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Expression of the RE1-silencing transcription factor (REST), a master reg-

ulator of neurogenesis, is elevated in medulloblastoma (MB) tumors. A

cell-intrinsic function for REST in MB tumorigenesis is known. However,

a role for REST in the regulation of MB tumor microenvironment has not

been investigated. Here, we implicate REST in remodeling of the MB vas-

culature and describe underlying mechanisms. Using RESTTG mice, we

demonstrate that elevated REST expression in cerebellar granule cell pro-

genitors, the cells of origin of sonic hedgehog (SHH) MBs, increased vascu-

lar growth. This was recapitulated in MB xenograft models and validated

by transcriptomic analyses of human MB samples. REST upregulation was

associated with enhanced secretion of proangiogenic factors. Surprisingly,

a REST-dependent increase in the expression of the proangiogenic tran-

scription factor E26 oncogene homolog 1, and its target gene encoding the

vascular endothelial growth factor receptor-1, was observed in MB cells,

which coincided with their localization at the tumor vasculature. These

observations were confirmed by RNA-Seq and microarray analyses of MB

cells and SHH-MB tumors. Thus, our data suggest that REST elevation

promotes vascular growth by autocrine and paracrine mechanisms.
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1. Introduction

Medulloblastoma (MB) is the most common malignant

brain tumor in children and frequently occurs in the

cerebellum [1–3]. MBs are classified into Wingless

(WNT), sonic hedgehog (SHH), Group 3, and 4

molecular subgroups [4,5]. Although patients with

WNT-driven MBs have good prognosis, subsets of

patients with SHH tumors and most with Group 3/4

tumors have poor outcomes [1,6]. The underlying rea-

sons are not well understood. Cerebellar granule neu-

ron progenitors (CGNPs) are thought to be the cells

of origin of SHH-MB tumors [7]. The SHH signaling

pathway is frequently deregulated in SHH-driven

MBs, and its activation promotes CGNP hyperprolif-

eration [8]. This added to the lack of their terminal

neuronal differentiation, which contributes to MB

development [9,10].

Aberrations in chromatin remodeling are believed to

drive MB tumors [11,12]. Our previous work showed

elevated expression of the RE1-silencing transcription

factor (REST), a transcriptional repressor of neuronal

differentiation genes, in human MB tumors, and found

it to be correlated with poor patient prognosis

[13,10,14,6]. REST’s contribution to MB genesis was

demonstrated through the generation of a novel trans-

genic mouse model (RESTTG), where human REST

transgene could be conditionally expressed in CGNPs

[10]. Compared with age-matched wild-type (WT)

mice, RESTTG animals exhibited an expanded external

granule layer (EGL), where CGNPs reside [10]. Ex

vivo-cultured CGNPs from RESTTG mice also showed

poorly neurogenesis, suggesting that REST increases

cell proliferation and blocks differentiation [10]. In the

background of constitutive activation of SHH signal-

ing (Ptch+/−), RESTTG mice developed poorly differ-

entiated tumors with 100% penetrance, accelerated

kinetics of 10–90 days, and leptomeningeal dissemina-

tion when compared to Ptch+/− mice, which high-

lighted a cell-intrinsic role for the protein in tumor

progression [10].

The tumor microenvironment (TME) plays an

important role in tumorigenesis. Angiogenesis and vas-

culogenesis, which are important for the growth, pro-

gression, and metastasis of tumors, are controlled by

an imbalance between pro- and antiangiogenic mole-

cules that are secreted by endothelial cells, tumor cells,

or other cells present in the TME [15–20]. These ves-

sels are frequently structurally and functionally abnor-

mal [17]. Brain tumor vasculature growth can occur

through mechanisms such as co-option, angiogenesis,

vasculogenesis, vascular mimicry (VM), and tumor

endothelial differentiation [21,22]. Abnormal vascula-

ture in MBs has also been noted. For example, clusters

of abnormal, thick-walled arterial-type vessels along

with numerous variably joined small venous and capil-

lary structures are seen in WNT-MBs [23]. In SHH-

MBs, increased expression of proangiogenic factors

has been described [24]. Functional studies have attrib-

uted a role for SHH ligand-dependent stimulation of

tumor stromal secretion of placental growth factor

(PGF) and neuropilin (NRP) in SHH-MB develop-

ment [18].

Here, we describe a role for REST in the control of

MB vasculature. Employing a combination of trans-

genic and xenograft mouse models, analyses of pub-

licly available transcriptomic data on human MB

tumors, and functional studies, we demonstrate that

REST drives increased expression of proangiogenic

molecules, vascular endothelial growth factor (VEGF),

and PGF. In vivo, tumors in Ptch+/−/RESTTG mice

and animals bearing human MB xenografts exhibit a

significant increase in the number and size of blood

vessels compared with control mice. Interestingly,

REST elevation is also associated with increased

expression of vascular endothelial growth factor recep-

tor-1 (VEGFR1) and the proangiogenic transcription

factor, E26 oncogene homolog 1 (ETS1), in CGNPs of

RESTTG mice compared with cells from WT cerebella.

Human MB tumors engineered to express REST trans-

gene had increased expression of molecules identified

as ‘VEGF pathway genes’ by RNA-Seq analyses and

colocalized with endothelial cells in vitro and in vivo,

suggesting that REST elevation promotes angiogene-

sis-related gene expression changes in MB cells. Our

studies are the first to implicate REST, a canonical

regulator of neurogenesis, in the control of MB vascu-

lature.

2. Materials and methods

2.1. Cell culture

Human MB cells (DAOY, DAOY-REST (DAOY-R),

UW426, UW426-REST (UW426-R), UW228, UW228-

REST (UW228-R), and D283) and mouse v-Myc

transformed neural stem cell (C17.2) and its isogenic

derivative expressing human (h) REST transgene (ST2)

were cultured as described previously [10,6]. CGNPs

were isolated from WT and RESTTG mice and cul-

tured as previously outlined [10]. Human umbilical

vein endothelial cells (HUVEC; Cat# CC-2519; Lonza,

Alpharetta, GA, USA) were cultured in endothelial
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growth medium-2 (EGM-2) with recommended growth

factors (Cat# CC-3162; Lonza). Human brain

microvascular endothelial cells (HBMEC; Cat#

HEC02) and endo growth medium (EGM; Cat#

MED001) were purchased from Neuromics (Edina,

MN, USA) and cultured in complete medium con-

tained EGM-2 and EGM (4 : 1 ratio). 293T cells were

grown in Dulbecco’s Modified Eagle’s Medium in the

absence of serum.

2.2. In vivo assays

Animal experiments and procedures were done follow-

ing approval by the Institutional Animal Care and

Use Committee. DAOY or DAOY-R cells (50,0 00

cells in 3 μL) stably expressing firefly luciferase (ffluc)

were implanted into cerebella of 4- to 6-month-old

NOD/SCID gamma null (NSG; NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ) mice (The Jackson Laboratory, Bar

Harbor, ME, USA), using a guide screw [25]. Tumor

growth was monitored by bioluminescence imaging

(BLI) using the Caliper Life Sciences IVIS Spectrum

IVIS200 in vivo imaging system (Caliper LIfe Sciences,

Hopkinton, MA, USA) [10]. Mice were euthanized

when signs of morbidity were noted [10]. Brains were

collected and sectioned for IHC analysis. RESTTG

mice and Ptch+/−/RESTTG were generated as described

[10].

2.3. Immunohistochemistry

Brains from WT, RESTTG, Ptch+/−, Ptch+/−/RESTTG

mice, and animals bearing DAOY/DAOY-R xeno-

grafts and high-REST and low-REST (LR/HR)

patient-derived orthotopic xenografts (PDOX),

obtained from X. Nan Li (under a material transfer

agreement), were formalin-fixed and embedded in

paraffin. 4-μm-thick brain sections were cut and used

for IHC analysis. Deparaffinized, rehydrated sections

were subjected to heat-mediated antigen retrieval in

citrate buffer / Tris-EDTA buffer, quenched, and incu-

bated with primary antibodies to CD31 (Cat#

DIA310; Dianova GmbH, Hamburg, Germany; Cat#

ab28364; Abcam, Cambridge, MA, USA), VEGFR1

Cat# AMAB90703; Sigma-Aldrich, St. Louis, MO,

USA), and ETS1 (Cat# ab26096; Abcam) at 4 °C,
overnight. After washing, sections were incubated with

secondary antibody conjugated to horseradish peroxi-

dase (HRP) (Cat# 115-035-003 and 115-035-006; Jack-

son ImmunoResearch, West Grove, PA, USA) and

developed using 3,30-diaminobenzidine substrate (Cat#

SK-4100; Vector Laboratories, Burlingame, CA,

USA). Hematoxylin and eosin (H&E) counterstaining

was then done. Stained sections were visualized under

a microscope (Nikon ECLIPSE E200; Melville, NY,

USA) and images acquired using an Olympus SC100

camera (Waltham, MA, USA). Images were processed

using CellSens Entry imaging software (Olympus Life

Sciences, Waltham, MA, USA). CD31-positive blood

vessels were quantified, and statistical analyses were

performed among different groups.

