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ABSTRACT

Background. The coagulation system becomes activated during progression and therapy of high
grade brain tumors. Triggering tissue factor (F3/TF) and thrombin receptors (F2R/PAR-1) may
influence the vascular tumor microenvironment and angiogenesis irrespective of clinically
apparent thrombosis. These processes are poorly understood in medulloblastoma (MB), in which
diverse oncogenic pathways define at least four molecular disease subtypes (WNT, SHH, Group
3, Group 4). We asked whether there is a link between molecular subtype and the network of

vascular regulators expressed in MB.

Methods. Using R2: microarray analysis and visualization platform, we mined MB datasets for
differential expression of vascular (coagulation and angiogenesis) - related genes, and explored
their link to known oncogenic drivers. We evaluated the functional significance of this link in

DAOQY cells in vitro following growth factor and thrombin stimulation.

Results. The coagulome and angiome differ across MB subtypes. F3/TF and F2R/PAR-1 mRNA
expression are upregulated in SHH tumors and correlate with higher levels of MET receptor.
Cultured DAOY (MB) cells exhibit an upregulation of F3/TF and F2R/PAR-1 following
combined SHH and MET ligand (HGF) treatment. These factors cooperate with thrombin
impacting the profile of vascular regulators including interleukin 1p (IL1B) and chondromodulin

1 (LECTY).

Conclusions. Coagulation pathway sensors (F3/TF, F2R/PAR-1) are expressed in MB in a
subtype-specific manner, and may be functionally linked with SHH and MET circuitry. Thus
coagulation system perturbations may elicit subtype/context-specific changes in vascular and

cellular responses in MB.
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INTRODUCTION

The vascular system is engaged in brain tumor progression through natural processes
such as angiogenesis, or due to intervention including surgery, chemotherapy, and radiation.
Indeed, high grade brain tumors may exhibit significant hemostatic perturbations including
haemorrhage and thrombosis, occurring both locally and systemically.[1, 2] This is often
attributed to activation of tissue factor (F3/TF),[3] the cell-associated transmembrane receptor
for the blood borne zymogen coagulation factor VII/VIIa. The TF/VIIa complex activates factor
X (F10) to Xa, which directly participates in the generation of active thrombin (Ila) from
prothrombin (F2).[4] While thrombin plays a central role in the formation of fibrin clots and
platelet activation, all proteolytic components of this pathway (TF/VIla, Xa, and IIa) also possess
important cellular signaling functions mediated chiefly by protease activated receptors,
especially F2R/PAR-1 and F2RL1/PAR-2.[5] These signals participate in the cellular sensing of
clotting activity and the related activation of a ‘wound healing program’, which consists of
growth, survival, and vascular responses.[6, 7] Thus, TF/VIla/Xa/lla pathway mediates
activation of both F2R/PAR-1 and F2RL1/PAR-2 receptors, and resulting signals may change
the expression of genes involved in other vascular processes such as inflammation and

angiogenesis.[8, 9]

Cancer cells are a major source of F3/TF and PARs in the tumor mass, and their

expression is controlled by changes in the tissue microenvironment and cellular genome.



Notably, mutations in tumor suppressors such as PTEN,[10] and activation of oncogenic
pathways including epidermal growth factor receptor (EGFR)[11, 12] and hepatocyte growth
factor receptor (MET) [13, 14] have been implicated as regulators of TF/F3, PAR1/2, and FVIL.
This is of interest as oncogenic networks also define the recently described molecular subtypes
identified in several types of brain tumors;[15-17] hence, a corresponding variation could be
expected with regard to regulation of F3/TF, PARs, and other elements of the cancer coagulome.
Indeed, such variation was recently described for adult glioblastoma (GBM),[18] but has not

been studied in pediatric high grade brain tumors.

Medulloblastoma (MB) is the most common primary malignant pediatric brain tumor
occurring mostly in the cerebellum and arising from the neuronal lineage. The 5-year overall
survival is 65-85% following aggressive therapy that includes surgical resection, radiation, and
chemotherapy.[19] Long-term survivors demonstrate treatment-induced sequelae including
cognitive deficits, endocrine dysfunction, and growth retardation, which reaffirm the importance
of evaluating more individualized and biologically-based therapies.[19, 20] It is now understood
that MB is comprised of four core molecular subtypes (WNT, SHH, Group 3, Group 4) each of
which is defined by the activation of specific oncogenic pathways that determine clinical
characteristics of the disease.[16, 21, 22] In addition, intrinsic events such as MYC or MYCN
amplification,[21, 23-29] and upregulation of MET receptor[30, 31] influence the aggressiveness

of MB tumor cells.

These events are not completely cell-autonomous and may be accompanied by altered
interactions with the microenvironment, for example, hepatocyte growth factor (HGF) released
from stromal cells may activate MET receptor in cancer cells.[32] Overexpression of HGF

increases the formation of SHH-induced MB in mice, and inhibiting HGF activity prolongs



survival.[20] MET is predominantly overexpressed in SHH MB tumors and is associated with
reduced progression free survival.[33] Whether these changes affect regulators of crucial

vascular processes in MB has not been studied.

Here we show that molecular subtypes of MB exhibit distinct expression patterns of
coagulation- and angiogenesis-related genes. Specifically, F3/TF and F2R/PAR-1 mRNA
expression is significantly elevated in SHH MB relative to other subtypes. DAOY cells, which
demonstrate properties of SHH tumors[34] and express MET receptor,[13, 14] respond to
combined stimulation with HGF and SHH by upregulation of F3/TF and F2R/PAR-1 mRNA.
Under these conditions, the exposure to thrombin upregulates interleukin 1B (ILB/IL1pB) and
downregulates chondromodulin 1 (LECT1/ChM1), a potent inhibitor of angiogenesis. Therefore,
in MB, the expression of vascular regulators is not ‘unspecific’, but rather results from

cooperation between key oncogenic growth factor pathways and coagulation factor signaling.



