
Neuro-Oncology
21(6), 775–785, 2019 | doi:10.1093/neuonc/noz030 | Advance Access date 6 April 2019

775

REST-DRD2 mechanism impacts glioblastoma stem  
cell–mediated tumorigenesis

Anantha L. Marisetty,* Li Lu,* Bethany L. Veo,* Bin Liu,* Cristian Coarfa,* 
Mohamed Mostafa Kamal, Dina Hamada Kassem, Khushboo Irshad, Yungang Lu, Joy Gumin, 
Verlene Henry, Adriana Paulucci-Holthauzen, Ganesh Rao, Veerabhadran Baladandayuthapani, 
Frederick F. Lang, Gregory N. Fuller, and Sadhan Majumder

Departments of Genetics (A.L.M., L.L., B.L.V., B.L., M.M.K., D.H.K., K.I., Y.L., A.P-H., S.M.), Neurosurgery (A.L.M., J.G., 
V.H., G.R., F.F.L.), Biostatistics (V.B.), Pathology (G.N.F.), and Neuro-Oncology (S.M.), and Brain Tumor Center (A.L.M., 
J.G., V.H., G.R., F.F.L., G.N.F., S.M.), The University of Texas MD Anderson Cancer Center, Houston, Texas; Department 
of Molecular and Cellular Biology (C.C.), Baylor College of Medicine, Houston, Texas

Present address: Baylor College of Medicine, Houston, Texas, USA (L.L.)

Present address: Department of Pediatrics/Hematology and Oncology, University of Colorado Denver Anschutz 
Medical Campus, Aurora, Colorado, USA (B.L.V.)

Present address: Department of Epigenetics and Carcinogenesis, MD Anderson Cancer Center, Houston, Texas, USA (B.L.)

Present Address: Department of Biostatistics,  University of Michigan, Ann Arbor, MI (V.B)

Present Address: Department of Biochemistry, Faculty of Pharmacy, Ain Shams University, Cairo, Egypt (M.M.K., D.H.K.)

Present Address: Pharmacology and Biochemistry Department, Faculty of Pharmacy, The British University in Egypt, 
Cairo, Egypt (M.M.K).

Corresponding Author: Sadhan Majumder, University of Texas MD Anderson Cancer Center, Houston, TX 77030 (smajumder@
mdanderson.org).

*Equal contribution.

Abstract
Background.  Glioblastoma (GBM) is a lethal, heterogeneous human brain tumor, with regulatory mechanisms that 
have yet to be fully characterized. Previous studies have indicated that the transcriptional repressor REST (repres-
sor element-1 silencing transcription factor) regulates the oncogenic potential of GBM stem cells (GSCs) based on 
level of expression. However, how REST performs its regulatory role is not well understood.
Methods. We examined 2 independent high REST (HR) GSC lines using genome-wide assays, biochemical valida-
tions, gene knockdown analysis, and mouse tumor models. We analyzed in-house patient tumors and patient data 
present in The Cancer Genome Atlas (TCGA).
Results.  Genome-wide transcriptome and DNA-binding analyses suggested the dopamine receptor D2 (DRD2) gene, 
a dominant regulator of neurotransmitter signaling, as a direct target of REST. Biochemical analyses and mouse intra-
cranial tumor models using knockdown of REST and double knockdown of REST and DRD2 validated this target and 
suggested that DRD2 is a downstream target of REST regulating tumorigenesis, at least in part, through controlling 
invasion and apoptosis. Further, TCGA GBM data support the presence of the REST-DRD2 axis and reveal that high 
REST/low DRD2 (HRLD) and low REST/high DRD2 (LRHD) tumors are specific subtypes, are molecularly different 
from the known GBM subtypes, and represent functional groups with distinctive patterns of enrichment of gene sets 
and biological pathways. The inverse HRLD/LRHD expression pattern is also seen in in-house GBM tumors.
Conclusions. These findings suggest that REST regulates neurotransmitter signaling pathways through DRD2 in HR-GSCs 
to impact tumorigenesis. They further suggest that the REST-DRD2 mechanism forms distinct subtypes of GBM.

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved. For 
permissions, please e-mail: journals.permissions@oup.com



 776 Marisetty et al. REST-DRD2 subtypes in glioblastoma

Key Points

1. � REST-DRD2 mechanism identifies unique subtypes of GBM.