2.4. Immunofluorescence

Paraffin-embedded brain sections were deparaffinized

and rehydrated in a Gemini AS auto-stainer (Thermo

Fisher Scientific, Waltham, MA, USA), and washed in

PBS, and antigen retrieval was performed using eBio-

science™ IHC Antigen Retrieval Solution—High pH

(Cat# 00-4956-58; Thermo Fisher Scientific, Pitts-

burgh, PA, USA) by heating to 98 °C for 15 min in

LabVision™ PT module™ (Thermo Fisher Scientific,

Pittsburgh, PA, USA). Slides were placed in distilled

water, washed with 0.1% Tween-20 in PBS (PBS-T),

blocked in 1% FBS in PBS for 1 h, and then coincu-

bated with goat anti-luciferase (1 : 150, Cat# NB100-

1677SS; Novus Biologicals, Centennial, CO, USA) and

mouse anti-CD31 (1 : 250, Cat# Dia-310; DIANOVA

GmbH). After washing in PBS-T, slides were incu-

bated with donkey anti-goat (1 : 300, Cat# 705-586-

147) and donkey anti-rat (1 : 300, Cat# 712-546-153;

Jackson ImmunoResearch) antibodies for 1 h. Washed

slides were mounted in Fluorogel II mounting media

and visualized under a fluorescence microscope.

2.5. In vitro angiogenesis assay

In vitro angiogenesis assay (tube assay) was performed

by first placing matrigel (Cat# 354230; Thermo Fisher

Scientific, Waltham; 100 μL/well) in 96-well sterile cul-

ture plates [26]. HUVEC (5 × 104 cells/25 μL) cells

were mixed with endothelial medium and with condi-

tioned medium derived from DAOY/ DAOY-R/,

UW228/ UW228-R, UW426/UW426-R (1 : 1 ratio),

placed on the matrigel, and incubated in a CO2 incu-

bator at 37 °C. In other experiments, HBMECs were

incubated with conditioned medium from DAOY-R

cells transduced with lentivirus expressing shRNA

against ETS1 (shETS1-1) or a nonspecific sequence

(shControl). After 16 h, cells were incubated with Cal-

cein-AM (Cat# C3100MP; Thermo Fisher Scientific,

Waltham) for 30 min and rinsed with the endothelial

cell culture medium. The number of tubes formed in

matrigel was determined by fluorescence microscopy

and image analysis/quantification as described [26]. To

distinguish between colocalized MB and endothelial

1488 Molecular Oncology 15 (2021) 1486–1506 ª 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

REST and vasculature in medulloblastoma S. Shaik et al.



cells, MB cells and HBMECs cells were loaded with

cell tracker red and green (Cat#s C34552 and C2925;

Invitrogen, Carlsbad, CA, USA), respectively. Cells

were coincubated in matrigel for 16 h followed by flu-

orescence microscopy and quantification of tube for-

mation and colocalization.

2.6. qRT-PCR

RNA was extracted from MB cell lines using Quick-

RNA MiniPrep Kit (Cat# D4008; Zymo Research,

Irvine, CA, USA). Equal amounts of RNA were

reverse-transcribed into cDNA using the iScript cDNA

Synthesis Kit (Bio-Rad, Hercules, CA, USA), and

qRT-PCR was performed in triplicate as described [10].

Relative mRNA expression, normalized to 18S riboso-

mal RNA, was determined by the comparative 2�ΔΔCt

method. Normalized mRNA expression was graphed as

fold change compared with parental cell line.

Primer sequences are as follows:

hREST-Forward: 5’-GGCAGCTGCTGTGATTACCT-3’

hREST-Reverse: 5’-AGTTGTTATCCCCAACCGGC-3’

h18s-Forward: 5’-CGGCGACGACCCATTCGAAC-3’

h18s-Reverse: 5’GAATCGAACCCTGATTCCCCGTC-3’

2.7. Western blot analysis

Cell lysates from human and mouse MB cells and

CGNPs from WT and RESTTG mice brains were pre-

pared in EBC lysis buffer [26]. Samples were subjected

to SDS/PAGE and western blot analyses with the fol-

lowing primary antibodies: REST (Cat# 07579; Milli-

pore, Billerica, MA, USA), VEGFR1 (Cat# 2479),

ETS1 and alpha-tubulin (Cat#s 14069 and 9099,

respectively; Cell Signaling Technology, Danvers, MA,

USA), and beta-actin (Cat# ab40742; Abcam). After

washing and incubation with the corresponding HRP-

conjugated secondary antibodies (Jackson ImmunoRe-

search), membranes were developed using SuperSignal

(Cat# 34075 and Cat# 34087; Thermo-Scientific, Wal-

tham, MA) followed by autoradiography.

2.8. Lentivirus production and transduction

Lentiviral constructs expressing GFP and shRNAs

against ETS1 were purchased from institutional

shRNA and ORFeome Core. Lentiviral particles were

prepared by cotransfection of 293T cells with plasmids

pax2 and MD2 using OptiMEM®I and Lipofec-

tamine® 2000 Reagent (Cat#s 31985-062 and 11668-

019, Thermo Fisher Scientific, Waltham). DAOY-R

cells were transduced with shRNA control or shETS1-

expressing lentivirus for 72 h, and GFP-positive cells

were sorted by flow cytometry. ETS1 knockdown was

confirmed by western blotting, and cells were used in

in vitro angiogenesis assays. Nucleotide sequences for

the shRNAs are as follows:

shETS1-1: 50-CTTGATATGGTTTCACATC-30

shETS1-2: 50-TAATTGATACCCGGCCCTG-30

shControl: 50-ATCTCGCTTGGGCGAGAGT-30

2.9. Human angiogenesis proteome profiler

assay

Proteome profiler human angiogenesis array (Cat#

ARY007; R&D Systems Minneapolis, MN, USA) was

used to measure levels of pro- and antiangiogenic mole-

cules using conditioned media from DAOY, UW228,

UW426/UW426-R, and D283 cells. Quantification was

done by IMAGEJ analysis (https://imageJ.nih.gov).

2.10. RNA-Seq analyses

The quality of sequencing reads was evaluated using

NGS QC Toolkit (v2.3.3) [27], and high-quality reads

were extracted. The human reference genome sequence

and gene annotation data, hg38, were downloaded from

Illumina iGenomes. (https://support.illumina.com/seque

ncing/sequencing_software/igenome.html). The quality

of RNA-sequencing libraries was estimated by [28]

mapping the reads onto human transcript and riboso-

mal RNA sequences (Ensembl release 89) using Bowtie

(v2.3.2). STAR (v2.5.2b) [29] was employed to align the

reads onto the human and viral genomes. SAMtools

(v1.9) [30] was employed to sort the alignments, and

HTSeq Python package was employed to count reads

per gene [31]. DESeq2 R Bioconductor package was

used to normalize read counts and identify differentially

expressed (DE) genes [31,32]. KEGG [33] pathway data

were downloaded using KEGG API (https://www.kegg.

jp/kegg/rest/keggapi.html), and gene ontology (GO)

data were downloaded from NCBI FTP (ftp://ftp.ncbi.

nlm.nih.gov/gene/DATA/gene2go.gz). The enrichment

of DE genes to pathways and GOs was calculated by

Fisher’s exact test in R statistical package.

2.11. Gene expression profile in MB patient

samples and MB cell lines

Microarray data sets containing gene expression values

of MB tumors were obtained from Gene Expression

Omnibus (www.ncbi.nlm.nih.gov/geo). The GSE85217

data set, which contains Affymetrix Human Gene 1.1

ST Array profiling of 763 primary MB samples, was

used to evaluate gene expression. Microarray data

were normalized using the robust multiarray average
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method. The expression data for each gene were Z-

score-transformed. Hierarchical clustering based on

the expression of neuronal differentiation markers

divided the 223 SHH-type MB patient samples into six

distinct clusters (Clusters 1–6) as described previously

[10]. We also analyzed the publically available data

sets (GSE86574, GSE107405, GSE37382, GSE50765)

in GEO and from the data set provided by Cho et al.,

in R2: Genomics Analysis and Visualization Platform

(hgserver1.amc.nl/cgi-bin/r2/main.cgi) for gene expres-

sion analysis [34–37].

2.12. Statistical analysis

The experimental data reported are mean � SD of a

minimum of three samples. P-value of < 0.05 was con-

sidered to be statistically significant. P-values for com-

parisons between every pairwise combination among

clusters (1–6) based on gene expression status were

obtained using the unpaired t-test with Welch’s correc-

tion using the GRAPHPAD PRISM version 7.0 (GraphPad,

San Diego, CA, USA). Significance is indicated as

*P < 0.05, **P < 0.01, ***P < 0.001, or ****P <
0.0001; where necessary for clarity, lack of significance

is indicated (ns). Student’s t-test and ANOVA were per-

formed for significance between groups.

3. Results

3.1. RESTTG mice exhibit increased cerebellar

vasculature

We had previously shown that conditional REST ele-

vation in CGNPs caused an abnormal expansion of

the cerebellar EGL in RESTTG mice compared with

WT animals [10]. A more careful examination of

H&E-stained sections revealed an increased presence

of vascular structures in the cerebella of RESTTG mice

compared with WT mice (Figs 1A and S1A). These

observations were confirmed by IHC, which revealed a

twofold increase in CD31-positive vessels in the cere-

bella of RESTTG mice relative to that in WT animals

(Fig. 1A). A significant increase in lumen diameter and

branching was also seen in the cerebella of RESTTG

mice compared with WT cerebella (Figs 1A and S1A).