MATERIALS AND METHODS

In Slico MRNA Expression Analysis

Gene expression data come from public sources deposited in GEO
http://www.ncbi.nlm.nih.gov/geo (GSE10327, GSE37418, GSE12992, GSE3526, GSE35493,
GSE21140), or have been generated at the German Cancer Research Center DKFZ in Heidelberg
(Kool et al., unpublished).[16, 35-39] The MASS5.0 algorithm of the GCOS program (Affymetrix
Inc) was used for normalization of the expression data. All data have been analyzed using the R2

program for analysis and visualization of microarray data (http://R2.amc.nl).

Cells and Growth/Coagulation Factor Treatment

DAQY cells were kindly provided by Dr. Nada Jabado (Montreal Children’s Hospital,
McGill University Health Center, 2012), and have previously been characterized and
validated.[40] These cells were maintained in AMEM (alpha minimal essential medium;
Multicell) supplemented with 1% penicillin/streptomycin (Invitrogen) and 10% fetal bovine
serum (Wisent). DAQOY cells (55,000/well) were seeded in a 6-well plate and the following day
they were serum-starved overnight in basal growth medium. Subsequently, the cells were
stimulated with HGF (50 ng/ml) and SHH (1 ug/ml) alone or in combination, and collected after
7 hours[41] for analysis of F3/TF and F2R/PAR-1 mRNA expression. To assess changes in gene
expression downstream of F2R/PAR-1 activation, following 24 hours stimulation with HGF and
SHH alone or in combination, cells were stimulated with thrombin (1 unit/ml) for an additional

24 hours[42] before collection.



RNA Preparation and Expression Profiling

RNA was extracted using the RNeasy Plus Mini Kit (Qiagen) and quantified using
Nanodrop. RNA (1 ug) was reverse transcribed using the RT? First Strand Kit (SABiosciences).
Using the RT> SYBR Green PCR Master Mix (SABiosciences), the Human Angiogenesis RT?
Profiler™ PCR Array (SABiosciences) was used to assess changes in the expression of 84
angiogenesis-related genes. Genes that displayed more than one melting peak curve (non-specific

amplification) were removed from further consideration.

Quantitative Real-time PCR

RNA was reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen).
cDNA was amplified using the LightCycler4d80 SYBR Green I Master Mix (Roche). F3/TF,
plasminogen activator inhibitor-1 (SERPINE1/PAI-1), and B-actin primer sets (QuantiTect
primer assays) were also purchased from Qiagen. The following are primer sets purchased from
Integrated DNA Technologies (IDT): F2R/PAR-1 sense 5’-GCA ACA AAT GCC ACC TTA
GAT CC-3’ and antisense 5’-GAG ACT AAT CTG TAT TCA GTT AAC CCA CTT-3’;
interleukin-8 (IL8) sense 5’-CTG CGC CAA CAC AGA AAT TAT TGT AAA GC-3’ and
antisense 5’-AAA CTT CTC CAC AAC CCT CTG CAC-3’; ILB/IL1p sense 5’-AGA AGT
ACC TGA GCT CGC CA-3’ and antisense 5°’-CTG GAA GGA GCA CTT CAT CTG T-3’;
GAPDH sense 5’-TGC ACC ACC AAC TGC TTA GC-3’ and antisense 5’-GGC ATG GAC
TGT GGT CAT GAG-3’;[43] and LECT1/ChM1 sense 5’-CAG GCG CTG GAA GAC TGA
ATA-3’ and antisense 5’-CTT TCC CCT TCC TGC TGA TGA T-3’. Real time PCR was

performed on a LightCycler480 (Roche), and relative mRNA levels were quantified from the



standard curve for each primer set and normalized to f-actin and GAPDH using the

LightCycler480 Software Release 1.5.0.

Satistical analysis

Heatmaps of mRNA expression data were generated directly in R2 (Supplementary
Figures) or using MultiExperiment Viewer (MeV) version 4.9. Statistical analyses were
performed using GraphPad Prism 6. All data were analyzed using a one- or two-way ANOVA
(Kruskal-Wallis test for nonparametric analyses) as appropriate. The factors were tumor
subgroup, growth factor treatment, and coagulation factor treatment. The post-hoc Dunn’s
(nonparametric) or Tukey’s Honestly Significant Difference (HSD) tests were used to determine
the significance of main effects. The nonparametric Spearman coefficient was calculated for the
correlation between F3/TF or F2R/PAR-1 and MET mRNA expression for the human data.
F3/TF or F2R/PAR-1 was assigned as the independent variable, x, and MET as the dependent
variable, y. All data were generally expressed as mean + standard error of the mean (SEM), and

the level of significance was set as p<0.05.



RESULTS

Selective upregulation of F3/TF, F2R/PAR-1, and MET transcripts in the SHH subtype of

medulloblastoma

To determine whether the expression of coagulation factors in MB is random, or linked to
the specific oncogenic circuitries activated in subtypes of cancer cells, we surveyed human
mRNA expression profiles annotated for the main molecular subgroups of the disease: WNT,
SHH, Group 3, and Group 4 (Fig. 1, Supplementary Fig. 1). We first evaluated the mRNA
expression levels of 38 effectors of the coagulation and fibrinolytic systems in 424 patient
specimens and an additional 31 samples of fetal and adult cerebellum (Supplementary Fig. 1).
Notably, several coagulation factors were ectopically expressed in MB tumors. While there were
many similarities, we observed that coagulation factor X (F10) is significantly upregulated in
WNT tumors compared to every other molecular subgroup in addition to the normal fetal (but
not adult) cerebellum. The WNT subgroup uniquely displays upregulated levels of protein C
receptor (PROCR) compared to all other tumors, but not to normal cerebellum. SHH, Group 3,
and Group 4 tumors demonstrate reduced expression of PROCR compared to normal fetal
cerebellum. The expression of fibrinogen-like 2 (FGL2) prothrombinase was most abundant in
WNT and SHH tumors compared to those in Group 3 and Group 4; the latter groups also have
lower FGL2 levels compared to the normal cerebellum. Notably, Group 4 demonstrates striking
diversity in the expression of coagulation-related genes, which may suggest the existence of

vascular subtypes within this patient population (Supplementary Fig. 1).