2. � Potential neurotransmitter signaling in REST-DRD2 subtypes.

Glioblastoma (GBM) is a highly heterogeneous and lethal 
human brain tumor.1–3 Ongoing research in the GBM field 
has provided promising approaches to GBM therapy.4,5 
GBM was also found to be made up of multiple molecular 
subtypes, indicating that targeted therapy would be effec-
tive.6–9 However, all newly diagnosed GBM patients are 
treated with a similar therapeutic regimen, resulting in poor 
patient outcomes. Thus, there is an urgent need for preci-
sion medicine approaches that target specific molecular 
mechanisms.

GBM tumors contain stemlike cells (GSCs) that contrib-
ute to tumor initiation, development, growth, and resis-
tance to conventional therapies that leads to relapse.10–13 
Accordingly, GSCs present an excellent experimentation-
amenable system for the development of targeted thera-
peutic approaches to GBM.

Repressor element-1 silencing transcription fac-
tor (REST) is a transcriptional repressor and a major 
epigenetic modifier. It was originally found to repress 
neurogenesis by repressing the terminal neuronal differ-
entiation genes.14,15 A  conditional full-length knock-out 
mouse model confirmed this role.16 REST has been found 
to regulate many biological processes.17–21 Building on our 
studies of REST in medulloblastoma,22–24 we and others 
recently discovered that REST plays a role in GBM and that 
tumors with GSCs that have high levels of REST expres-
sion (HR-GSCs) have different properties than do tumors 
with GSCs that have low levels (LR-GSCs).25–30 Indeed, 
findings of The Human Protein Atlas (www.proteinatlas.
org) supported such conclusions. However, it is not known 
how REST performs its oncogenic role, which is a gap in 
basic knowledge and a barrier to the therapeutic targeting 
of HR-GSCs.

Our findings described here suggest that a major mech-
anism of REST-mediated tumorigenesis in HR-GSCs is 
direct repression of the DRD2 gene, a dominant regula-
tor of neurotransmitter signaling31 that positively regu-
lates some GBM tumors and GSCs32 and has cell- and 
context-dependent oncogenic or tumor suppressor activ-
ity.32,33 This impact on tumorigenicity is attributable, at 
least in part, to its role in controlling invasion and apop-
tosis. We analyzed data from The Cancer Genome Atlas 
(TCGA) GBM database to determine whether DRD2 has 

both oncogenic and tumor suppressor activity in GBM, 
depending on the GBM subtype. The results suggested 
that DRD2 is expressed at varying levels and that tumors 
can be stratified into distinct high REST/low DRD2 (HRLD) 
and low REST/high DRD2 (LRHD) subtypes. We validated 
this classification using orthotopic mouse tumor models 
derived from HRLD and LRHD GSCs. The results supported 
the view that the 2 subtypes represent different oncogenic 
potential. Intriguingly, our analyses of the TCGA GBM 
data also indicated a significant difference in the median 
patient age when patients were stratified by this mecha-
nism and that this difference is primarily due to the pres-
ence of isocitrate dehydrogenase (IDH) mutant tumors.

Materials and Methods

Details of methods are provided in the Supplementary 
material. Patient-derived GSCs were isolated with patient 
consent according to the protocol approved by the insti-
tutional review board and cultured as we described 
previously.25,30 Mouse intracranial tumorigenic analy-
ses were performed following the approved protocol 
of the Institutional Animal Care and Use Committee as 
we described previously.25,30 Performed were immuno-
fluorescence assays (using anti-REST antibody: Sigma-
Aldrich, HPA006079; anti-DRD2 antibody: Santa Cruz 
Biotechnology, sc-5303; ki67 antibody: Dako), cell trans-
ductions for overexpression or knockdown (using lenti-
viruses from Sigma-Aldrich or Open Biosystems), RNA 
preparation using TRIzol reagent (Invitrogen), quantita-
tive reverse transcription polymerase chain reaction 
(qRT-PCR; using the reverse transcription kit from Life 
Technologies and performed on an ABI7900 detection 
system [Applied Biosystems]), western blotting and chro-
matin immunoprecipitation (ChIP) assays (using anti-
REST antibody; Upstate), genome-wide ChIP sequencing 
(ChIP-seq) analyses (using KAPA Biosystems Library), cell 
apoptosis assay (terminal deoxynucleotidyl transferase 
deoxyuridine triphosphate nick end labeling [TUNEL]) 
(Roche), and in vitro invasion assay (BD Biosciences). 
These procedures were previously described.25,30