These findings suggest a REST-dependent increase in

cerebellar vasculature.

3.2. REST elevation drives tumor vasculature

A role for REST in the progression of SHH-driven

MBs was first described by our previous work, where

we showed that in Ptch+/− mice with constitutive acti-

vation of SHH signaling, REST elevation (Ptch+/−/

RESTTG) promoted tumors with 100% penetrance,

accelerated kinetics of 10–90 days, and leptomeningeal

dissemination [10]. To determine whether REST

elevation also contributed to modulation of tumor vas-

culature, IHC assessment of CD31 staining of tumor-

bearing cerebella of Ptch+/− and Ptch+/−/RESTTG mice

was performed. While H&E staining showed larger

and more infiltrative tumors in Ptch+/−/RESTTG mice

in contrast to Ptch+/− mice, CD31 staining confirmed

a twofold increase in blood vessels in Ptch+/−/RESTTG

tumors compared with Ptch+/− tumors (Figs 1B and

S1B). Once again, Ptch+/−/RESTTG tumors exhibited a

demonstrable increase in the number of vessels and

vessel diameter relative to tumors in Ptch+/− mice

(Figs 1B and S1B).

We also validated our findings from genetically engi-

neered mice in human MB cells. As a first step, we per-

formed RNA-Seq analyses of three commonly used MB

cell lines, DAOY, UW228, and UW426, to compare

their gene expression profile with that of published tran-

scriptomic data (GSE86574) from normal cerebellum,

human SHH, Group 3, and Group 4 MB tumors, as

well as ONS76 MB cell line. Using data from

GSE86574, we performed hierarchical clustering analy-

sis of expression of genes involved in hedgehog path-

way. DAOY cells clustered with SHH-MBs, indicating

significant similarity in their expression profiles with

respect to hedgehog pathway markers with that of

SHH-MBs (Fig. 2A). In addition, we also observed

clustering of DAOY cells with SHH-MBs using sub-

type-specific marker genes used for NanoString analyses

[38,39] (Fig. S2A,B). These 22 subtype-specific genes

and 30 hedgehog marker genes were sufficient to divide

a cohort of 763 MB patient tumors into the four MB

subgroups (Fig. S2C,D) [4]. In addition, a recent study

showed the expression profile of DAOY cells to be simi-

lar to that of SHH-MB patient tumors by hierarchical

clustering assay using a 22 genes NanoString panel [40].

These data provide direct transcriptomic proof that

DAOY cells are representative of SHH-MBs. We also

analyzed the expression profiles of the above 22 sub-

type-specific genes in another published data set

(GSE107405) and in our RNA-Seq data, to show that

DAOY, UW228 and UW426 cells clustered separately

from cell lines derived from Group 3 or Group 4 MB

patients (Fig. S2E,F) [35]. With respect to most of 22

subtype-specific marker genes, these MB cell lines

showed- expression patterns that were similar to SHH-

MB subtype patient tumors (Fig. S2G–J). Collectively,
these results confirm that DAOY, UW228, and UW426

cells retain features of SHH-MBs.
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To study the effect of constitutive REST expression

on the biology of DAOY, UW228, and UW426 cells,

and specifically with respect to genes involved in vas-

cular development, we generated LR/HR isogenic

pairs of the three MB cell lines and performed RNA-

sequencing analysis. Interestingly, we observed that all

three isogenic pairs of MB cell lines retain their overall

gene expression landscape even after overexpressing

REST (Fig. 2B,C), suggesting that altered REST

expression influences a restricted number of biologi-

cally relevant genes rather than creating global expres-

sion changes. To further functionally characterize

these genes whose expression is modulated by REST

elevation, we conducted pathway enrichment analysis

and defined KEGG pathways that are enriched for

REST-driven gene expression changes (Fig. 2D). These

enriched genes defined pathways with roles in cancer

development (Fig. 2E), hedgehog signaling (Fig. 2F),

cell cycle regulation (Fig. 2G), VEGF signaling (Fig. 2

H), hippo signaling (Fig. S3A), and MAPK signaling

(Fig. S3B).

Based on our data described in Figs 1 and 2, we fur-

ther investigated the possibility that REST elevation

contributes to modulation of vasculature. For this,

DAOY and DAOY-REST (DAOY-R) cell lines engi-

neered to express firefly luciferase (ffluc) were injected

into the cerebellum of NOD/SCID mice (n = 5, each)

and tumor growth was monitored by BLI. REST

expression in these cells was confirmed by RT-PCR

and Western blotting (Fig. 3A,B). Although both

DAOY and DAOY-R cells formed tumors, the latter

grew more rapidly and formed larger tumor masses at

the time of euthanasia (72 days) (Figs 3C and S4).

Brains were harvested from both cohort of animals,

sectioned, and studied by H&E staining, and IHC

using anti-CD31 antibody, to identify tumors and
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Fig. 1. REST promotes vasculature

in RESTTG cerebella and Ptch+/−/

RESTTG tumors. H&E staining and

IHC for CD31 were performed on

(A) cerebellar sections from WT

and RESTTG mice and (B) tumor

sections from Ptch+/− and Ptch+/−/

RESTTG transgenic mice, to

demonstrate the vasculature

changes (left panels). Arrowheads

show the blood vessels.

Quantitation of blood vessels in

sections (n = 3; three fields /

section), and average blood vessel

diameter is shown in the right

panels for A & B. Scale bars in A,

B; H&E = 20 μm; CD31 = 10 μm.

Data show individual variability and

means � SD. P-values were

obtained using Student’s t-test.

*P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 2. Gene expression profiling of human SHH-MB cell lines demonstrates expression of hedgehog pathway markers. (A) Unsupervised

hierarchical cluster analysis of gene expression involving hedgehog pathway in GSE86574. We isolated the expression profiles of normal

cerebellum (n = 5), MB_SHH (n = 5), MB_Grp3 (n = 5), MB_Grp4 (n = 5), and two MB cell lines (DAOY and ONS76) from GSE86574, and

performed hierarchical clustering assay. Expression values were Z-score-transformed. Red, high expression; blue, low expression.

Arrowhead shows the position of DAOY clustered with MB_SHH patient samples. (B) Principal component analysis of gene expression

landscape from LR/HR isogenic pairs of the three MB cell lines (DAOY/DAOY-R, UW228/UW228-R, and UW426/UW426-R). (C) Hierarchical

clustering analysis of gene expression landscape from DAOY/DAOY-R, UW228/UW228-R, and UW426/UW426-R cells. (D) Enriched KEGG

pathways on differentially expression genes (FDR adjusted P < 0.05) between LR/HR isogenic pairs of MB cell lines. The plot shows

negative log 10-transformed P-values for the enriched pathways. (E-H) Heatmap of DE genes in pathways in cancer (E), hedgehog signaling

(F), cell cycle regulation (G), and VEGF signaling (H).

1491Molecular Oncology 15 (2021) 1486–1506 ª 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

S. Shaik et al. REST and vasculature in medulloblastoma

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE86574
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE86574


E Pathways in cancer

HSP90B1
TCEB1
CCND1
GSTM2
PLCB2
CYCS
PDGFRB
BIRC3
GSTP1
CXCL8
PRKCA
MET
ROCK2
RXRB
LEF1
ARNT2
KIF7
HEY2
PIK3CD
CKS1B
NFKB2
RAD51
GNG4
PTCH1
TPM3
MGST1
BDKRB2
LAMA1
IL6
IL7R
IL12A
EDN1
FGF1
RARB
BDKRB1
TXNRD1
MSH6
CTNNB1
TPR
PLD1
FGF9
GLI2
IL12RB2
PDGFA
TP53
RXRG
PRKCB
GLI3
RB1
FLT4
LPAR3
MSH2
IGF1
PPARG
WNT5A
CRK
RPS6KB1
WNT7B
PLCG2
PTEN
APPL1
RPS6KA5
STAT6
RUNX1T1
GSTM1
DLL3
CCND2
MMP2
FZD3
LAMC3
HHIP
ADCY2
LAMA2
NOS2
MSH3
ARHGEF1
CKS2
SMAD3
LAMC2
HSP90AA1
BRCA2
HSP90AB1
BIRC5
CUL1
CCNA2
MMP9
IGF1R
FLT3
RAC2
PTCH2
CHUK
ADCY7
PTGER3
CALM2
BID
COL4A6
MLH1
TERT
PTGS2
NFKBIA
GNG11
WNT3
GNAI3
RALA
ITGA2
SMO
IFNGR2
PTGER2
FOS
TRAF3
KEAP1
GRB2
STAT4
GNG2
CDK6
EML4
STAT5B
MAPK9
IL6ST
PPARD
TGFB2
PLCB4
GNB2
LAMB3
WNT5B
HRAS
GNAI1
HDAC1
CCNE1
KITLG
FGFR2
SKP2
PIK3R1
CXCL12
IKBKG
LPAR4
BCL2L1
GNA11
RAC1
AKT2
STK4
E2F1
RPS6KB2
ELK1
ARAF
FOXO1
AKT3
LAMC1
HIF1A
ARHGEF12
FN1
GNAQ
DVL1
NQO1
CDC42
JAG1
EPAS1
GNB1
ITGA3
NOTCH1
RXRA
CTBP1
DVL3
PRKACA
RHOA
TRAF1
BIRC2
IFNGR1
DAPK1
ARNT
ITGB1
COL4A2
ADCY1
SUFU
DAPK3
ITGA6
NKX3−1
LAMB1
LAMB2
JAK1
AKT1
TGFBR2
FGF10
PLCB1
NOTCH2
FZD8
ADCY6
PIK3R2
MYC
FZD4
PLD2
PDGFB
ADCY3
PLCG1
TCEB2
VEGFB
IL4R
EDNRA
CAMK2G
FGF2
BAD
IL13RA1
PLCB3
CAMK2D
PTGER4
MAPK3
LRP6
BCL2
HMOX1
TERC
MAP2K2
PAX8
SMAD2
LAMA3
TGFB1
STAT3
CDKN2B
TRAF5
FZD2
CDKN2A
ERBB2
FLT3LG
COL4A4
PIK3R3
MGST2
PMAIP1
BCL2L11
RALGDS
APC2
XIAP
ALK
GNAS
FZD5
FAS
FZD6
GNG7
COL4A3
COL4A5
GNAI2
RALBP1
NCOA3
LAMA5
AXIN1
BAX
MGST3
TGFB3
BMP2
LPAR6
F2R
MAPK10
CDKN1A
GLI1
CXCR4
SOS2
GSK3B
GSTA4
IL6R
MECOM
CCDC6
TCF7
PGF
DVL2
SLC2A1
BBC3
ABL1
EGLN3
EGLN1
PDGFRA
ITGAV
VEGFA
DAPK2
IFNAR2
WNT9A
SOS1
STAT2
FGFR3
CDKN1B
PLEKHG5

