine secretion is mediated by cell adhesion molecules
(CAMs) and integrins. The metastatic niche on the leptomeningeal (pial)
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surface is significantly different from neural interstitial matrix, and is
composed of a dense network of collagen, laminin and fibronectin.
Characterization of protein and molecular components which drive
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uncover targets for inhibitors of leptomeningeal colonization and tumor
growth.
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in contact with, which is mostly composed of the basal
lamina associated with the pia membrane. Primary MBs
modify the ECM by active secretion of ECM proteins
(collagen) and, at the same time, tumor cells are supported
by the ECM which provides a reservoir of growth factors
that increase invasion and migration properties (47, 83).
In the leptomeningeal niche—the subarachnoid space—the
concentrations of growth factors and nutrients is dramati-
cally different from the primary tumor niche. Produced
mostly by the choroid plexus in a process of active filtra-
tion and secretion, the CSF contains less glucose, amino
acids (with the exception of glutamine), and lipoproteins
than blood. How MB metastasis survive and then thrive
in this rather different microenvironment is largely unknown,
because early stages of metastasis in the leptomeninges
are hard to access in humans and difficult to model in a
pre-clinical setting. Sampling and profiling of MB cells in
the CSF and in blood might shed light on the intermedi-
ate stages of adaptation to the metastatic niche (i.e., anoikis).
Further adaptation and selection might occur after extrava-
sation or during CSF colonization, especially in the transi-
tion from micrometastasis to macrometastasis, in a manner
similar to what has been shown for adult carcinomas with
brain or leptomeningeal tropism (95). Breast cancer cell
lines selected for a tropism toward the leptomeningeal space
educate the subarachnoid microenvironment by secreting
the complement protein C3, and this in turn permeabilizes
the blood-CSF-barrier to better support leptomeningeal
metastatic growth (6). To understand whether similar pro-
cesses occur in MB metastasis and how relevant they are
to explain the limited therapeutic response of MB metas-
tasis to CSI and high-dose chemotherapy will likely produce
a better understanding on leptomeningeal metastasis vul-
nerabilities that could in turn be exploited to design more
efficient and less toxic therapies for metastatic patients.

Clinical implications and novel molecular
targets

Current standard of care for all patients includes maximal
safe surgical resection, followed by adjuvant CSI and chemo-
therapy. Historically, the choice of adjuvant therapy in
North America has been based on binary stratification using
a multivariate risk model which segregates patients into
standard and high-risk classes. The designation of standard
or average risk is given to patients over the age of 3 years,
who present without metastatic disease, have no histologic
evidence of large cell anaplasia, and in whom near total
gross section is achieved (residual tumor <I1.5 cm?).
Conversely, a high-risk designation is assigned to those
patients who have residual disease post-resection (>1.5 cm?),
show metastatic dissemination, or show large cell anaplastic
histology; in these patients adjuvant therapy is intensified.
CSI doses for standard risk patients are reduced to a total
of 23.4 Gy, while high-risk patients (including patients with
metastatic dissemination) receive a standard dose of
36-39 Gy. In infants (i.e., children below 3 years of age),
a protocol of high-dose chemotherapy and autologous stem
cell transplantation forms the standard of care in North
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America in order to avoid the neurocognitive toxicity of
CSI at this developmental stage (58, 78).

The recognition that MB is a heterogenous disease entity
with variable patterns of recurrence and outcome has
prompted efforts to tailor both the intensity and delivery
method of adjuvant therapy based on patient risk profile.
The results of the SJYCO7 trial have recently been pub-
lished, these showed that treatment de-escalation in patients
with desmoplastic histology (predictive of good outcome)
resulted in worsened progression-free-survival rates in this
population, prompting premature trial termination (80).
More recent trials designed since the development of
molecular classification are now testing similar therapy de-
escalation strategies in patients with WNT-activated MBs,
including PNETS5, ACNS1422, SIMBI12, and NCT02212574
(which has also recently been terminated for reduced
progression-free survival rates). SJIMBI12 is additionally
testing the utility of targeted SMO inhibition using vis-
modegib in skeletally mature patients with SHH-activated
MBs, and dose escalation of gemcitabine and premetrexed
in Grp 3 and Grp 4 tumors. For patients with high-risk
disease or metastatic relapse, intrathecal delivery of highly
active chemotherapy is a relatively safe, and potentially
efficacious strategy for prevention or treatment of leptome-
ningeal metastatic growth. This delivery method is used
routinely in some parts of the world, such as Europe
where intrathecal administration of methotrexate is part
of the standard of care for infants with MB. Early clinical
trials with high risk/relapsed/disseminated MB patients have
shown that intrathecal delivery of agents such as cytarabine
(depocyte) or the radioimmunotherapeutic 3'1-3F8 is well-
tolerated and a promising strategy (39, 40, 55).

The identification of novel targets for inhibition of
metastatic dissemination or metastatic disease has proven
difficult because of a paucity of metastatic tissue samples
(and therefore research data), and also by the inherent
complexity of the biology underlying the process. In the
clinical setting, treatment decisions are generally made
based on evaluation of tissue obtained from primary,
untreated tumor. However, previous whole genome sequenc-
ing efforts on matched primary and locally recurrent tumors
has demonstrated that the highly mutagenic effects of
anti-tumor therapy induce profound genomic changes in
tumor cells, even while molecular subgroup affiliation
remains unchanged (57, 75). Specifically, recurrent tumors
show dramatically increased somatic mutational burdens,
and in one study SNVs and indels in these recurrent tumors
were found to overlap their matched primaries by only
11.8% (57). These data suggest the possibility that addi-
tional molecular drivers of MB pathogenesis and migration
may be acquired only after clonal generation and selection
in response to adjuvant therapy, changes which would not
be represented on genetic testing of a primary lesion.

