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Abstract
Diffuse intrinsic pontine gliomas (DIPGs) are deadly tumors com-

prising 10%–15% of all childhood CNS cancers. Standard treatment

is considered palliative and prognosis is near universal mortality.

DIPGs have been classified into genomic subtypes based on histone

variants with the lysine to methionine mutation on position 27 of his-

tone tails (K27M). Given the increasing promise of immunotherapy,

there have been ongoing efforts to identify tumor-specific antigens

to serve as immunologic targets. We evaluated a large cohort of

CNS specimens for Wilms’ tumor protein (WT1) expression. These

specimens include primary pediatric CNS tumors (n¼ 38 midline

gliomas and n¼ 3 non-midline gliomas; n¼ 23 DIPG, n¼ 10 low-

grade gliomas, n¼ 8 high-grade gliomas), and DIPG primary cells.

Here, we report the validation of WT1 as a tumor-associated antigen

in DIPGs. We further report that WT1 expression is significantly

correlated with specific oncohistone variants, with the highest ex-

pression detected in the H3.3K27M subgroup. WT1 expression was

absent in all control specimens (n¼ 21). Western blot assays using

DIPG primary cells (n¼ 6) showed a trend of higher WT1 expres-

sion in H3.3K27M cells when compared with H3.1 K27M cells and

H3 wildtype cells. Our data are the first indication of the association

between WT1 and DIPG, with specific upregulation in those harbor-

ing oncohistone H3.3K27M.
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intrinsic pontine glioma (DIPG), Wilms tumor protein (WT1).

INTRODUCTION
Diffuse intrinsic pontine glioma (DIPG) is a childhood

brainstem cancer with a dismal median survival of 9–
12 months postdiagnosis (1). Given the location of the tumor
and the infiltration of tumor cells with normal tissue, DIPGs
are not amenable to meaningful surgical resection. Chemo-
therapy has thus far shown little evidence of benefit (2, 3), and
radiation therapy provides only a temporary clinical stabiliza-
tion. Clearly, a new treatment approach for children diagnosed
with DIPG is necessary as conventional treatments have failed
despite 40 years of clinical studies.

Recently, recurrent somatic gain-of-function mutations
in the gene encoding the histone H3 protein (substitution of
lysine 27 to methionine [p.Lys27Met, K27M]) have been
identified (4, 5). This has allowed DIPGs to be classified into
3 main genomic subgroups based on histone variant muta-
tions: H3.1 (HIST1H3B/C, representing 20% of all DIPGs),
H3.3 (H3F3A, representing >70% of all DIPGs), and H3
wildtype (H3WT). In addition, we and others have shown
that DIPGs exhibit unique protein expression patterns that
may provide attractive targets for immunotherapeutic
approaches (6–8).

In order to further define molecular pathways associ-
ated with H3 subtypes, we performed a literature search and
identified Wilms’ tumor protein (WT1) as a protein highly
associated with various cancers including adult glioblasto-
mas (9). The WT1 gene encodes the WT1 protein, which is a
transcription factor containing 4 zinc-finger DNA binding
domains, essential for embryonic development of the spleen,
kidneys, gonads, and cardiac vasculature (10). Initial studies
described WT1 as a tumor suppressor, as mutations associ-
ated with the WT1 gene were identified in a subset of Wilms’
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tumors (11). A report by the National Cancer Institute identi-
fied WT1 as the protein with the highest potential for cancer
immunotherapy (12), and a recent phase I clinical trial
showed that WT1 peptide vaccine therapy in adult glioblas-
tomas was safe, which induced cellular and humoral immune
response (13).

Here, we assess WT1 upregulation at the mRNA and
protein level in DIPGs, focusing on differential expression of
WT1 based on H3 oncohistone mutations. Given the emerging
role of WT1 in brain cancers, our report provides a compre-
hensive analysis of WT1 expression, its subcellular localiza-
tion and dysregulation across DIPGs.

MATERIALS AND METHODS

Biological Specimens
Midline glioma specimens (including tumor and adja-

cent normal brain tissue) were obtained at autopsy in accor-
dance with Children’s National Health System’s Institutional
Review Board approval (IRB #1339). Patient identifiers were
removed and specimens were dissected in transverse sections,
and alternative sections were frozen or formalin-fixed as de-
scribed in our previous work (14). Non-midline glioma speci-
mens were obtained at biopsy and/or at autopsy.