Importance of the Study
In the present work, we identify the REST-DRD2 regulatory axis 
as a mechanism in a class of GSCs. Our results suggest that REST 
represses DRD2 and that REST-DRD2 forms a mechanistic axis 
in the process of tumorigenesis. This axis can be used to clas-
sify GBM tumors into subtypes that are distinct from the known 

GBM subtypes. Thus, we describe a mechanism that contributes 
to the GSC-mediated tumorigenesis potentially via neurotransmit-
ter signaling pathways. Based on our findings, we propose that 
REST-DRD2 status be considered in potential mechanism-based 
therapeutic approaches.
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Experimental Design and Statistical Analysis

An unpaired 2-tailed Student’s t-test was performed to de-
termine the differences between the control and experi-
mental groups using GraphPad Prism software. A P-value 
of <0.05 was considered statistically significant. The results 
of statistical significance tests are described in each 
Fig.. All bar graph data represent at least 3 independent 
experiments. All image data represent at least 3 inde-
pendent areas. Microarray data were analyzed with Agilent 
GeneSpring GX11.5 and Ingenuity Pathway Analysis soft-
ware. Mouse survival analyses were determined using the 
Kaplan–Meier method with a 2-sided log-rank test.

Results

REST Represses DRD2 Expression in GSCs

We and others had previously found that GSCs can be 
classified as HR-GSCs and LR-GSCs based on the level 
of REST expression25,26 (see Supplementary Fig. 1). To 
determine the downstream targets of REST in HR-GSCs, 
we analyzed our previously published transcriptome 
profiles of the 2 HR-GSC lines with loss-of-REST func-
tion and 1 LR-GSC line with gain-of-REST function, 
plus the corresponding control lines.25,30 For the initial 
bioinformatic screening of upregulated transcripts at 
the gene probe level upon short hairpin (sh)REST treat-
ment (compared with short hairpin non-targeting [shNT] 
controls) in HR-GSC1 and HR-GSC2, we selected genes 
that were simply upregulated by at least 1.25-fold in 
either HR-GSC1 cells (2664 genes) or HR-GSC2 cells 
(3628 genes). We then took the genes that were com-
mon in both the cells (703 genes). We further filtered 
the genes by 2 published REST target lists (by Sun 
et al34 and Mortazavi et al35). This resulted in 31 poten-
tial REST target genes common in both the cell types 
(Supplementary Fig. 2; genes are sorted by the fold 
change in the HR-GSC1 and HR-GSC2 cells). We then 
used Ingenuity Pathway Analyses to analyze these 31 
genes to determine gene function and disease ontolo-
gies (Supplementary Fig. 3). Neurological disease was 
identified among the top categories.

The 31-gene target list contains many previously vali-
dated REST targets, such as GRIA2,36 CHGB,37 NTRK3,38 
GABRB3,39 VGF,40 and SNAP25.16,37 Interestingly, only 2 of 
the genes, NTRK3 and DRD2, were common REST targets 
in both the Sun and Mortazavi lists (Supplementary Fig. 
2). Because Sun et al used a system of neuronal differen-
tiation of embryonic stem cells and Mortazavi et al used 
Jurkat cells to screen for the potential REST targets, our 
finding of only 2 targets in our system that are common 
to both lists supports the previously held idea that REST 
function is context dependent, and the specific REST target 
list for bioinformatic uses should be chosen keeping this 
in mind.

The list also included DRD2, a dominant regulator of 
neurotransmitter signaling and a recently discovered regu-
lator of GBM and GSCs.32 We were particularly interested in 
DRD2: A previous genome-wide REST DNA-binding screen 
had identified DRD2 as a potential REST target34 because 

of its critical role in neurotransmitter signaling,31,41 and 
because of its involvement in GBM.32