Hedgehog pathway Cell cycle VEGF pathwayF G H

KIF3A
FBXW11
EVC2
PTCH2
CCND2
GLI3
CSNK1G3
HHIP
ARRB2
GLI2
PTCH1
KIF7
ADRBK2
CUL1
SMO
CCND1
SMURF1
SMURF2
GSK3B
GLI1
SUFU
MGRN1
ARRB1
MEGF8
PRKACA
CDON
BCL2
GAS1
CSNK1G2
EVC
ADRBK1

−2

−1

0

1

2

E2F5
CDC45
CHEK2
MCM4
MCM3
CDC14A
CCNB3
CDK6
ANAPC1
E2F4
RAD21
SFN
CDK1
TP53
CCND2
CDC7
RB1
YWHAH
CCND1
CCNB1
DBF4
CDC20
PLK1
ORC6
ORC1
CDC23
ANAPC7
PTTG1
CUL1
ORC3
CDK7
BUB1
CDC26
BUB3
ANAPC5
SMAD3
CDC27
STAG1
ESPL1
CDC6
BUB1B
MCM7
CDC25A
CCNA2
TTK
CHEK1
MAD2L1
CCNB2
ORC5
ANAPC4
ATR
YWHAE
CDC25C
ORC2
GSK3B
STAG2
CDKN1B
CDKN1A
YWHAB
TGFB2
ABL1
ANAPC2
HDAC1
CCNE1
CDKN2C
SKP2
E2F1
SMC1A
MAD2L2
CDKN2A
CDKN2B
SMAD2
CDC25B
TGFB1
CDKN1C
MYC
CDKN2D
ANAPC11
RBL2
TGFB3
CDC14B

PXN
PIK3CD
PRKCA
NFATC2
SH2D2A
PTGS2
PLA2G4A
PLCG2
RAC2
PRKCB
VEGFA
PIK3R3
MAPK14
HSPB1
HRAS
AKT1
KDR
SPHK1
SRC
PIK3R2
PLCG1
MAPK12
RAC1
AKT2
PIK3R1
AKT3
PPP3CA
CDC42
PPP3CC
MAPK11
MAPK3
SHC2
BAD
MAP2K2

−1.5

−1

−0.5

0

0.5

1

1.5

A

MB_Grp3_3
MB_Grp3_5
MB_Grp3_2
MB_Grp3_1
MB_Grp3_4
MB_Grp4_3
MB_Grp4_2
MB_Grp4_4
MB_Grp4_1
MB_Grp4_5

ONS76
Normal Cerebellum_4
Normal Cerebellum_3
Normal Cerebellum_5
Normal Cerebellum_1
Normal Cerebellum_2

MB_SHH_5
MB_SHH_4
MB_SHH_3

MB_SHH_1
MB_SHH_2

DAOY

Hedgehog markers; Donson (Microarray)

0.975

5.204

14.995

AD
R

B
K

1_
38

44
7_

at
C

S
N

K
1G

2_
15

53
87

1_
at

E
VC

_2
10

88
7_

s_
at

E
VC

2_
15

55
25

6_
at

C
S

N
K

1G
3_

22
97

02
_a

t
C

D
O

N
_2

07
23

0_
at

B
C

L2
_2

07
00

5_
s_

at
E

VC
_2

34
42

1_
s_

at
P

T
C

H
2_

22
12

92
_a

t
AD

R
B

K
2_

20
41

83
_s

_a
t

G
LI

2_
20

80
57

_s
_a

t
P

T
C

H
1_

20
85

22
_s

_a
t

C
D

O
N

_1
56

36
77

_a
t

G
S

K
3B

_2
40

56
2_

at
B

C
L2

_2
03

68
4_

s_
at

AR
R

B
1_

21
88

32
_x

_a
t

AR
R

B
1_

22
84

44
_a

t
P

R
K

AC
A_

21
62

34
_s

_a
t

G
LI

3_
15

69
34

2_
at

S
M

U
R

F1
_2

12
66

8_
at

S
M

U
R

F1
_2

15
45

8_
s_

at
K

IF
7_

22
94

05
_a

t
C

U
L1

_2
38

50
9_

at
P

T
C

H
1_

15
55

52
0_

at
G

LI
1_

20
66

46
_a

t
E

VC
2_

22
99

74
_a

t
E

VC
_2

19
43

2_
at

G
AS

1_
20

44
56

_s
_a

t
P

T
C

H
1_

20
98

16
_a

t
H

H
IP

_2
23

77
5_

at
H

H
IP

_2
37

46
6_

s_
at

G
LI

3_
20

52
01

_a
t

C
C

N
D

1_
20

87
11

_s
_a

t
G

LI
3_

22
73

76
_a

t
C

C
N

D
1_

20
87

12
_a

t
AD

R
B

K
2_

20
41

84
_s

_a
t

B
C

L2
_2

07
00

4_
at

AD
R

B
K

1_
20

14
02

_a
t

AR
R

B
1_

22
29

12
_a

t
S

M
O

_2
18

62
9_

at
G

LI
2_

20
70

34
_s

_a
t

G
LI

2_
22

85
37

_a
t

H
H

IP
_1

55
60

37
_s

_a
t

H
H

IP
_2

36
63

2_
at

H
H

IP
_2

30
13

5_
at

C
C

N
D

2_
23

12
59

_s
_a

t
C

C
N

D
2_

20
09

51
_s

_a
t

C
C

N
D

2_
20

09
52

_s
_a

t
AD

R
B

K
1_

20
14

01
_s

_a
t

G
S

K
3B

_2
42

33
6_

at
FB

XW
11

_2
09

45
6_

s_
at

C
D

O
N

_2
27

52
6_

at
AR

R
B

1_
22

18
61

_a
t

AR
R

B
1_

49
11

1_
at

AR
R

B
1_

43
51

1_
s_

at
B

C
L2

_2
03

68
5_

at
AR

R
B

1_
22

27
56

_s
_a

t
AR

R
B

2_
20

33
88

_a
t

G
S

K
3B

_2
09

94
5_

s_
at

S
M

U
R

F1
_2

12
66

6_
at

M
E

G
F8

_2
14

77
8_

at
S

M
U

R
F2

_2
32

02
0_

at
K

IF
3A

_2
13

62
3_

at
C

S
N

K
1G

2_
20

25
74

_s
_a

t
M

E
G

F8
_2

27
32

7_
at

M
G

R
N

1_
21

25
76

_a
t

G
AS

1_
20

44
57

_s
_a

t
AD

R
B

K
2_

22
87

71
_a

t
G

S
K

3B
_2

26
18

3_
at

S
M

U
R

F2
_2

27
48

9_
at

K
IF

3A
_2

28
68

0_
at

P
T

C
H

1_
20

98
15

_a
t

P
R

K
AC

A_
20

28
01

_a
t

S
M

U
R

F2
_2

05
59

6_
s_

at
C

U
L1

_2
07

61
4_

s_
at

C
S

N
K

1G
3_

22
07

68
_s

_a
t

C
S

N
K

1G
2_

20
25

73
_a

t
C

S
N

K
1G

3_
22

77
67

_a
t

FB
XW

11
_2

09
45

5_
at

G
S

K
3B

_2
26

19
1_

at
C

C
N

D
2_

20
09

53
_s

_a
t

U
W

426
U

W
426-R

U
W

228
U

W
228-R

D
A

O
Y

D
A

O
Y-R

U
W

426
U

W
426-R

U
W

228
U

W
228-R

D
A

O
Y

D
A

O
Y-R

U
W

426
U

W
426-R

U
W

228
U

W
228-R

D
A

O
Y

D
A

O
Y-R

−2

−1

0

1

2

−2

−1

0

1

2
U

W
426

U
W

426- R
U

W
228

U
W

228- R
D

A
O

Y
D

A
O

Y-R

DC
UW426-R

UW426

DAOY

UW228-R

UW228

DAOY-R

50

0

–50

)
%12(

2
C

P

500–50–100
PC1 (69.8%)