Whole-Exome Sequencing and Digital Droplet
Polymerase Chain Reaction

Genomic DNA was extracted from postmortem sam-
ples. DNA library preparation and sequencing was performed
as described in our previous work (15). Digital PCR was
performed using the RainDrop Digital PCR system (Rain-
Dance Technologies, Inc., Billerica, MA). For 50-lL droplet
PCR reactions, 12 lL of pre-amplified DNA in TE buffer, 1�
TaqMan Genotyping Master Mix (Life Technologies, Carls-
bad, CA), 0.2 lM target probes (H3F3A wildtype-HEX,
HIST1H3B wildtype-HEX and mutant-FAM), 0.9 lM of for-
ward and reverse primers and 1� hydrofluorinated droplet sta-
bilizer (RainDance Technologies, Inc.) were added. Tumor
tissue DNA and water-only reactions were included as the pos-
itive and negative controls, respectively. Emulsions were pre-
pared on the RainDrop Source instrument to produce
�8 million droplets per 50-lL reaction. Emulsions were then
placed on ABI 2720 Thermal Cycler (Applied Biosystems,
Waltham, MA) to amplify the targets using initial activation
of 95�C for 10 minutes, followed by 45 cycles of 95�C for
30 seconds and 58�C for 2 minutes, and in activation of 98�C
for 10 minutes. The reactions were then placed on the Rain-
Drop Sense instrument for signal detection.

Antibodies
Mouse monoclonal anti-WT1 (6F-H2, Abcam, Cam-

bridge, MA), rabbit polyclonal anti-histone H3K27M and rab-
bit monoclonal anti-tri-methyl-histone H3 (H3K27me3)
(C36B11, Cell Signaling Technology, Danvers, MA) were di-
luted in Bond primary antibody diluent (#AR9352 Leica Bio-
systems, Buffalo Grove, IL) to concentrations of 1:15, 1:200,

and 1:400, respectively. The Bond polymer refined detection
kit (Leica Biosystems) was used for secondary detection.

Immunohistochemistry
Immunohistochemistry (IHC) was performed on

formalin-fixed paraffin-embedded (FFPE) slides (5 lm).
FFPE slides were deparaffinized and antigen retrieval com-
pleted by heat-induced epitope retrieval in citrate buffer
(pH¼ 6.0) for WT1 and in tris-EDTA buffer (pH¼ 8.0) for
H3K27M and H3K27me3. Immunostaining was performed by
3, 30-diaminobenzidine (DAB) detection in the Leica BOND-
MAX automated stainer (Leica Biosystems). FFPE slides
were probed by hematoxylin and eosin (H&E) and WT1.

WT1 Immunoreactivity Scoring
For IHC scoring, a neuropathologist blinded to diagno-

sis and histone mutation status reviewed H&E-stained slides
of tumor and adjacent normal tissue to assign tumor grades
and confirm absence of infiltrating tumor cells in the control
tissue. None of the adjacent normal regions showed hyper-
cellularity or tumor infiltration. The WT1 score was assigned
to each slide and categorized into the bin values as previously
described (16). WT1 expression varied from 0 to 4 with 0 rep-
resenting expression only at the endothelial cell level; 1 repre-
senting <1% of total number of cells expressing WT1; 2
representing 1%–19% of total number of cells expressing
WT1; 3 representing 20%–50% of total number of cells
expressing WT1; 4 representing>50% of total number of cells
expressing WT1.

Western Blot Assays
Frozen tissue samples and cultured cells were lysed in

2% sodium dodecyl sulfate (SDS) containing radioimmuno-
precipitation assay (RIPA) buffer (ThermoFisher, Waltham,
MA) with a miniature handheld homogenizer (Kimble Chase,
Vineland, NJ). Protein concentration was measured with the
Pierce bicinochoninic acid assay (BCA) protein assay kit
(ThermoFisher). Protein lysates of each patient and cell were
loaded into 4%–12% Bis-Tris protein gels (Invitrogen, Wal-
tham, MA) in triplicates and protein electrophoresis per-
formed at 100 V for 90 minutes. K562 cell lysates were used
as a positive control in each gel. Protein bands were trans-
ferred to nitrocellulose membranes with 250 mA current for
120 minutes. After the transfer, the membrane was blocked
with 5% Blotting-grade blocker (Bio-Rad, Hercules, CA) for
1 hour. The membrane was incubated with anti-WT1 primary
antibody diluted in 5% blocker (1:200) overnight at 4�C
and horseradish peroxidase-conjugated secondary antibody
(1:5000) was used to incubate the membrane for 1 hour at
room temperature. After washing in PBST, the membrane was
incubated for 1 minute with chemiluminescence substrate
(PerkinElmer, Waltham, MA) and the bands were detected us-
ing ChemiDoc Touch Imaging System (Rio-Rad). Rabbit
monoclonal anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (14C10, Cell Signaling Technology) was used at
concentration of 1:1000. The WT1 bands were normalized
with GAPDH bands.
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Immunofluorescence
Immunofluorescent (IF) staining was performed on FFPE