To biochemically validate our bioinformatic results, 
we assayed for DRD2 expression using qRT-PCR in the 2 
HR-GSC lines with loss-of-REST function using shREST. As 
shown, knockdown of REST increased DRD2 transcript lev-
els by 65-fold in HR-GSC1 cells and by 10-fold in HR-GSC2 
cells compared with the shNT controls (Fig. 1A, B). We 
used western blotting assays to analyze changes in the 
protein expression levels. As shown, knockdown of REST 
caused an increase in DRD2 protein levels in both HR-GSC 
lines (Fig. 1C; quantification of the western blotting data is 
shown in Supplementary Fig. 4). To confirm the REST loss-
of-function results, we performed gain-of-function experi-
ments. We overexpressed REST in the LR-GSC line, which 
we had studied previously,25 using an exogenous expres-
sion vector. As shown, overexpression of REST caused a 
decrease in DRD2 transcript levels (Fig. 1D), supporting 
the data obtained with HR-GSC1 and HR-GSC2. However, 
to obtain a clean, mechanistic approach, we excluded 
LR-GSCs from this work for further tumorigenic assays, 
since the tumorigenicities of these cells are not regulated 
by REST as previously shown.25

To determine whether the expression of DRD2 in 
HR-GSC cell lines was regulated by REST-mediated repres-
sion of DRD2 gene chromatin, we performed an unbiased 
genome-wide ChIP-seq analysis using anti-REST antibody 
and HR-GSC2 cells. As shown, REST was found to bind to 
a region spanning 5000 to 5020 bp upstream of the tran-
scription start site (Fig. 1E). In contrast, control immuno-
globulin (Ig)G did not reveal any binding in this region. 
Taken together, these results indicate that REST regulated 
DRD2 expression in HR-GSCs.

To further validate our REST ChIP-seq results, we per-
formed quantitative ChIP assays using anti-REST antibody 
in cell extracts obtained from HR-GSC1 and HR-GSC2 cells 
treated with either shREST or shNT control. We used 2 
primer sets: one corresponding to a control non-binding 
site 4400–4600 bp upstream of the transcription start site 
(P1) and another corresponding to the DRD2 chromatin 
region 5000–5200  bp upstream of the transcription start 
site (P2). As shown, REST bound to the DRD2 gene chro-
matin at the 5000–5200 site in both cell lines when they 
were treated with shNT compared with IgG control (Fig. 
1F). In addition, the binding was reduced in both cell lines 
when REST was knocked down with shREST. The negative 
control site (4400–4600) produced signals similar to those 
of IgG control.

To validate the existence of the HRLD and LRHD sub-
types at the protein level in our GBM patient specimens, 
we obtained HR and LR specimens from our previous 
study25 and performed double immunofluorescence analy-
ses using antibodies against REST and DRD2. As shown in 
Fig. 1G, REST and DRD2 expression levels were inversely 
correlated.

DRD2 Is a Downstream Target in REST-Mediated 
GSC Tumorigenesis

To determine the impact of the REST-DRD2 relationship 
on tumor formation, we determined whether the REST-
DRD2 pathway regulated GSC-mediated tumorigenesis. 
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Because GBM is a highly heterogeneous tumor, resulting 
in many patient-specific genomic alterations, it is impor-
tant to examine the causal relationship between REST 
and DRD2 and tumorigenesis using isogenic GSC cells. 
We used western blotting to confirm the knockdown of 
REST in HR-GSC1 cells that had been infected with len-
tiviruses containing shREST or shNT control (Fig. 2A; 
Supplementary Fig. 5). We transplanted these cells into 
the brains of nude mice, as described previously, using a 
screw-guided system, which aids in determining the loca-
tion of the injection site and further analysis.25,30 We then 

performed Kaplan–Meier survival analyses. As shown in 
Fig. 2B and Supplementary Fig. 4, knockdown of REST 
using shREST caused a longer survival duration com-
pared with shNT control, similar to what we had observed 
previously.25,30

To determine whether this increase was due to the in-
crease in DRD2 expression, we further knocked down 
DRD2 in these cells using shDRD2, resulting in iso-
genic cells with double knockdown of REST and DRD2 
(HR-GSC1/shREST/shDRD2) and confirmed the results 
by western blot analysis (Fig. 2A). As expected, double 

  

HR-G
SC1 sh

NT

HR-G
SC1 sh

Rest

100

N
or

m
al

iz
ed

 D
R

D
2 

m
R

N
A

 e
xp

re
ss

io
n 

(%
) 