F2R/PAR-1 expression was higher in SHH tumors (and fetal cerebellum) compared to all

other subgroups and adult cerebellum. Levels of F3/TF were also upregulated in the SHH



subgroup. Interestingly, in comparison to the fetal cerebellum, WNT, Group 3, and Group 4
tumors exhibit dramatically lower levels of tissue factor pathway inhibitor (TFPI)
(Supplementary Table 1). As levels of coagulation factors have been shown to correlate with
age,[44-46] we compared mRNA levels for F3/TF and F2R/PAR-1 across the different age
groups of MB patients, but no age-related differences were found (Fig. 2). It is unclear why
levels of some ectopic factors (F10, FGL2, PROCR, TFPI) in MB resembled adult, but not fetal

cerebellum.

Thus we observed that F3/TF and the thrombin receptor (F2R/PAR-1) are selectively
elevated in SHH tumors compared to all other molecular subgroups of MB (Fig. 3A and B).
Interestingly, this upregulation is paralleled by increased expression of MET (Fig. 3C);
furthermore, both F3/TF (= 0.3779, p<0.0001) and F2R/PAR-1 (r= 0.3002, p<0.0001) are
positively correlated with levels of MET (data not shown). To exclude the possibility that
stromal cells contribute to F3/TF and F2R/PAR-1 expression, we also analyzed mRNA levels of
lineage markers of endothelial (PECAM1/CD31), hematopoietic (PTPRC/CD45), and myeloid-
derived cells (ITGAM/CDI11b); however, we found that overall there were no significant
differences among the MB subgroups in this regard (Supplementary Fig. 2). This suggests that
tumor cells themselves are responsible for differences in F3/TF and F2R/PAR-1 expression

among MB subgroups.

F3/TF and F2R/PAR-1 expression are induced by HGF and SHH in cultured medulloblastoma

cells
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The link between TF/F3 levels and MET in samples of SHH-type MB is intriguing as
MET is a known regulator of F3/TF expression and activity in MB cell lines.[13, 14] In SHH
MB patients, MET expression parallels a more aggressive course of the disease,[33] but the role
of this pathway in the regulation of the thrombin receptor and responses to thrombin have not
been studied. To examine whether the expression of F3/TF and F2R/PAR-1 are causally linked
to MET pathway activation, we chose DAOY cells, which exhibit a hedgehog-related gene
expression signature and can be regarded as a model of SHH MB.[34] Indeed, HGF (MET
ligand) treatment of DAOY cells triggered a marked upregulation of F3/TF mRNA, but had no
effect on F2R/PAR-1 (Fig. 4). While SHH treatment per se was relatively inconsequential in this
setting, it triggered a notable increase in the level of F2R/PAR-1 mRNA in the presence of HGF
(Fig. 4). Thus the response of DAOY cells to MET/SHH activators recapitulate the endogenous
F3/TF and F2R/PAR-1 mRNA upregulation pattern present in the human MB dataset. These
results suggest that HGF and SHH pathways may cooperate in controlling the expression of

F3/TF and F2R/PAR-1 genes in MB.

Oncogenic growth factor pathways regulate angiogenesis-related gene expression in

medull oblastoma subtypes.

Thrombin is often activated in the tumor microenvironment and may trigger the
expression of genes regulating growth, inflammation, and angiogenesis.[47] Since MB tumors
demonstrate a subtype-specific profile of F3/TF and F2R/PAR-1 expression, we surmised that
cellular responses to thrombin may exhibit corresponding differences and affect angiogenesis-

related genes.
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We chose to first explore this possibility in silico by assessing the expression of 77
angiogenesis-related factors (Fig. 5, Supplementary Fig. 3) of which 22 we found to exhibit
significant subtype-specific differences in MB (Supplementary Table 2). For example, the WNT
subgroup displays the highest levels of 9/18 proangiogenic factors (ANG, ANPEP, FGF2, MDK,
MMP14, MMP2, NRP1, PTGS1, TGFA); but also some anti-angiogenic factors (SERPINFI,
TIMP2). In Group 3 different proangiogenic factors are elevated (ANGPT2, FN1, TGFBI,
TGFBRI1, VEGFA), but also some anti-angiogenic factors are increased (SIPR1, SERPINFI,
TIMP2, TIMP3). Group 4 tumors exhibit the highest mRNA levels of the TEK (Tie-2)
angiopoietin receptor, but reduced expression of most anti-angiogenic factors (S1PRI,
SERPINF1, TIMP3). Interestingly, Group 4 once again demonstrates significant heterogeneity in
angiogenesis factor expression between individual samples suggesting coexistence of possible

‘vascular’ subtypes (Supplementary Fig. 3).

In SHH tumors several proangiogenic factors are upregulated, some of which uniquely to
this disease subgroup (EPHB4, SPHKI1, TGFB2). Interestingly, low levels of ANGPT2
(angiopoietin 2, the natural antagonist of ANGPT1) and high levels of the angiopoietin receptor
(TEK) may suggest deregulation of this pathway in SHH MB tumors. SHH tumors differ from

the WNT subgroup due to less prominent expression of endogenous anti-angiogenic factors.

Given that pediatric and adult MB are genetically disparate,[48] it is not surprising that
there is a significant and robust (greater than 2-fold) difference in expression of angiogenesis-
related genes across ages, and within specific molecular subgroups. Interestingly, SHH tumors

most frequently display age-dependency in their angiome profile (Supplementary Fig. 4).
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Oncogenic growth factor pathways cooperate with thrombin in regulating angiogenesis-related

genes.

To understand whether there is a functional link between the MB coagulome and
angiome we have analysed the profiles of angiogenic transcripts in DAOY cells in the presence
or absence of relevant growth factors and thrombin. Indeed, we found that there were at least 5
classes of angiogenesis-related genes that are thrombin-regulated in MB cells (Table 1, Fig. 5B).
Class 1 genes (EDNI, IL1B, IL6) have been reported as thrombin targets in non-tumor cells.[49-
53] Class 2 includes MMP9, which is induced by thrombin and a F2R/PAR-1 agonist in non-
CNS cancer cells.[54] Class 3 are confirmed thrombin and F2R/PAR-1 downstream targets in
cancer cell lines including brain tumor cells (IL8, SERPINE1).[47] Class 4 includes all those
genes (ANG, CCL11, CDHS, CXCL10, EDNI1, EGF, IGF1, IL1B, IL6, IL8, KDR, LECTI,
MMP9, SERPINE1) that are differentially regulated by thrombin in the context of growth factor
signaling activation in our hands. Of those, class 5 (ANG, CCL11, CDHS5, CXCL10, EGF, IGFI,
KDR, LECT1) includes thrombin-regulated genes whose modulation has not been previously
reported and may depend on the concomitant activation of growth factor signaling pathways

(Supplementary Table 3).