B

D
AO

Y

D
AO

Y
-R

U
W

228

U
W

228-R

U
W

426

U
W

426-R

DAOY

DAOY-R

UW228

UW228-R

UW426

UW426-R

0

50

100

150

200

P
at

hw
ay

s 
in

 c
an

ce
r

P
I3

K
-A

kt
 s

ig
na

lin
g 

pa
th

w
ay

M
A

P
K

 s
ig

na
lin

g 
pa

th
w

ay
C

el
l c

yc
le

H
ip

po
 s

ig
na

lin
g 

pa
th

w
ay

V
E

G
F 

si
gn

al
in

g 
pa

th
w

ay

–l
og

10
(p

-v
al

ue
)

H
ed

ge
ho

g 
si

gn
al

in
g 

pa
th

w
ay

0
50

10
0

15
0

30
0

20
0

25
0

1492 Molecular Oncology 15 (2021) 1486–1506 ª 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

REST and vasculature in medulloblastoma S. Shaik et al.



vasculature, respectively (Figs 3D and S5A). Quantita-

tion of CD31-positive structures showed a twofold

increase in the number and diameter of vessels in

DAOY-R tumors compared with DAOY tumors

(Fig. 3D, right panel). Similar differences in vascula-

ture were also noted in sections of mice brains bearing

HR- and LR-PDOX tumors (Figs 3E and S5B).

CD31 expression was also quantified in a publicly

available transcriptome database (GSE85217) of

human SHH-MB samples [4]. As seen in Fig. 3F,

CD31 gene expression was higher in SHH-α, β, γ
tumor samples compared with SHH-δ tumors. CD31

and REST expression showed a strong overall positive

correlation (r = 0.33, P < 0.0001) in SHH subgroup of

MB samples and in SHH-β (r = 0.36, P = 0.04), γ
(r = 0.40, P = 0.005) subtypes (Figs 3G and Fig

S10A). SHH-MBs were also divided into six clusters,

based on the expression of REST target neuronal dif-

ferentiation genes, where a significant increase in

REST mRNA levels was seen in clusters 1, 2 (SHH-α),
and 5 (SHH-β) tumors [10]. The pattern of CD31

expression paralleled that of REST, with higher levels

seen in clusters 1, 2, and 4, relative to clusters 3, 4,

and 6 (Fig. 3H). These findings were confirmed using

GSE37382 and GSE50765 data sets [37]. Finally, com-

parisons of tumor samples with normal cerebella made

using GSE data sets revealed upregulation of CD31 in

MB samples and a positive correlation with REST

expression in SHH-MBs (Fig. S6A–C). Thus, the

above observations indicate that REST supports

tumor vasculature in mice and its expression in subsets

of SHH tumors is strongly correlated with the expres-

sion of CD31 (Fig. S10A–D).

3.3. REST elevation promotes secretion of

proangiogenic factors in MBs

To investigate whether REST expression modulated

secreted pro- or antiangiogenic factors, we incubated a

Proteome Profiler Human Angiogenesis Array mem-

brane with antibodies that can detect the presence of

up to 55- human angiogenesis-related secreted pro-

teins- in conditioned media from DAOY, UW228,

UW426, and D283 cells. Densitometry was used to

quantitate levels of these secreted proteins (Figs 4A

and S7A; Table S1). DAOY and UW228 cells

expressed proangiogenic molecules, angiogenin

(ANG), angiopoietin-1 (ANGPT1), C-X-C motif che-

mokine ligand 16 (CXCL16), IL-8 (CXCL8), MCP1

(CCL2), PLGF (PGF), uPA (PLAU), and VEGF. The

levels of ANG, ANGPT1, CXCL16, CCL2, and PGF

were higher in DAOY than in UW228 cells and paral-

leled REST levels in these cells (Fig. 4A) [10]. The

above proangiogenic molecules, except ANGPT1,

CCL2, and PLAU, were also expressed in UW426 cells

(Fig. 4A). ANGPT1, CXCL8, PGF, and PLAU were

also detected in D283 cells, a Group 3/4 MB cell line

(Fig. S7A). Antiangiogenic molecules angiopoietin-2

(ANGPT2), angiostatin-2 (PLG), and throm-

bospondin-2 (TSP2/THBS2) were not detected in

DAOY, UW228, and UW426 cells (Fig. 4A). REST

dependency for the above changes was established by

comparing the secretome of UW426 and UW426-

REST cells, which confirmed an increase in the levels

of the proangiogenic molecules and ligands for

VEGFR1 VEGF and PGF under conditions of REST

elevation (Figs 4A and S7B).

Fig. 3. Human MBs with REST elevation have increased vasculature. (A, B) Relative REST mRNA and protein levels in DAOY/DAOY-R,

UW228/UW228-R, and UW426/UW426-R cells were measured by RT-PCR and western blot analysis, respectively. Right panel in B shows

quantification data. Tubulin served as a loading control. Data show individual variability and means � SD. P-values were obtained using

Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (C) Growth of DAOY-ffluc and DAOY-R-ffluc cells implanted in the

cerebella of immunodeficient mice (n = 5) was monitored by BLI. Color scale bar indicates luminescence intensity across the images. (D)

Brain sections from the above mice were studied by H&E (top panel) to locate tumors, and IHC for CD31 (bottom panel) to identify tumor

vasculature. Arrowheads show the blood vessels. Quantitation of blood vessels and average blood vessel diameter is shown in the right

panel (n = 3; three fields/section). Scale bars: H&E = 20 μm; CD31 = 10 μm. (E) IHC for CD31 in tumor-bearing brain sections of PDOX

mice (n = 3., three fields/section) to demonstrate vasculature changes in tumors (left panels). Arrowheads show the blood vessels. Scale

bars: top (40×) = 10 μm, bottom (10×) = 20 μm. (F) CD31 mRNA expression profile in four subtypes of SHH-MB patient samples measured

by microarray (α; n = 65, β; n = 35, γ; n = 47, δ; n = 76) from GSE85217 data set [4]. Each dot corresponds to one individual patient. Data

show individual variability and means � SD. P-values were obtained using the unpaired t-test with Welch’s correction. ns, not significant.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (G) Scatter plot of correlation of REST mRNA expression and CD31 mRNA

expression. Figure shows the plot across all 223 SHH-MB patients (r = 0.33, P < 0.0001). (H) CD31 mRNA expression profile in SHH-MB

patient samples. Hierarchical clustering based on expression of neuronal differentiation markers divided the SHH-MB patient samples into

six distinct clusters (Cluster 1; n = 39, Cluster 2; n = 31, Cluster 3; n = 32, Cluster 4; n = 61, Cluster 5; n = 39, Cluster 6; n = 21) [10].

Each dot corresponds to an individual patient. Data show individual variability and means � SD. ns, not significant. P-values were obtained

using the unpaired t-test with Welch’s correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Gene expression microarray data derived from

SHH-MBs also confirmed these findings [4]. SHH-MB

samples were divided into two groups (117 HR and

106 LR tumors) based on the average Z-score of their

REST expression. The expression of 410 angiogenesis-

related genes listed in Table S2 was studied between

these two cohorts using a volcano plot, and genes with

significantly differential expression were identified

(P < 0.05) (Fig. 4B). Of these, 136 genes showed

higher expression and 46 genes showed lower expres-

sion in samples with higher REST levels (Table S3).

Of the 11 proteins examined in Fig. 4A, genes encod-

ing ANG, ANGPT2, PGF, THBS2, CD31, VEGFR1,

and ETS1 had significantly higher expression in HR

MBs (Fig. 4B).

Finally, in vitro angiogenesis/tube formation assay

was carried out using conditioned media from isogenic

pairs of DAOY/DAOY-R, UW228/UW228-R, and
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UW426/UW426-R cells. HUVECs labeled with cell

tracker green dye were placed on matrigel and incu-

bated with the conditioned media from the above iso-

genic pairs of cells to monitor tube formation.

Fluorescence microscopy showed that conditioned

medium from DAOY and DAOY-R cells supported a

twofold and threefold increase in tube formation,

respectively, relative to control HUVECs cultivated in

unconditioned growth medium (Fig. 4C). Similar

REST-dependent increases in tube formation were

noted with UW228/UW228-R and UW426/UW426-R

cells (Fig. 4C). Together, these data support a role for

REST elevation in promoting angiogenesis in vitro.

3.4. REST elevation drives ETS1-dependent

increase in VEGFR1 expression

We next asked whether the levels of VEGFR1, a cog-

nate receptor for PGF and VEGF, are modulated in a

REST-dependent manner. IHC showed that tumors in

Ptch+/−/RESTTG mice and animals with HR-PDOX

had higher VEGFR1 expression compared with Ptch+/

− and LR-PDOX, respectively (Figs 5A,B and S8A,B).