75

50

25

0

**** p < 0.0001

HR-G
SC2 sh

NT

HR-G
SC2 sh

Rest

50

25

0

** p < 0.005 

REST

DRD2

ACTIN

HR-G
SC1 sh

NT

HR-G
SC1 sh

Rest

HR-G
SC2 sh

NT

HR-G
SC2 sh

Rest

B A C 

LR-G
SC N

T

LR-G
SC R

est 

N
or

m
al

iz
ed

 D
R

D
2 

m
R

N
A

 e
xp

re
ss

io
n

1.0

0.6

0.0

1.6

0.4

0.8

0.2

1.2

1.4

**** p < 0.0001

D 

!"#$ %&'$

Scale
chr11:

20 kb hg19
113,280,000 113,290,000 113,300,000 113,310,000 113,320,000 113,330,000 113,340,000 113,350,000

23Sh_Rest-IgG

23sh_NT-Rest

UCSC Genes (RefSeq, UniProt, CCDS, Rfam, tRNAs & Comparative Genomics)
DRD2

100 _

10 _
100 _

10 _

chr11 (q23.2) 11p15.4 p15.1 14.3 14.1 11p13 11p12 p11.2 11 12.1 q13.4 11q14.1 q14.311q21 q22.1 11q22.3 11q23.3 24.2 q25

IgG 

anti-REST

E 

G 

In-House GBM Patients

HRLD GBM Tumor 

REST/DRD2/DAPI

LRHD GBM Tumor 

REST/DRD2/DAPI

50 um 

   
   

   
   

   
Ig

G P
1

14

12

10

8

6

4

2

0

F
ol

d 
en

ric
hm

en
t

* *

* *
*

HR-G
SC1/

sh
NT 

P1

HR-G
SC1/

sh
REST 

P1
   

   
   

   
   

Ig
G P

1

HR-G
SC2/

sh
NT 

P1

HR-G
SC2/

sh
REST 

P1
   

   
   

   
   

Ig
G P

2

HR-G
SC1/

sh
NT 

P2

HR-G
SC1/

sh
REST 

P2
   

   
   

   
   

Ig
G P

2

HR-G
SC2/

sh
NT 

P2

HR-G
SC2/

sh
REST 

P2

F 

Fig. 1  REST suppresses DRD2 gene expression in HR-GSCs. (A, B) Loss-of-function and rescue experiments. Knockdown of REST using shREST 
lentiviruses, compared with lentiviruses carrying the shNT control, increased DRD2 transcript levels by 65-fold in HR-GSC1 cells (A) and by 10-fold 
in HR-GSC2 cells (B). (C) Protein extracts from cells generated in (A) and (B) were subjected to western blot analysis. (D) Overexpression of REST 
in LR-GSC causes decreased DRD2 transcript levels. (E) REST binds to the DRD2 gene chromatin, as determined by unbiased genome-wide ChIP-
seq assays. REST binds to a genomic region spanning 5000–5200 bp upstream of the DRD2 transcription start site (arrowheads). IgG control did not 
show such binding. (F) Validation of REST binding to the DRD2 gene chromatin by quantitative ChIP. REST loss-of-function HR-GSC1 and HR-GSC2 
cells and their corresponding control cells as described in (A) above were processed for ChIP. REST binding to the DRD2 chromatin is shown as 
fold enrichment. Primer sets corresponding to the control non-binding site 4400–4600 (P1) and another set corresponding to the REST binding site 
5000–5200 (P2) on the DRD2 chromatin region are shown; *P < 0.05. (G) REST-DRD2 inverse relationship exists at the protein level in our in-house 
GBM patient tumors. One HR- and one LR-GBM tumor specimen were analyzed by double immunofluorescence using anti-REST and anti-DRD2 
antibodies. Results suggest distinct HRLD and LRHD subtypes.
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knockdown caused decreased DRD2 expression, but the 
REST levels remained similar to those seen after single 
shREST knockdown, suggesting that DRD2 is down-
stream of the REST signaling pathway. We then trans-
planted the double knockdown cells into the brains of 
nude mice and measured survival using Kaplan–Meier 
analysis. As shown in Fig. 2B, shDRD2 strongly reversed 
the effects of shREST in the isogenic GSC lines and 
shortened the survival duration of the mice. Similar 
results were obtained when we used HR-GSC2 cells (Fig. 
2C, D).