Among the most notable changes independently validated by Q-PCR was the selective
upregulation of ILB/IL1P by thrombin in MB cells pre-treated with HGF and SHH (Figure 6).
Thrombin also exerted a potent suppressive effect on the gene LECTI1, which encodes
chondromodulin 1 (ChM1), the angiogenesis inhibitor[55] and stemness marker,[56], growth
inhibitor of cancer cells (Fig. 6).[57] Interestingly, LECT1/ChM1 is also significantly

downregulated by thrombin in the absence of HGF. We also observed changes in the expression
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of interleukin 8 (IL8) and plasminogen activator inhibitor-1 (SERPINE1/PAI-1) described

previously (Fig. 6).[47]

Overall, these observations support the notion that there is a link between oncogenic
pathways that drive different subgroups of MB, coagulation system receptors associated with

them, and related changes in thrombin regulation of the tumor angiome.

DISCUSSION

Although clinically evident thromboembolism is rare in pediatric brain tumor
patients,[58] MB cells inevitably come into contact with coagulation system effectors due to
vascular permeability, angiogenesis, surgical intervention, and disruption of tissue microanatomy
following chemotherapy and radiation. The coagulation system is programmed to respond to
these vascular challenges and to intersect with inflammatory and angiogenic components of the

wound healing continuum.

The main question raised in our study was whether MB cells/subtypes are genetically and
distinctively ‘pre-programmed’ to modulate vascular changes, or whether such changes and their
effectors are altered due to common and ‘unspecific’ microenvironmental perturbations. Our

study reveals the former to be the case through several novel observations.

First, we found that in a large cohort of MB patients the genes regulating two major (and
interlinked) components of the vascular compartment, coagulation and angiogenesis, are
deregulated in a manner dependent on the molecular disease subtype. Notably, F3/TF and

F2R/PAR-1 are selectively upregulated in the SHH subgroup, while the significant expression of
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ectopic (extrahepatic) coagulation factor X (F10) as well as PROCR are selectively associated
with the WNT subtype of MB. PROCR (also known as endothelial protein C receptor, EPCR) is
elevated in lung carcinoma samples and its expression is correlated with aggressive clinical
status and high microvessel density.[59] Although the PROCR ligand, activated protein C
(APC), can reduce clotting potential, PROCR is reported to act as an essential adaptor protein in
ternary complex (TF/VIla/Xa) signaling via F2R/PAR-1,[9] and its inhibition in cultured lung
carcinoma cells reduced cell growth and migration.[60] Interestingly, FGL2 is upregulated in
both WNT and SHH tumors; this protein acts as a direct and independent activator of
prothrombin.[61] In addition, FGL2 is upregulated in several human malignancies, and its
inhibition in hepatocellular carcinoma cells impedes tumor growth and angiogenesis.[62]
Remarkably, activation of SHH and MET pathways, a crucial step in the progression of SHH
MB,[16, 33] also resulted in upregulation of F3/TF and F2R/PAR-1 mRNA in cultured MB cells

(DAQY). This documents a new link between tumor genetics and coagulome in MB.

We reasoned that the selective upregulation of thrombin receptor mRNA (F2R/PAR-1)
downstream of MET and SHH pathways may result in a subtype-related shift in responses of MB
cells to thrombin, which is a known regulator of clotting, angiogenesis, and inflammation.[42,
47] In agreement with these predictions, we observed hitherto unrecognized qualitative and
quantitative changes in cellular sensitivity to thrombin in cultured MB cells, especially as a
function of their growth factor environment. Notably, HGF- and SHH-stimulated MB cells
exhibited a selective upregulation of ILB/IL1p in response to thrombin exposure. Interestingly in
dendritic cells thrombin-stimulated F2R/PAR-1 activates sphingosine kinase 1 (SPHK 1) leading
to sphingosine-1-phosphate (S1P) receptor (S1PR3)-mediated upregulation of ILB/IL1B.[53]

Whether such mechanisms operate in the context of SHH MB remains to be studied, but SPHK1
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is upregulated in SHH MB (not shown). ILB/IL1f is expressed in solid tumors and may act in an
autocrine or paracrine manner to stimulate invasion, proliferation, angiogenesis and

inflammation.[63, 64]

Inflammation has a profound impact on therapeutic strategies, especially those targeting
the vascular tumor stroma and angiogenesis. These are largely based on an anti-VEGF
backbone[65] and display only transient effectiveness, in part because of the recruitment of
immature myeloid cells that bypass the requirement for VEGF production. It has been proposed
that ILB/IL1B may contribute to this ‘evasive’ process.[66] In pediatric brain tumors anti-VEGF
therapy, such as bevacizumab, demonstrates only limited efficacy [67-69] and the role of

coagulation and inflammation pathways deserves further studies.

Thus our findings may have several translational implications. First, it may be
informative to assess the local and systemic activation of the coagulation system in CNS tumors,
regardless of clinically evident coagulopathy, and in view of the biological effects of coagulation
system effectors. Second, studies involving stroma-targeted agents (e.g. anti-angiogenics)
should, perhaps, be designed and evaluated (stratified) with some attention given to molecular
subtype-specific pro-coagulant, proangiogenic, and pro-inflammatory characteristics of the
disease. Third, it may be worth considering a more comprehensive evaluation of tumor stroma in
MB as described recently in breast cancer.[70] Fourth, as surgery, chemotherapy, and anti-
angiogenic therapies can increase the risk of thromboembolism,[2, 71] in general, it is possible
that “unspecific’ activation of the coagulation system by surgery and other factors may have
subtype-specific and biologically meaningful consequences in lesions where appropriate
coagulation receptors are expressed. For example, it may be informative to correlate these

responses in SHH tumors with relapse or metastasis following therapy. Furthermore,
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conventional (anticoagulants) and unconventional agents targeting the coagulation system (e.g.
F2R/PAR-1 antagonists) could be considered as adjunctive or supportive therapeutics in the

context of specific MB subtypes.