Western blotting of cell lysates from DAOY/DAOY-R

and UW426/UW426-R cell pairs showed a clear

enhancement of VEGFR1 levels in the higher REST

context compared with the parental cells (Fig. 5C).

VEGFR1 levels were also similarly increased in ST2

cells with constitutive hREST expression, relative to

parental C17.2 cells (Fig. 5D, left panel). Likewise, rel-

ative to WT CGNPs, cells from RESTTG mice exhib-

ited higher VEGFR1 protein levels (Fig. 5D, right

panel). Tubulin served as a loading control for these

assays (Fig. 5C,D).

Then, a role for REST in tube formation was con-

firmed by co-incubating cell tracker green-labeled

HBMCs with cell tracker red-labeled DAOY/DAOY-

R cells. Surprisingly, REST elevation was associated

with a significant increase (threefold) in the co-local-

ization of MB cells and endothelial cells (Fig. 5E).

Indeed, co-immunofluorescence staining of ffluc-ex-

pressing DAOY and DAOY-R tumor sections from

NSG mice, with anti-CD31 and anti-luciferase anti-

bodies, also revealed a fourfold increase in REST-de-

pendent colocalization (yellow) of tumor cells (green)

with endothelial cells (red) (Fig. 5F). These findings

raise the possibility that REST elevation in MB cells

could lead to an endothelial cell-like phenotype or

VM, a phenomenon in which cancer cells form blood

vessels independent of, or in association with endothe-

lial cells in tumors [41,42].

Like CD31, VEGFR1 gene expression was signifi-

cantly higher in SHH-α, SHH–β, SHH–γ MBs com-

pared with SHH-δ tumors, and VEGFR1 and REST

expression showed a strong overall positive correlation

(r = 0.29, P < 0.0001) in SHH subgroup of MB sam-

ples and in SHH-γ (r = 0.30, P = 0.04) and SHH-δ
subtypes (r = 0.23, P = 0.047) (Figs 5G,H and S10E).

A trend toward significance was noted in SHH-α
(r = 0.22, P = 0.07) and SHH-β (r = 0.31, P = 0.07)

(Fig. S10E). Higher VEGFR1 expression was observed

in clusters 1, 2, 5, and 6 compared with clusters 3 and

4 in the differentiation-based grouping of tumor sam-

ples (Fig. 5I). Among WNT, Group 3, and Group 4

MB tumor samples, a positive correlation between

REST and VEGFR1 was detected when all Group 4

tumors were collectively considered (r = 0.16,

P = 0.005), but a statistically significant correlation

could not be detected in the individual subtypes of

Group 4 tumors (Figs 5G,H and S10E–H). These

results indicate that VM may be unique to SHH-MBs,

although the limited availability of subgroup/subtype

information in other patient tumor data sets precluded

further investigation of this observation (Fig. S8C,D).

If MBs with REST elevation do indeed mimic

endothelial cells, we reasoned that transcription factors

Fig. 4. REST elevation promotes secretion of proangiogenic factors. (A) Conditioned culture medium from UW228, UW426, and DAOY cells

was used to probe a commercially available human angiogenesis array for a panel of known angiogenesis-related secreted proteins (left

panel). The boxes and box numbers represent pro- or antiangiogenic proteins and correspond to molecules listed in Table S1. Densitometric

quantitation is shown on the right (also see Table S1). (B) Volcano plots show angiogenesis-related genes DE between SHH-MB samples

(GSE85217) with high- and low-REST expression [4]. Samples with HR expression (n = 117); α; n = 42/65 (64.6%), β; n = 28/35 (80.0%), γ;
n = 15/47 (31.9%), δ; n = 32/76 (42.1%). Samples with low-REST expression (n = 106); α; n = 23/65 (35.4%), β; n = 7/35 (20.0%), γ;
n = 32/47 (68.1%), δ; n = 44/76 (57.9%). The gene expression difference between HR/LR samples is shown on the x-axis, the P-value (in

–log10 scale) on the y-axis. The horizontal line indicates a P-value of 0.05. Circles represent genes encoding proteins analyzed in A (also see

Tables S2 and S3). Black dots identify expression levels for CD31, VEGFR1, and ETS1. (C) In vitro angiogenesis assay to show relative tube

formation by HUVECs cultivated in endothelial culture (EC) alone or with conditioned media from DAOY/DAOY-REST(R), UW228/UW228-

REST(R), and UW426/UW426-REST(R) cell cultures. EC medium and conditioned medium were used in a 1 : 1 ratio. Tubes formed in

matrigel were photographed after 16 h (left panel) and quantitated (right panel). Data shown are mean � SD. P-values were obtained using

Student’s t-test. *P < 0.05, **P < 0.01, ****P < 0.0001, n = 3. Scale bar; 100 μm.
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directing endothelial specification such as ETS1 may

also be expressed in tumor cells [43]. Again, IHC con-

firmed that Ptch+/−/RESTTG mice and HR-PDOX

brain sections had higher ETS1 expression relative to

Ptch+/−, and LR-PDOX samples, respectively (Figs 6

A,B and S9A,B). Western blotting performed with

lysates from WT/RESTTG CGNPs, as well as DAOY/

DAOY-R and UW426/UW426-R cells, showed an

increase in ETS1 levels, which paralleled REST levels,

showing that ETS1 expression was REST-dependent

(Fig. 6C,D). The above findings taken in conjunction

with VEGFR1 being a known ETS1 target gene, led us

to assess whether REST-dependent increase in

VEGFR1 expression in DAOY-R cells is mediated by

ETS1 [44,45]. Knockdown experiments showed that

reduction of ETS1 in DAOY-R cells using two differ-

ent shRNA-ETS1 constructs did indeed result in a

decrease in VEGFR1 levels in these cells (Fig. 6E).

REST levels remained unaffected, relative to actin con-

trols. In vitro angiogenesis assays showed that a reduc-

tion in ETS1 expression in DAOY-R caused a

significant decline in tube formation, as well as a

decrease in tumor endothelial cell colocalization at the

tubes, confirming the involvement of ETS1 in this pro-

cess under conditions of REST elevation (Fig. 6F,G).

ETS1 expression was also studied using bulk tran-

scriptomic data from human SHH-MB samples

described in Figs 2–4. First, ETS1 expression was sig-

nificantly higher in SHH-α, SHH–β, SHH–γ tumor

samples compared with SHH-δ tumors (Fig. 6H).

ETS1 and REST expression showed a strong overall

positive correlation (r = 0.37, P < 0.0001) in SHH

subgroup of MB samples and in SHH-β (r = 0.40,

P = 0.02), SHH–γ (r = 0.43, P = 0.003), and SHH–δ
(r = 0.32, P = 0.005) subtypes (Figs 6I and S10I).

When SHH-MBs were divided into the six neurogene-

sis-based clusters, a significant increase in ETS1

mRNA levels was seen in clusters 1, 2, 5, and 6, rela-

tive to clusters 3 and 4 (Fig. 6J). Among WNT, Group

3, and Group 4 MB tumor samples, a positive correla-

tion between REST and ETS1 was detected in Group

4 tumors (r = 0.31, P < 0.0001), with a significant cor-

relation seen in Group 4 α (r = 0.38, P < 0.0001), β
(r = 0.27, P = 0.005) and γ (r = 0.35, P < 0.0001)

tumor subtypes (Fig. S10J-L). Collectively, the above

data suggest that REST-dependent modulation of

tumor vasculature is ETS1-dependent, with a positive

association between REST and ETS1 expression seen

in subsets of SHH and Group 4 tumors (Fig. S10I-L).

We also detected positive correlations between REST

and ETS1 expression in GSE50765 and GSE37382 [37]

sample sets, respectively, but not in the data set pro-

vided by Cho et al. [36], likely due to the limitations

and/or differences of probe sets and sample numbers

among patient data sets (Fig. S9C,D). Overall, our

data suggest that REST contributes to MB vasculature

through cell-extrinsic and cell-intrinsic mechanisms

(Fig. 7).

4. Discussion

REST is a canonical regulator of neurogenesis and

plays a key role during normal brain development. It

is this aspect of REST function that has been most

widely studied and reported in the literature [46,14].

REST binds to the RE1 sequence found in the regu-

latory regions of many neuronal genes to silence their

expression. REST controls neural development by

regulating neural lineage specification. It promotes

neural stem/progenitor (NS/P) self-renewal while

Fig. 5. MBs with elevated REST expression upregulate VEGFR1 and colocalize with endothelial cells. (A-B) IHC was performed on cerebellar

sections (n = 3) from Ptch+/− and Ptch+/−/RESTTG mice and PDOX animals (n = 3) to demonstrate VEGFR1 expression. Arrowheads show

blood vessels; Scale bars: top (40×) = 10 μm, bottom (10×) = 20 μm. (C-D) Western blot analysis to measure VEGFR1 levels in human

DAOY/DAOY-R and UW426/UW426-R cells, and VEGFR1 and REST protein levels in mouse C17.2/ST2 cells, and in CGNPs from WT/

RESTTG mice. Tubulin served as a loading control. (E) HUVECs were cocultured with DAOY or DAOY-R cells on matrigel, and tube

formation was assessed after 16 h. DAOY/DAOY-R are in red, while HUVECs are shown in green color. Quantitation of the relative

numbers of DAOY or DAOY-R cells colocalized with HUVECs is shown on the right. (F) Immunofluorescence assay to show colocalization in

yellow of CD31-positive endothelial cells (red) and luciferase-positive tumor cells (green) in tumor sections from DAOY or DAOY-R

xenografts. Quantitative data (n = 3, three fields/section) is shown on the right. P-values were obtained using Student’s t-test.