In a different set of experiments, we transplanted the 
cells into the brains of nude mice as described above 
but sacrificed all mice at day 50 posttransplantation. We 
excised the mouse tumors and analyzed the cut sections 
(using the bolt site as a reference point) using hematox-
ylin and eosin staining. As shown, tumors resulting from 
shNT-treated HR-GSCs had a high degree of invasion of 
cells into the adjacent hemispheres (Fig. 3A, HR-GSC1). 
When the same cells were treated with shREST, the 
resulting tumors were less invasive. These results not 
only were consistent across all animals tested but also 
recapitulated the behavior of HR-GSC tumors that we 
had observed previously.25,30 In contrast, tumors arising 
from the shREST/shDRD2 double knockdown isogenic 
GSCs showed a strong rescue of the effect of shREST 
and increased invasion, with tumor cells migrating 
to the adjacent hemisphere. Similar results were also 
observed when we used the HR-GSC2 cells (Fig. 3B). 
Thus, the REST-DRD2 pathway appears to affect GSC 
tumor invasion. This effect was also seen when the 
experimental cells were tested in in vitro invasion assays 
(Supplementary Fig. 6).

We examined apoptosis and cell proliferation in similar 
tumor sections using TUNEL assays and ki67 labeling, re-
spectively, and immunofluorescence. As shown, shREST 
treatment led to increased tumor apoptosis, while shREST/
shDRD2 double knockdown reversed the effects of shREST 
and decreased tumor apoptosis (Fig. 3C, HR-GSC1; Fig. 
3D, HR-GSC2). In contrast, cell proliferation was not sig-
nificantly affected by the REST-DRD2 pathway (Fig. 3E, 
HR-GSC1; Fig. 3F, HR-GSC2). Thus, taken together, these 
results suggest that DRD2 is a downstream effector of 
REST-mediated GSC tumorigenesis.

HRLD and LRHD Subtypes Represent Distinct 
Functional Groups and Distinct Subtypes, with 
Enrichment of Specific Gene Sets and Biological 
Pathways in the Dataset from TCGA 

Because DRD2 was found to positively regulate some GBM 
tumors and GSCs,32 we determined whether DRD2 ex-
pression varies in GBM patients and whether HRLD and 
LRHD also result in specific subtypes. We accessed level 1 
TCGA human genome RNA-seq data for GBM through the 
cgHub portal (cghub.ucsc.edu). After excluding the relapse 
tumors, the database includes 154 cases with RNA-seq 
values.

We first performed a gene differential expression analy-
sis using the DESeq2 Bioconductor package. To stratify all 
patients, we used a median expression cutoff method.42,43 
In this approach, half of all patient samples were clas-
sified as “high” and the other half were classified as 
“low” for REST (and, separately, for DRD2) based on the 
median expression level. We then classified the patients 
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on the basis of combined REST-DRD2 status. Four possible 
groups emerged: HRLD (39 patients), LRHD (39 patients), 
high REST/high DRD2 (HRHD, 38 patients), and low REST/
low DRD2 (LRLD, 38 patients). Using the REST-DRD2 reg-
ulatory axis to classify patients in this manner, we found 
that about half of all patients were classified as belonging 
to either the HRLD or LRHD subtypes. The third and fourth 
subtypes (HRHD and LRLD) are likely impacted by a differ-
ent mechanism.

We wanted to determine whether the subtypes identi-
fied on the basis of the REST-DRD2 mechanism were dis-
tinct from the 4 known GBM subtypes (neural, proneural, 
mesenchymal, and classical). We performed a direct com-
parison of known molecular subtype markers to the gene 
expression patterns present in HRLD, LRHD, HRHD, and 
LRLD subtypes using the GBM database of TCGA. Of the 
154 patients, 16 did not have known subtype markers (n.a. 
or undefined). The results in Fig. 4A indicate that none of 
our subtypes corresponded completely to any of the known 
subtype markers. They were composed of a mixture of the 
known markers. In particular, HRLD was composed of a mix-
ture of classical and mesenchymal markers, whereas LRHD 
was composed of a mixture of classical, mesenchymal, 
and proneural markers. HRHD was composed of classical, 
mesenchymal, and proneural markers. LRLD was com-
posed of all 4 markers, whereas none of the other subtypes 
contained neural markers. Interestingly, HRLD did not con-
tain any proneural subtype cases, whereas LRHD did. This 

might have been anticipated because HRLD contains cases 
of high REST, which is a repressor of neurogenesis. We fur-
ther determined the impact of IDH mutants on our classifi-
cation (number of IDH mutant cases: LRLD = 1, HRHD = 1, 
LRHD = 3, and HRLD = 0). Even when IDH mutants were 
removed (Supplementary Fig. 7), the mechanism based on 
REST-DRD2 classification was distinct from the known GBM 
subtypes. Taken together, these results suggest that HRLD 
and LRHD form GBM subtypes that are distinct from any of 
the known GBM subtypes.