In conclusion, we would like to note that the coagulation system represents the first line
of tissue and vascular responses to injury and disease including cancer, and a greater
understanding of its involvement in pediatric CNS tumors, especially MB subtypes, may open

new diagnostic and therapeutic opportunities.

ADDENDUM
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M. Kool, J. Rak); critical writing and revising of intellectual content (E. D’Asti, M. Kool, S.M.
Pfister, J. Rak), and final approval of the version to be published (E. D’Asti, M. Kool, S.M.

Pfister, J. Rak).
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FIGURE LEGENDS

Figure 1. Subgroup-specific changes in coagulation factor expression of human
medulloblastoma. The heatmap illustrates changes in the mean mRNA expression of selected
coagulation-related genes that exhibit major alterations. WNT, n= 53; SHH, n= 113; Group 3, n=

94; Group 4, n= 164; Fetal Cerebellum, n=5; Adult cerebellum, n= 13.

Figure 2. Upregulation of F3/TF and F2R/PAR-1 mRNA expression in SHH tumors is
irrespective of age group. Values represent mean + SEM. WNT: infant, n= 0; child, n= 44;
adult, n= 9. SHH: infant, n= 29; child, n= 27; adult, n= 55. Group 3: infant, n= 25; child, n= 63;

adult, n= 3. Group 4: infant, n= 8§; child, n= 131; adult, n=22.

Figure 3. Parallel changesin the expression of coagulation factorsand MET receptor in the
SHH subtype of medulloblastoma. A-B. Coagulation factors upregulated in SHH MB include
F3/TF and F2R/PAR-1, and this is correlated with MET (C), an oncogenic receptor tyrosine
kinase known to influence the cellular coagulome. Abbreviation: CB, cerebellum. The black line
for each subgroup is representative of the mean. WNT, n= 53; SHH, n= 113; Group 3, n= 94;

Group 4, n= 164; Fetal CB, n=5; Adult CB, n= 13. **** p<(0.0001, *** p=0.0001 to 0.001.

Figure 4. Activation of MET and SHH pathways upregulates F3/TF and F2R/PAR-1 in
cultured medulloblastoma cells. MB-derived DAOY cells were stimulated with HGF and SHH

for 7 hours and assayed for mRNA levels of F3/TF and F2R/PAR-1 by real-time PCR.
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Remarkably, this treatment recapitulates upregulation of F2R/PAR-1 in SHH MB samples.
Values represent mean + SEM from n=3 independent experiments. ** p= 0.001 to 0.01, * p=

0.01 to 0.05.

Figure 5. Angiogenic profile of medulloblastoma is a function of molecular subtype and
changes upon exposure to oncogenic growth factors and thrombin. A. Heatmap for mRNA
expression of angiogenesis-related factors in MB subgroups. B. Heatmap of normalized real-time
PCR ratios of the same angiogenesis-related factors using the angiogenesis PCR array for the
control (left) and HGF+SHH-treated DAOY cells with or without exposure to thrombin.

Abbreviations: Ila, active thrombin.

Figure 6. Coagulation signaling activated by thrombin induces changes in the expression of
angiogenesis-related genesin vitro in a manner modulated by oncogenic growth factors. A.
mRNA expression profiling was analyzed using an Angiogenesis PCR array and data are
expressed as fold change compared to untreated control DAOY cells. These data are
representative of one profiling experiment. Notably, thrombin selectively induces ILB/IL1JB
expression in HGF+SHH pre-treated cells. B. Validation of thrombin targets identified in (A).
Genes were selected from the angiogenesis profile for further validation by real-time PCR.
Abbreviations: Ila, active thrombin. Values represent mean = SEM from n=3 independent

experiments. **** p<(0.0001, *** p=0.0001 to 0.001, ** p=0.001 to 0.01, * p=0.01 to 0.05.
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Table 1. Classes of angiogenic changes in MB cells exposed to thrombin

Class 1 Class 2 Class 3 Class 4 Class 5
EDNI, IL1B, MMP9 ILS, ANG, CCL11, | ANG, CCL11,
IL6 SERPINE1 CDHS5, CDHS5,

CXCLI10, CXCL10,
EDNI1, EGF, EGF, IGF1,
IGF1, IL1B, | KDR, LECT1

IL6, ILS,

KDR, LECT]I,
MMP?9,
SERPINEL1
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Supplementary Figure 1. Subgroup-specific changes in coagulation
factor expression of human medulloblastoma. The heatmap illustrates
MRNA expression levels of 38 effectors of the coagulation and fibrinolytic
systems in 424 patient specimens and an additional 31 samples of fetal and
adult cerebellum. Abbreviation: CB, cerebellum. WNT, n=53; SHH, n= 113;

Group 3, n=94; Group 4, n= 164, Fetal cerebellum, n=5; Adult cerebellum,
n=13.
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Supplementary Figure 2. Minimal overall differences in the mRNA
expression of stromal cell markers ITGAM, PECAM1, and PTPRC.
Abbreviation: CB, cerebellum. The black line for each subgroup is
representative of the mean. WNT, n=53; SHH, n= 113; Group 3, n= 94;
Group 4, n= 164, Fetal CB, n=5; Adult CB, n=13.
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Supplementary Figure 3. Subgroup-specific changes in the expression
of angiogenesis-related factors of human medulloblastoma. The
heatmap illustrates mMRNA expression levels of 77 angiogenesis-related
factors in 424 patient specimens and an additional 31 samples of fetal and
adult cerebellum. Abbreviation: CB, cerebellum. WNT, n=53; SHH, n= 113;
Group 3, n=94; Group 4, n= 164, Fetal cerebellum, n=5; Adult cerebellum,
n=13.
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Supplementary Figure 4. SHH tumours frequently
demonstrate age-dependent alterations in angiogenesis-
related factors. Abbreviations: G4, Group 4. The black line for
each subgroup is representative of the mean. SHH: infant, n=
29; child, n= 27; adult, n= 55. Group 4: infant, n= 8; child, n=
131; adult, n= 22. *** p< 0.0001, *** p= 0.0001 to 0.001, ** p=

0.001 to 0.01, * p= 0.01 to 0.05.