The development of rational and personalized therapeutic
strategies against MB dissemination is further complicated
by the phylogenetic relationship of the metastatic tumor(s)
to its matched primary lesion. While copy number analysis
of matched human primary/metastatic samples, and sequenc-
ing of functional genomic models of MB dissemination

697



Molecular Biology of Medulloblastoma Metastasis

clearly indicate a common cell-of-origin for all cases, the
molecular features of metastatic disease suggest these are
derived from (a) small subclone(s) of primary tumor. In
the Sleeping Beauty mouse model of dissemination for
example, gCIS overlap between primary and metastatic tumor
was found to be just under 10%, and many gCISs highly
clonal in metastatic deposits were present in only a very
small subclone population of matched primary tumor (99).
Even more concerning is the finding that molecular hetero-
geneity can exist between multiple metastatic deposits within
a single patient; for example, copy number analysis of a
single case with multiple metastatic deposits showed variable
copy number alterations between deposits (e.g., deletion of
chromosome 1p in one of three matched metastasis). These
findings suggest the possibility that clonal evolution continues
to occur to at least some degree after metastatic implanta-
tion on leptomeninges and/or distant sites, or that separate
metastatic deposits could be seeded by molecularly unique
subclones of the primary tumor (99). Together these data
underline the difficulties which are likely to be encountered
by initiatives to develop a single inhibitor of the metastatic
compartment on the basis of tissue obtained from primary
untreated tumor, or even from a single metastatic deposit.

Novel therapeutics for the treatment of MB and MB dis-
semination have been proposed and tested in preclinical MB
models. Given the volume of data implicating them in MB
maintenance and suggesting further roles in dissemination,
the most obvious targets are members of the PI3K/AKT,
RAS/MAPK, and HGF/cMET signal transduction pathways.
One approach is the targeting of the upstream tyrosine kinase
receptors such as ERBB2, PDGFRA, and cMET, given the
relative availability of FDA-approved therapies against these
targets. For example, while ERBB2 expression levels have
been deemed to be insufficiently high in MB for effective
targeting by Trastuzumab (Herceptin), CAR T cells designed
against this target have produced significant and sustained
regression in xenograft models of MB (although impact on
dissemination has not been tested in vitro or in vivo) (60).
Targeting of PDGFR with imatinib mesylate (Gleevec) inhibits
PDGF-BB induced MB cell proliferation and migration in
vivo, suggesting a role for this agent in abrogation of MB
dissemination (1). Various small-molecule inhibitors of cMET
have also been evaluated in pre-clinical models of MB, includ-
ing a compound designated PHA665752 (45), an assortment
of flavonols (quercetin, kaempferol, and myricetin) (38), and
the small-molecule foretinib (41). In the case of foretinib,
the drug was tested extensively in transgenic mouse models
of Shh-driven MB, and effectively caused tumor size reduc-
tions in both the primary and metastatic compartments (19).

Downstream of these RTKSs, various other targets and
therapies have been identified and tested, usually for inhibi-
tion of MB cell growth and proliferation, but occasionally
for impacts on migration, or rarely, dissemination. These
include therapeutics targeting histone deacetylases, DNA
topoisomerase, and PI3K, among others (12, 28, 30, 31,
69, 88). Interestingly, PI3K inhibition has been shown to
be cytotoxic to a radio-resistant population of perivascular
MB cancer stem cells in vitro, suggesting this as a possible
strategy to prevent tumor cell intravasation (29). Finally,
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the emerging roles of CXCR4 and its ligand CXCLI12 in
MB proliferation and metastasis suggest a role for targeted
inhibition of this axis as a therapeutic strategy both for
treatment of primary tumor, and prevention of metastatic
dissemination. Preclinical investigations with AMD 3100, a
bicyclam small-molecule inhibitor of CXCR4 and CXCL12
interaction, show that the drug effectively blocks the pro-
liferative and pro-migratory effects of CXCL12 exposure to
MB cell lines in vitro, and inhibits downstream signaling
through the PI3K/AKT and ERK pathways (4, 82).

Whether a single targeted therapeutic (or simple combina-
tion) can effectively inhibit the process of MB tumor cell
dissemination and migration to leptomeningeal/extraneural
sites, or effect sufficient cytotoxicity on metastatic tumor
cell populations in human patients, remains to be seen. Well
known challenges in the field of oncology including difficul-
ties caused by tumor heterogeneity, clonal evolution, and
pathway redundancy, are likely to present persistent challenges
in this effort. The identification of indispensable gene targets
required for bi-compartmental tumor maintenance would be
the most promising approach for therapies seeking to target
primary, metastatic, and CTCs. The identification of these
targets and development of therapeutics will require increased
access to metastatic MB tissues and continued improvements
in mouse models of MB dissemination. Further characteriza-
tion of the TME in primary, leptomeningeal and extraneural
compartments will also be important for the identification
of novel targets/therapies against tumor niche elements. With
progress on these fronts, emerging concepts in the laboratory
are anticipated to translate into meaningful treatment advances
for children with this debilitating disease.
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