***P < 0.001. (G) Profile of VEGFR1 mRNA expression in microarray data of four subtypes of human SHH-MB samples from GSE85217

data set [4]. Each dot corresponds to one individual patient. Data show individual variability and means � SD. P-values were obtained using

the unpaired t-test with Welch’s correction. ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (H) Scatter plot of

correlation of REST mRNA expression and VEGFR1 mRNA expression. Figure shows the plot across all 223 SHH-MB patients (r = 0.29,

P < 0.0001). (I) VEGFR1 mRNA expression profile in SHH-MB patient samples. Hierarchical clustering based on expression of neuronal

differentiation markers divided the SHH-MB patient samples into six distinct clusters [10]. Each dot represents an individual patient. Data

show individual variability and means � SD. P-values were obtained using the unpaired t-test with Welch’s correction. ns, not significant.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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restricting their maturation into neurons [47]. REST

shows differential expression during neural develop-

ment, with its levels being highest in embryonic stem

cells (ES) and gradually declining thereafter as cells

transition through NS/P cells into mature neurons

[47]. However, its expression is maintained in cells

destined for glial specification, suggesting that REST

levels may dictate other neural lineage choices [48,46].
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Although most studies have focused on its function

in neural cells, genome-wide chromatin occupancy

studies have identified a reasonable number of poten-

tial REST target genes, which are not involved in

neural development [49]. Abnormal REST activity is

implicated in the genesis of many neural cancers

including MB, glioblastoma, diffuse intrinsic pontine

glioma (DIPG) and neuroblastoma [10,50,51,26,6]. Its

aberrant expression in these cancers has been associ-

ated with poor patient survival [51,26,6]. However,

these studies were also mostly focused on the-cell-in-

trinsic functions of REST and attributed roles for the

protein in the control of cell proliferation and/or

blockade of neural lineage specification during tumor

development [10].

The TME, which encompasses the vascular network,

stromal cells, immune cells, extracellular matrix, and

fibroblasts, plays a key role in tumor growth and pro-

gression [52]. Cell–cell communication between tumor

cells and TME also influence tumor response to thera-

pies [53]. For these reasons, the crosstalk between can-

cer cells and the TME has been a subject of intense

research in many cancers. However, similar studies in

pediatric brain cancers have been quite limited and

mostly restricted to the study of vascular networks

and their role in tumor progression and metastasis

[17,54,18]. As stated above, although computational

studies have suggested that the REST network may

include genes implicated in modulation of the TME,

very few follow-up functional studies have been

Endothelial cell

REST

ETS1

VEGF

PGF

VEGFR1

Tumor cell

VEGFR1

ParacrineAutocrine

VEGFR1

Fig. 7. Model to show autocrine and paracrine effects of REST on MB vasculature. REST expression in MB cells promotes increased

secretion of proangiogenic molecules such as VEGF and PGF, ligands that activate the VEGFR1 receptor present on vascular endothelial

cells. In addition, REST upregulates the expression of ETS1 and VEGFR1 in MB cells to mimic endothelial cell behavior. Dotted lines

indicate that the mechanism(s) are unclear. Both processes contribute to an increase in vasculature and tumor progression.

Fig. 6. REST upregulates ETS1 expression. IHC was performed on cerebellar sections from (A) Ptch+/− and Ptch+/−/RESTTG transgenic mice

(n = 3) and (B) PDOX (n = 3) to demonstrate ETS1 expression. Arrowheads show blood vessels. Scale bars: top (40×) = 10 μm, bottom

(10×) = 20 μm. Western blot analysis to measure ETS1 and REST protein levels in (C) CGNPs from WT/RESTTG mice, (D) ETS1 levels in

human DAOY/DAOY-R and UW426/UW426-R cells, and (E) ETS1, VEGFR1 and REST levels in shControl or shETS1-1/shETS1-2 expressing

DAOY-R cells. Tubulin and actin were used as loading controls. (F) In vitro tube formation assay to assess tube formation by HBMECs was

done by culturing with conditioned medium from shControl or shETS1-1 expressing DAOY-R cells for 16 h in matrigel (left panels).

Quantitation of tube formation is shown on the right. Three fields were counted per group. P-values were obtained using Student’s t-test.

***P < 0.001, Scale bar; 100 μm. (G) In vitro tube formation assay to assess tube formation by HBMECs was done by coculturing HBMEC

and shControl or shETS1-1 expressing DAOY-R cells for 16 h in matrigel (left panels). Quantitation of colocalization of DAOY-R cells with

HBMECs following ETS1 knockdown (using anti-shETS1-1—left panels) is shown on the right. P-values were obtained using Student’s

t-test. **P < 0.01. Scale bar; 100 μm. (H) Profile of ETS1 mRNA expression in microarray data of four subtypes of human SHH-MB samples

from GSE85217 data set [4]. Each dot represents a patient. Data show individual variability and means � SD. P-values were obtained using

the unpaired t-test with Welch’s correction. ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (I) Scatter plot of

correlation of REST mRNA expression and ETS1 mRNA expression. The figure shows the plot across all 223 SHH-MB patients (r = 0.37,

P < 0.0001). (J) ETS1 mRNA expression profile in SHH-MB patient samples. Hierarchical clustering based on the expression of neuronal

differentiation markers divided the SHH-MB patient samples into six distinct clusters [10]. Each dot represents a patient. Data show

individual variability and means � SD. P-values were obtained using the unpaired t-test with Welch’s correction. ns, not significant.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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conducted. REST has been shown to control pericyte

biology in- Ewing’s sarcoma, a primitive neuro-ecto-

dermal tumor that occurs mostly in adolescents

[55,56]. Our group was - the first to demonstrate a role

for the REST-gremlin axis in controlling the vascula-

ture of DIPG tumors [26]. In the current study, we

provide the first demonstration - that REST elevation

controls MB vasculature. Indeed, RNAseq analyses-

showed changes in hippo and MAPK signaling and

confirmed our previous findings that REST elevation

drives cell proliferation and represses PTCH expres-

sion in the more immature SHH-α MBs, and surpris-

ingly in the more differentiated SHH-β tumors [57,10].

We also show that REST controls endothelial cell biol-

ogy and MB vasculature in part by paracrine mecha-

nisms. VEGF, VEGF165, PDGFA, VEGF121, Ang-1

(ANGPT1), Ang-2 (ANGPT2), VEGFC, TGFA,

VEGF189, and VEGFB were some of the proangio-

genic molecules previously described in MB tumors

[24,58]. Here, we found PGF, ANG, ANGPT1,

CXCL8, and CXCL16 to be secreted by MB cell lines.

PGF produced by the cerebellar stroma in SHH

tumors signals through neuropilin-1 and promotes MB

cell survival [18]. Although levels of antiangiogenic

molecules were significantly lower in MB cell lines, this

was not recapitulated in human MB samples. Our

work is also the first to suggest a role for ETS1 in

REST-dependent angiogenesis in SHH-MBs. Most

importantly, our findings suggest that REST-driven

modulation of tumor vasculature may contribute to

the increased incidence of metastasis and poor survival

in patients with SHH-α and SHH-β MBs. ETS1 is a

transcription factor and is a known regulator of angio-

genic growth factors such as VEGFR1 [44,59,45].

Given the strong correlative parallels in REST and

ETS1/CD31/VEGFR1 expression between SHH-MBs

and Group 4 MBs, similar mechanisms could be oper-

ational in these two subgroups of MBs. However, this

needs further evaluation.

In addition to angiogenesis, brain tumors utilize

other mechanisms to acquire new blood vessels, includ-

ing co-option, vasculogenesis, and intussusception [17].

Plasticity of cancer cells enables them to mimic

endothelial cells, thus leading to the formation of ves-

sels [60]. This has been described in glioblastomas

where stem-like cells were found to differentiate into

endothelial cells, and harbored the same genomic alter-

ations as cancer cells [41]. In a study by Wang et al.

[60] ~ 22% of MB tumors (n = 41) were shown to

exhibit VM and was also associated with poorer clini-

cal outcomes. Thus, there is support for VM in MBs,

although mechanisms have not been defined. Our data

suggest that REST elevation in tumor cells may

promote VM by driving VEGFR1 expression and pos-

sibly activating the protein kinase C alpha pathway

[42] (Fig. 7). However, the REST-VM connection

needs to be further investigated.

Antiangiogenic therapies have been under considera-

tion for pediatric and adult brain tumors [61]. For recur-

rent glioblastoma multiforme (GBM), the median

overall survival was 8.63 months for patients treated

with bevacizumab, an anti-VEGF antibody, and

8.91 months when bevacizumab was combined with

irinotecan, a chemotherapeutic agent [62] Thus, this

study showed bevacizumab alone is beneficial for GBM.