Supplementary Table 1. Significant changes in the mMRNA expression of coagulation-related factors (p= <0.0001)

Gene WNT SHH Group 3 Group 4 Fetal Cerebellum Adult Cerebellum
F10 45.66 ABC** 21.23BC 12.42 8.98"\ 9.46 24.79
F2R 259.74AD 479.38BCD 218.06D 189.256"M\1 337.12/"M\ 13.54
F3 92.22Ac** 367.03BC 78.85* 104.74 277.66 101.98
FGL2 193.16BC 140.13BC 49 46*F**NN | 62 BLHHHAN 315.16 131.83
PROCR 57.42ABC 33.15** 36.57** 35.01** 93.28 38.32
TFPI 52.22a*** 85.47CD 68.87** | 59,39***A 519.76D 24.52

Data are representative of the mean. A-D, p<0.0001 compared to SHH (A), Group 3 (B), Group 4 (C), and adult cerebellum (D); a,
p=0.0001 to 0.001 compared to SHH; ¢, p=0.01 to 0.05 compared to Group 4; *** p=0.0001 to 0.001 compared to fetal
cerebellum; ** p=0.001 to 0.01 compared to fetal cerebellum; * p=0.01 to 0.05 compared to fetal cerebellum; ~ p=0.0001 to
0.001 compared to adult cerebellum; ~ p=0.001 to 0.01 compared to adult cerebellum; ~ p= 0.01 to 0.05 compared to adult

cerebellum.




Supplementary Table 2. Significant changes in the mMRNA expression of angiogenesis-related factors (p= <0.0001)

Gene WNT SHH Group 3 Group 4 Fetal Cerebellum Adult Cerebellum
ANG 46.76BC 40.26BC 15.49* 16.83* 35.98 27.77
ANGPT2 38.21BC 39.65BC 76.75D 68.33"\\ 47.42 18.97
ANPEP 47.92ABC*MA 11.17 13.12 10.33 8.58 12.19
EPHB4 97.13BCM 114.24BCD 27.38 18.09 50.98 34.59
FGF2 215.32ABCMA 110.61Bc 35.06C** 1 77.32 122.36 68.95
FN1 840.06AB 1580.13CD 1731.51CD 1107.63" 1638.90"™ 209.08
MDK 549.92Ab**D 241.34c™M 325.99"M\ 369.26*D 93.78 78.98
MMP14 108.42BC 105.75BC 60.72D 72.80D 87.2 155.22
MMP2 817.83aBC*D 299.97BCD 128.81C 53.18 90.14 46.58
NRP1 249.512D 199.55BCD 72.90M 105.23D 96.18" 14.96
PTGS1 127.66ABC 21.45D 21.15D 18.54D 23.12 53.98
S1PR1 80.82A* M\ 42.14BCDE 102.50"™ 66.53**D 347.46 209.45
SERPINF1 1261.907CD 1041.47CD 758.68CD 182.01 207.96 38.55
SPHK1 13.73A7D 170.89BC 22.23" 17.63M" 27.74 60.48
TEK 42.29aC 82.48B 40.12C 105.37 56.56 58.82
TGFA 642.23ABC 27.303*D 19.71C***D 32,22\ 91.48 111.25
TGFB1 31.14B 21.72Bc 118.11C***D 32.51 4.18 16.45
TGFB2 64.04A* 574.65BC 49.40**¥*¥ N | 4B, 49%** AN 536.5 102.82
TGFBR1 1356.62AC**D 978.76BD 1378.09C**D 923.19D 659 308.52
TIMP2 1600.28AbD 590.24BC*** 1179.28D 1324.37D 1496.50D 311.56
TIMP3 289.66A7 728.07bCD 531.42c" 294.43 337.82 171.5
VEGFA 357.70A2 218.24BC***N 617.44C 318.75* 1082.12 297.44

Data are representative of the mean. A-D, p<0.0001 compared to SHH (A), Group 3 (B), Group 4 (C), and adult cerebellum (D); a, p= 0.0001 to 0.001
compared to SHH; b, p=0.0001 to 0.001 compared to Group 3; ¢, p= 0.0001 to 0.001 compared to Group 4; 2, p= 0.001 to 0.01 compared to Group 3; 3, p=
0.001 to 0.01 compared to Group 4; 7, p= 0.01 to 0.05 compared to Group 3; *** p=0.0001 to 0.001 compared to fetal cerebellum; ** p=0.001 to 0.01
compared to fetal cerebellum; * p= 0.01 to 0.05 compared to fetal cerebellum; A p=0.0001 to 0.001 compared to adult cerebellum; A" p=0.001 to 0.01
compared to adult cerebellum; » p=0.01 to 0.05 compared to adult cerebellum.




Supplementary Table 3. Gene names

Gene Official Full Name
AKT1 v-akt murine thymoma viral oncogene homolog 1
ANG angiogenin
ANGPT1 angiopoietin 1
ANGPT2 angiopoietin 2
ANGPTL4 angiopoietin-like 4
ANPEP alanyl (membrane) aminopeptidase
BAIl brain-specific angiogenesis inhibitor 1
CCL11 chemokine (C-C motif) ligand 11
CCL2 chemokine (C-C motif) ligand 2
CDH5 cadherin 5, type 2
COL18A1 collagen, type XVIII, apha 1
COL4A3 collagen, type IV, apha 3
CTGF connective tissue growth factor
CXCL10 chemokine (C-X-C motif) ligand 10
CXCL5 chemokine (C-X-C motif) ligand 5
EDN1 endothelin 1
EFNAL ephrin-Al
EFNB2 ephrin-B2
EGF epidermal growth factor
ENG endoglin
EPHB4 EPH receptor B4
ERBB2 v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2
F10 coagulation factor X
F2R coagulation factor Il receptor
F3 coagulation factor 111
FGF1 fibroblast growth factor 1 (acidic)
FGF2 fibroblast growth factor 2 (basic)
FGFR3 fibroblast growth factor receptor 3
FGL2 fibrinogen-like 2
FLT1 fms-related tyrosine kinase 1
FN1 fibronectin 1
HGF hepatocyte growth factor
HIF1A hypoxiainducible factor 1, apha subunit
HPSE Heparanase
ID1 inhibitor of DNA binding 1
IFNA1 interferon, alpha 1
IFNG interferon gamma
IGF1 insulin-like growth factor 1
IL1B interleukin 1, beta
IL6 interleukin 6
IL8 interleukin 8