To determine whether HRLD and LRHD form molecu-
larly distinct subtypes, we utilized the DESeq2 package to 
perform differential expression (DE) analysis. The analy-
sis revealed 5731 DE signature genes between HRLD and 
LRHD. We used Pearson distance and complete linkage 
in the clustering analysis. The results of a chi-square test 
(P < 0.05) suggested that HRLD and LRHD form 2 molec-
ularly distinct subtypes (Fig. 4B). When we added the 
4  “normal” samples available in TCGA in the analyses 
(Supplementary Fig. 8), the normal samples clearly clus-
tered into a distinct group from HRLD and LRHD samples. 
This observation further suggests that the DE genes are 
uniquely represented by HRLD and LRHD samples.

We then determined whether the 5731 DE signature genes 
were specific in clustering HRLD and LRHD subtypes by 
considering all patients, including HRLD, LRHD, HRHD, and 
LRLD. The results in Fig. 4C, obtained with adjusted P-value 
<0.05, indicate that whereas HRLD and LRHD subtypes form 
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distinct robust clusters, HRHD and LRLD did not, supporting 
the view that HRLD and LRHD form distinct subtypes. The 
expression difference between HRLD and LRHD may imply 
functional divergence between these 2 subtypes.

To determine whether the subtypes correspond to dif-
ferent functional groups, we performed a gene set enrich-
ment analysis (GSEA) using the tool developed by the 
Broad Institute (www.broadinstitute.org/gsea). GSEA uses 
a collection of differentially expressed gene sets anno-
tated for the gene ontology biological process from the 
Molecular Signatures Database. We performed a further 
clustering analysis using the top 20 gene sets from each 
subtype (total 300 genes) with R programming packages 
that visualized the clustering result using a heatmap that 
classified patients into groups (Fig. 4D). The results of the 
chi-square test (P < 0.05) suggest that the HRLD and LRHD 
subtypes represent distinct functional groups with distinc-
tive patterns of enrichment of specific gene sets and bio-
logical pathways.

With this refined data, we further computed the top 20 
gene sets expressed in HRLD versus LRHD. The top gene 
sets in LRHD (Fig. 5A) were dominated by neuronal dif-
ferentiation and development (synaptic signaling, regu-
lation of postsynaptic membrane potential, regulation 
of neurotransmitter levels, neurotransmitter transport, 
neuropeptide signaling). This was expected because 
REST is a repressor of neuronal differentiation genes, 

and neural cells with low REST, such as the LRHD sub-
type, would likely show expression of neuronal differ-
entiation genes; the results confirmed the robustness of 
the subtype classification. In contrast, the top gene sets 
in HRLD (Fig. 5B) were dominated by cilium assembly 
and organization (axoneme assembly, microtubule bun-
dle formation, cilium organization, cilium morphogen-
esis). The corresponding top enrichment plots for LRHD 
and HRLD are shown in Fig. 5C and D, respectively. Taken 
together, these data suggest that HRLD and LRHD rep-
resent distinct subtypes in the GBM patient database 
of TCGA.