Interestingly, recent clinical trials have also demon-

strated the efficacy of bevacizumab for the treatment of

recurrent MB when combined with chemotherapeutic

agents temozolomide and irinotecan or with stereotactic

radiosurgery [63,64]. Despite this promise, clinical use

of antiangiogenic agents has not evolved [65,19]. The

development of resistance to anti-VEGF therapies could

be an underlying reason [66]. VM may be yet another

cause since angiogenesis inhibitors appear to block the

formation of vessels by endothelial cells, but not those

originating from tumor cells [67]. Therefore, targeting

drivers of VM such as REST or ETS1 may alleviate

resistance to conventional angiogenesis inhibitors and

need to be further evaluated in preclinical studies. Our

previous preclinical studies have demonstrated the feasi-

bility of targeting REST activity through inhibition of

associated chromatin remodeling enzymes—G9a/GLP,

LSD1, and HDAC1/2 [13,68,14]. However, their effect

on tumor vasculature was not studied. Downregulation

of ETS proteins is correlated with regression of hyaloid

vessel endothelial cells [69]. In newborn mice, adminis-

tration of YK-4-279, an inhibitor of ETS and ETS-re-

lated gene activity, decreased the number of hyaloid

vessels [69]. YK-4-279 was also been shown to reduce

tube formation by HUVECs in vitro, in a VEGFR1-de-

pendent manner [69]. Targeting ETS1 for proteolysis,

by inhibiting the activity of its deubiquitylase USP9X,

may be another interesting strategy, which should be

explored [70]. Overall, antiangiogenesis approaches

remain under-investigated for brain tumor therapy.

5. Conclusion

The current study is the first to attribute a role for

REST in the regulation of MB vasculature. We have

provided evidence that its elevation promotes increased

secretion of pro-angiogenic factors, which allows vas-

cular growth. In addition, MB cells with elevated

REST expression display molecular and functional fea-

tures of endothelial cells, suggesting that REST may

alter cell fate decisions in MBs by modulating the

1501Molecular Oncology 15 (2021) 1486–1506 ª 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

S. Shaik et al. REST and vasculature in medulloblastoma



expression of transcription factors that control angio-

genesis, although mechanistic details remain to be

delineated (Fig. 7). Targeting REST and ETS1 for the

therapeutic modulation of tumor angiogenesis is a

topic for future studies.
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Fig. S1. REST promotes vasculature in RESTTG cere-

bella and Ptch+/−/RESTTG. (A) Cerebellar sections

from WT and RESTTG mice and (B) tumor sections

from Ptch+/- and Ptch+/-/RESTTG transgenic mice to

demonstrate the vasculature changes. Arrowheads

show the blood vessels. (n=3). Scale bars; H&E=20
μm; CD31=10 μm.

Fig. S2. Gene expression profiles of subtype specific

markers and hedgehog markers in MB cell lines and

MB patients. (A) Unsupervised hierarchical cluster

analysis of gene expression data using NanoString 22

genes in GSE86574. Expression values were Z-score

transformed. Red; high expression, blue; low expres-

sion. Arrowhead shows the position of DAOY clus-

tered with MB_SHH patient samples. (B)

Unsupervised hierarchical cluster analysis of gene

expression data using NanoString 100 genes in

GSE86574. (C) Unsupervised hierarchical cluster anal-

ysis of gene expression data using 33 hedgehog path-

way related genes in publicly available microarray data

[4]. (D) Unsupervised hierarchical cluster analysis of

gene expression data using NanoString 22 genes [38] in

GSE85217 [4]. (E) Unsupervised hierarchical cluster

analysis of gene expression data using NanoString 22

genes in GSE107405 [35]. (F) Unsupervised hierarchi-

cal cluster analysis of gene expression data using

NanoString 22 genes in our RNA-seq data (Shaik).

(G-J) Gene expression profiles of subtype specific

markers (NanoString 22 genes) (WNT, SHH, Group3

and Group4) in GSE85217 [4], GSE107405 [35] and

our RNA-seq data (Shaik). Data show individual vari-

ability and means � SD. P-values were obtained using

the unpaired t-test with Welch’s correction. ns, not sig-

nificant. *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001.

Fig. S3. Heatmaps of differentially expressed genes in

hippo signaling pathway and MAPK signaling path-

way.

Fig. S4. Human MBs with REST elevation have

increased vasculature. H&E staining on brain sections

from DAOY and DAOY-REST (DAOY-R) mice
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xenografts. n = 3. Scale bar; 100 μm. Arrowheads

show tumor area.

Fig. S5. REST promotes vasculature in DAOY-R and

PDOX-HR tumors. (A) DAOY/DAOY-R tumors and

(B) PDOX-LR and PDOX-HR tumors to demonstrate

the vasculature changes. Arrowheads show the blood

vessels. (n = 3). Scale bars in A; H&E = 20 μm;

CD31 = 10 μm. Scale bars in B: top (40×) = 10 μm,

bottom (10×) = 20 μm.

Fig. S6. REST and CD31 expression in MB patients.

(A) REST mRNA expression profile in MB patient

samples measured by microarray (GSE85217 [4],

GSE37382 [37] and Pomeroy’ data sets [36]). Each dot

corresponds to one individual patient. Data show indi-

vidual variability and means � SD. P-values were

obtained using the unpaired t-test with Welch’s correc-

tion. ns, not significant. *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001. (B) CD31 mRNA

expression profile in MB patient samples measured by

microarray (GSE85217 [4], GSE37382 [37] and

Pomeroy’ data sets [36]). Each dot corresponds to one

individual patient. Data show individual variability

and means � SD. P-values were obtained using the

unpaired t-test with Welch’s correction. ns, not signifi-

cant. *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001. (C) Scatter plot of correlation of

REST mRNA expression and CD31 mRNA. Fig-

ure shows the plot across all SHH-MB patients in each

data set [36,37].

Fig. S7. REST-dependent elevation of secreted proan-

giogenic molecules in MB cells. Secreted angiogenesis-

related protein molecules in conditioned medium of

(A) D283 and (B) UW426-R cells were done using an

array kit (left panel). Densitometric analysis of angio-

genic molecules is shown on the right (also see

Table S1).

Fig. S8. REST and VEGFR1 expression in MB

patients. (A-B) IHC for VEGFR1 was performed on

tumor sections from Ptch+/- and Ptch+/-/RESTTG

transgenic mice, and in tumor-bearing brain sections

of PDOX mice to demonstrate vasculature changes in

tumors. Arrowheads show the blood vessels. Scale

bars: top (40×) = 10 μm, bottom (10×) = 20 μm. (C)

VEGFR1 mRNA expression profile in MB patient

samples measured by microarray (GSE85217 [4],

GSE37382 [37] and Pomeroy’ data sets [36]). Each dot

corresponds to an individual patient. Data show indi-

vidual variability and means � SD. P-values were

obtained using the unpaired t-test with Welch’s

correction. ns, not significant. *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001. (D) Scatter plot of cor-

relation of REST mRNA expression and VEGFR1

mRNA. Figure shows the plot across all SHH-MB

patients in each data set [36,37].

Fig. S9. REST and ETS1 expression in MB patients.

(A-B) IHC for ETS1 was performed on tumor sections

from Ptch+/- and Ptch+/-/RESTTG transgenic mice, and

in tumor-bearing brain sections of PDOX mice to

demonstrate vasculature changes in tumors. Arrow-

heads show the blood vessels. Scale bars: top

(40×) = 10 μm, bottom (10×) = 20 μm. (C) ETS1

mRNA expression profile in MB patient samples mea-

sured by microarray (GSE85217 [4], GSE37382 [37])

and Pomeroy’ data sets [36]). Each dot corresponds to

one individual patient. Data show individual variabil-

ity and means � SD. P-values were obtained using the

unpaired t-test with Welch’s correction. ns, not signifi-

cant. *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001. (D) Scatter plot of correlation of

REST mRNA expression and ETS1 mRNA expression

(GSE85217 [4], GSE37382 [37] and Pomeroy’ data sets

[36]). Figure shows the plot across all SHH-MB

patients in each data set.

Fig. S10. CD31, VEGFR1, ETS1 and REST mRNA

expression in MB patient tumors. (A) Scatter plot of

correlation of REST and CD31 mRNA expression in

SHH-MBs (GSE85217 [4]). SHH-subtype specific plots

are shown. (B-D) Profile of CD31 mRNA expression

in microarray data from WNT, Group3, and Group4

subgroup MB patient samples (left panel) (GSE85217

[4]). Each dot represents a patient. Data show individ-

ual variability and means � SD. P-values were

obtained using the unpaired t-test with Welch’s correc-

tion. ns, not significant. *P < 0.05, **P < 0.01,

***P < 0.001. Scatter plots show the correlation of

REST mRNA expression and CD31 mRNA expres-

sion. The second panel from the left shows data across

all WNT- or Group3- or Group4-MBs. Third, fourth

and fifth panel show subtype specific correlative infor-

mation for WNT- or Group3- or Group4-MBs. (E-H)

VEGFR1 mRNA expression in MB patient tumors [4].

(I-L) ETS1 mRNA expression in MB patient tumors

[4].

Table S1. Densitometric analysis of proteomic array.

Table S2. List of angiogenesis-related genes.

Table S3. List of differentially expressed genes between

high-REST and low-REST patient tumors (volcano

plot).
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