ITGAV

integrin, alphaV

ITGB3 integrin, beta 3
JAG1 jagged 1
KDR kinase insert domain receptor
LECT1 leukocyte cell derived chemotaxin 1
MDK midkine
MMP14 matrix metallopeptidase 14
MMP2 matrix metall opeptidase 2
MMP9 matrix metallopeptidase 9
NOS3 nitric oxide synthase 3
NOTCH4 notch 4
NRP1 neuropilin 1
NRP2 neuropilin 2
PECAM1 platelet/endothelial cell adhesion molecule 1
PF4 platelet factor 4
PGF placental growth factor
PLAU plasminogen activator, urokinase
PLG plasminogen
PROCR protein C receptor
PROK?2 prokineticin 2
PTGS1 prostaglandin-endoperoxide synthase 1
S1PR1 sphingosine-1-phosphate receptor 1
SERPINE1 serpin peptidase inhibitor, clade E
SERPINF1 serpin peptidase inhibitor, clade F
SPHK 1 sphingosine kinase 1
TEK TEK tyrosine kinase
TFPI tissue factor pathway inhibitor
TGFA transforming growth factor, alpha
TGFB1 transforming growth factor, beta 1
TGFB2 transforming growth factor, beta 2
TGFBR1 transforming growth factor, beta receptor 1
THBS1 thrombospondin 1
THBS2 thrombospondin 2
TIE1 tyrosine kinase with immunoglobulin-like and EGF-like domains 1
TIMP1 TIMP metall opeptidase inhibitor 1
TIMP2 TIMP metall opeptidase inhibitor 2
TIMP3 TIMP metall opeptidase inhibitor 3
TNF tumor necrosis factor
TYMP thymidine phosphorylase
VEGFA vascular endothelia growth factor A
VEGFB vascular endothelial growth factor B
VEGFC

vascular endothelial growth factor C
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Supplementary Figure 1. Subgroup-specific changes in coagulation
factor expression of human medulloblastoma. The heatmap illustrates
MRNA expression levels of 38 effectors of the coagulation and fibrinolytic
systems in 424 patient specimens and an additional 31 samples of fetal and
adult cerebellum. Abbreviation: CB, cerebellum. WNT, n=53; SHH, n= 113;

Group 3, n=94; Group 4, n= 164, Fetal cerebellum, n=5; Adult cerebellum,
n=13.
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Supplementary Figure 2. Minimal overall differences in the mRNA
expression of stromal cell markers ITGAM, PECAM1, and PTPRC.
Abbreviation: CB, cerebellum. The black line for each subgroup is
representative of the mean. WNT, n=53; SHH, n= 113; Group 3, n= 94;
Group 4, n= 164, Fetal CB, n=5; Adult CB, n=13.
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Supplementary Figure 3. Subgroup-specific changes in the expression
of angiogenesis-related factors of human medulloblastoma. The
heatmap illustrates mMRNA expression levels of 77 angiogenesis-related
factors in 424 patient specimens and an additional 31 samples of fetal and
adult cerebellum. Abbreviation: CB, cerebellum. WNT, n=53; SHH, n= 113;
Group 3, n=94; Group 4, n= 164, Fetal cerebellum, n=5; Adult cerebellum,
n=13.
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Supplementary Figure 4. SHH tumours frequently
demonstrate age-dependent alterations in angiogenesis-
related factors. Abbreviations: G4, Group 4. The black line for
each subgroup is representative of the mean. SHH: infant, n=
29; child, n= 27; adult, n= 55. Group 4: infant, n= 8; child, n=
131; adult, n= 22. *** p< 0.0001, *** p= 0.0001 to 0.001, ** p=

0.001 to 0.01, * p= 0.01 to 0.05.



Supplementary Table 1. Significant changes in the mRNA expression of coagulation-related factors (p= <0.0001)

Gene WNT SHH Group 3 Group 4 Fetal Cerebellum Adult Cerebellum
F10 45.66ABC** 21.23BC 12.42 8.98™ 9.46 24.79
F2R 259.74AD 479.38BCD 218.06D 189.25"M 337.12"\ 13.54
F3 92.22Ac** 367.03BC 78.85* 104.74 277.66 101.98
FGL2 193.16BC 140.13BC | 49.46*** M | 62.81*** N 315.16 131.83
PROCR 57.42ABC 33.15** 36.57** 35.01** 93.28 38.32
THPI 52.22a*** 85.47CD 68.87**M | 59.39***N 519.76D 24.52

Data are representative of the mean. A-D, p<0.0001 compared to SHH (A), Group 3 (B), Group 4 (C), and adult cerebellum (D); a,
p= 0.0001 to 0.001 compared to SHH; c, p= 0.01 to 0.05 compared to Group 4; *** p= 0.0001 to 0.001 compared to feta
cerebellum; ** p=0.001 to 0.01 compared to fetal cerebellum; * p= 0.01 to 0.05 compared to fetal cerebellum; ~ p= 0.0001 to
0.001 compared to adult cerebellum; M p=0.001 to 0.01 compared to adult cerebellum; ~ p=0.01 to 0.05 compared to adult

cerebellum.