We then determined the overall survival (OS) and pro-
gression-free survival (PFS) of HRLD and LRHD patients 
using TCGA. As shown in Fig. 6A (OS) and 6B (PFS), there 
was no significant difference between the 2 subtypes for 
either OS or PFS. We then compared OS of all patients 
classified by the REST-DRD2 mechanism. As shown in 
Supplementary Fig. 9, no survival advantage was seen 
even when all patients were considered. Interestingly, 
the 4 established molecular subtypes of GBM also do not 
show any survival differences.7 Thus, our results are simi-
lar to the published survival outcomes of the known GBM 
subtypes and suggest that although our subtypes repre-
sent molecularly and functionally distinct groups, they do 
not vary in patient survival outcomes with current, non-
targeted approaches to treatment.
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We further analyzed the dataset of TCGA in terms of the 
median patient age at diagnosis between HRLD and LRHD 
subtypes. There are 153 patient cases (one patient’s age is 
not available). When all patients are included, HR contained 
77 patients, LR contained 76 patients, HRLD contained 39 
patients, and LRHD contained 39 patients. As shown in Fig. 
6C, the median patient age significantly differed between 
the HRLD and LRHD subtypes: 61.6  years for HRLD and 
54.6 years for LRHD (P = 0.033). There was no significant dif-
ference when patients were stratified by HR and LR alone. 
Because patients with IDH mutant tumors are generally 
younger, we considered the IDH mutants in the database. 
There are 3 IDH mutants in HR, 6 in LR, 0 in HRLD, and 5 in 
LRHD subtypes. Thus, when the IDH mutants were excluded 
from the analyses (Fig. 6D), there are a total of 144 cases: 74 
for HR, 70 for LR, 39 for HRLD, and 34 for LRHD. Excluding 
the IDH mutants from the LRHD group, there was no sig-
nificant difference in the median age between the LRHD 
and HRLD patients. Therefore, the difference in the median 

patient age between HRLD and LRHD appears to be due to 
the presence of IDH mutants in the LRHD group.

Discussion

Our results described here suggest that REST represses 
the DRD2 gene and that the REST-DRD2 mechanism can 
be used to stratify GBM into distinct subtypes: HRLD and 
LRHD. We believe that the work presented here opens a 
field in which this mechanism can be further studied to 
determine patient-specific, mechanism-based therapeutic 
approaches. Interestingly, DRD2 encodes a critical nigros-
triatal receptor involved in regulating many physiological 
processes, including locomotor activity.31,41 Whether there 
is a mechanistic role of the REST-DRD2 mechanism in con-
trolling movement disorder in GBM patients is unknown. 
We are currently examining such a possibility.
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Although many studies have linked REST overexpres-
sion to both medulloblastoma and GBM, REST-specific 
pharmacological inhibitors are not part of standard 
therapy. Various approaches to block REST function have 
been undertaken in experimental models, such as his-
tone deacetylase inhibitors44 and small-molecule inhibi-
tors of REST.45 In an attempt to block REST-mediated 
repression and activate its target genes, we previously 
generated a recombinant form of REST, REST-VP16, 
by replacing the 2-repressor domain of REST with the 
strong activation domain VP16.46 REST-VP16 converted 
neural stem cells into differentiated neurons47 and myo-
blasts into a functional neuronal phenotype.48,49 Delivery 
of REST-VP16 through viral vectors also blocked REST-
mediated medulloblastoma tumor formation in ortho-
topic mouse models.47 Whether such a gene therapy 
approach could be used to block HR-GBM tumors using 
REST-VP16 is still unknown.

Finally, our results further indicate that REST represses 
the DRD2 gene and suggest that the REST-DRD2 mecha-
nism can be used to stratify GBM into distinct subtypes: 
HRLD and LRHD. Whereas a previously published study 
suggested that DRD2 provides oncogenic activity in some 
GBM,32 DRD2 exhibits tumor suppressor activity in HRLD. 
Thus, the role of DRD2 in GBM is context dependent. This 

context-dependent function of molecules in tumorigen-
esis is not restricted to DRD2. Overexpression of REST has 
been found to positively regulate the oncogenic proper-
ties of many medulloblastoma, GBM, and neuroblastoma 
models.22–30,44,50 In contrast, deletion of REST and p53 led 
to GBM proneural subtype–like tumors in adult mice,16 
suggesting that the function of REST in GBM tumors is 
also dependent on context. In the case of REST, while the 
oncogenic function depends on its role in regulating prop-
erties such as maintenance of stemness, cellular invasion, 
and apoptosis,25,30 its tumor suppressor function depends 
on its role in maintaining genomic integrity.16 In the p53-
null background, an additional lack of REST in p53-null/
REST-null mice results in cells with DNA damage that can-
not be eliminated through p53-mediated apoptosis, result-
ing in a tumor phenotype. Thus, the oncogenic and tumor 
suppressor functions of molecules likely depend on the 
mechanism involved.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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