Supplementary Table 2. Significant changes in the mMRNA expression of angiogenesis-related factors (p= <0.0001)

Gene WNT SHH Group 3 Group 4 Fetal Cerebellum Adult Cerebellum
ANG 46.76BC 40.26BC 15.49* 16.83* 35.98 27.77
ANGPT2 38.21BC 39.65BC 76.75D 68.33"\\ 47.42 18.97
ANPEP 47.92ABC*MA 11.17 13.12 10.33 8.58 12.19
EPHB4 97.13BCM 114.24BCD 27.38 18.09 50.98 34.59
FGF2 215.32ABCMA 110.61Bc 35.06C** 1 77.32 122.36 68.95
FN1 840.06AB 1580.13CD 1731.51CD 1107.63" 1638.90"™ 209.08
MDK 549.92Ab**D 241.34c™M 325.99"M\ 369.26*D 93.78 78.98
MMP14 108.42BC 105.75BC 60.72D 72.80D 87.2 155.22
MMP2 817.83aBC*D 299.97BCD 128.81C 53.18 90.14 46.58
NRP1 249.512D 199.55BCD 72.90M 105.23D 96.18" 14.96
PTGS1 127.66ABC 21.45D 21.15D 18.54D 23.12 53.98
S1PR1 80.82A* M\ 42.14BCDE 102.50"™ 66.53**D 347.46 209.45
SERPINF1 1261.907CD 1041.47CD 758.68CD 182.01 207.96 38.55
SPHK1 13.73A7D 170.89BC 22.23" 17.63M" 27.74 60.48
TEK 42.29aC 82.48B 40.12C 105.37 56.56 58.82
TGFA 642.23ABC 27.303*D 19.71C***D 32,22\ 91.48 111.25
TGFB1 31.14B 21.72Bc 118.11C***D 32.51 4.18 16.45
TGFB2 64.04A* 574.65BC 49.40**¥*¥ N | 4B, 49%** AN 536.5 102.82
TGFBR1 1356.62AC**D 978.76BD 1378.09C**D 923.19D 659 308.52
TIMP2 1600.28AbD 590.24BC*** 1179.28D 1324.37D 1496.50D 311.56
TIMP3 289.66A7 728.07bCD 531.42c" 294.43 337.82 171.5
VEGFA 357.70A2 218.24BC***N 617.44C 318.75* 1082.12 297.44

Data are representative of the mean. A-D, p<0.0001 compared to SHH (A), Group 3 (B), Group 4 (C), and adult cerebellum (D); a, p= 0.0001 to 0.001
compared to SHH; b, p=0.0001 to 0.001 compared to Group 3; ¢, p= 0.0001 to 0.001 compared to Group 4; 2, p= 0.001 to 0.01 compared to Group 3; 3, p=
0.001 to 0.01 compared to Group 4; 7, p= 0.01 to 0.05 compared to Group 3; *** p=0.0001 to 0.001 compared to fetal cerebellum; ** p=0.001 to 0.01
compared to fetal cerebellum; * p= 0.01 to 0.05 compared to fetal cerebellum; A p=0.0001 to 0.001 compared to adult cerebellum; A" p=0.001 to 0.01
compared to adult cerebellum; » p=0.01 to 0.05 compared to adult cerebellum.




Supplementary Table 3. Gene names

Gene Official Full Name
AKT1 v-akt murine thymoma viral oncogene homolog 1
ANG angiogenin
ANGPT1 angiopoietin 1
ANGPT2 angiopoietin 2
ANGPTL4 angiopoietin-like 4
ANPEP alanyl (membrane) aminopeptidase
BAIl brain-specific angiogenesis inhibitor 1
CCL11 chemokine (C-C motif) ligand 11
CCL2 chemokine (C-C motif) ligand 2
CDH5 cadherin 5, type 2
COL18A1 collagen, type XVIII, apha 1
COL4A3 collagen, type IV, apha 3
CTGF connective tissue growth factor
CXCL10 chemokine (C-X-C motif) ligand 10
CXCL5 chemokine (C-X-C motif) ligand 5
EDN1 endothelin 1
EFNAL ephrin-Al
EFNB2 ephrin-B2
EGF epidermal growth factor
ENG endoglin
EPHB4 EPH receptor B4
ERBB2 v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2
F10 coagulation factor X
F2R coagulation factor Il receptor
F3 coagulation factor 111
FGF1 fibroblast growth factor 1 (acidic)
FGF2 fibroblast growth factor 2 (basic)
FGFR3 fibroblast growth factor receptor 3
FGL2 fibrinogen-like 2
FLT1 fms-related tyrosine kinase 1
FN1 fibronectin 1
HGF hepatocyte growth factor
HIF1A hypoxiainducible factor 1, apha subunit
HPSE Heparanase
ID1 inhibitor of DNA binding 1
IFNA1 interferon, alpha 1
IFNG interferon gamma
IGF1 insulin-like growth factor 1
IL1B interleukin 1, beta
IL6 interleukin 6
IL8 interleukin 8




ITGAV

integrin, alphaV

ITGB3 integrin, beta 3
JAG1 jagged 1
KDR kinase insert domain receptor
LECT1 leukocyte cell derived chemotaxin 1
MDK midkine
MMP14 matrix metallopeptidase 14
MMP2 matrix metall opeptidase 2
MMP9 matrix metallopeptidase 9
NOS3 nitric oxide synthase 3
NOTCH4 notch 4
NRP1 neuropilin 1
NRP2 neuropilin 2
PECAM1 platelet/endothelial cell adhesion molecule 1
PF4 platelet factor 4
PGF placental growth factor
PLAU plasminogen activator, urokinase
PLG plasminogen
PROCR protein C receptor
PROK?2 prokineticin 2
PTGS1 prostaglandin-endoperoxide synthase 1
S1PR1 sphingosine-1-phosphate receptor 1
SERPINE1 serpin peptidase inhibitor, clade E
SERPINF1 serpin peptidase inhibitor, clade F
SPHK 1 sphingosine kinase 1
TEK TEK tyrosine kinase
TFPI tissue factor pathway inhibitor
TGFA transforming growth factor, alpha
TGFB1 transforming growth factor, beta 1
TGFB2 transforming growth factor, beta 2
TGFBR1 transforming growth factor, beta receptor 1
THBS1 thrombospondin 1
THBS2 thrombospondin 2
TIE1 tyrosine kinase with immunoglobulin-like and EGF-like domains 1
TIMP1 TIMP metall opeptidase inhibitor 1
TIMP2 TIMP metall opeptidase inhibitor 2
TIMP3 TIMP metall opeptidase inhibitor 3
TNF tumor necrosis factor
TYMP thymidine phosphorylase
VEGFA vascular endothelia growth factor A
VEGFB vascular endothelial growth factor B
VEGFC

vascular endothelial growth factor C
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