slides. FFPE slides were deparaffinized and antigen retrieval
completed by boiling in citrate buffer (pH¼ 6.0) for 20 minutes.
The tissues were then permeabilized in 0.3% Triton X-100 for
15 minutes. Blocking was performed for 1 hour in 5% goat se-
rum. The tissues were incubated with anti-WT1 primary anti-
body and anti-histone H3 K27M mutant primary antibody
overnight at 4�C then incubated with fluorescent tagged second-
ary antibodies for 1 hour at room temperature. After washing in
PBS, the tissues were briefly stained with 40, 6-diamidino-2-phe-
nylindole (DAPI) and imaged with laser scanning confocal mi-
croscope (Zeiss, Oberkochen, MA). DIPG cells and K562 cells
were collected (500 000 cells each) and adhered to glass slides
by centrifuging the cells in Cytospin funnels at 500 rpm for
5 minutes. To ensure strong adherence, 5mL of 20% BSA was
added to the cells before centrifugation. After the centrifugation,
the cells were stained and imaged as described above.

Gene Expression Omnibus
The gene expression profile of pediatric high-grade gli-

oma specimens (n¼ 139) and pediatric non-CNS tumor speci-
mens (n¼ 13) from datasets available on the Gene Expression
Omnibus (Accession numbers: GSE34824, GSE50161,
GSE19578, GSE36245) (4, 17–19) were used to produce an
unsupervised hierarchical clustering map using Applied Bio-
systems Transcriptome Analysis Console (TAC) Software
version 4.0.1. Gene expression values of WT1 in pediatric
high-grade glioma specimens from datasets available on the
Gene Expression Omnibus (Accession numbers: GSE50161,
n¼ 34 and GSE50021, n¼ 32) (17, 20) and from our previ-
ously published dataset (n¼ 8) (6) were normalized to gene
expression values of a housekeeping gene, hypoxanthine phos-
phoribosyltransferase 1 (HPRT1). This normalized WT1 gene
expression values were compared with WT1 gene expression
values of pediatric healthy brain specimens (Accession num-
bers: GSE50161, n¼ 13 and GSE50021, n¼ 9).

Quantitative RT-PCR
Total RNA of frozen tissue samples and cultured cells

were extracted by homogenizing the samples in 1 mL of Trizol
and 200mL of chloroform with a mini-handheld homogenizer.
The samples were centrifuged at 8000 rpm for 15 minutes. An
equal volume of 70% ethanol was mixed with the supernatants
and used to isolate RNA according to Arcturus PicoPure RNA
Isolation Kit (Applied Biosystems, Foster City, CA). The
RNA was quantified using NanoDrop 2000 Spectrophotome-
ter (ThermoScientific, Waltham, MA). Two mg of RNA was
reverse transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). 400 ng and 200 ng of
cDNA from the tissues and cells were used, respectively. Taq-
Man Gene Expression Assay for WT1 (Assay ID
Hs01103751_m1, ThermoFisher) and for HPRT1 (Assay ID
Hs02800695_m1, ThermoFisher) was used to perform
quantitative real-time polymerase chain reaction (qRT-PCR)
on QuantStudio 7 Flex Real-Time PCR System (Applied
Biosystems) was used. The Ct values of WT1 were normalized
with Ct values of HPRT1.

Statistical Methods
Normality of all the data present in this study was

assessed using the D’Agostino-Pearson omnibus normality
test and visual inspection of histograms. Nonparametric tests
were used to describe any outcome determined to be nonnor-
mally distributed. WT1 protein intensity was compared be-
tween paired tumor and normal samples using a
nonparametric Wilcoxon sign rank test. WT1 gene expression
between pediatric glioblastomas (GBMs) and DIPGs and
healthy brain samples was compared using a nonparametric
Mann-Whitney U test. WT1 immunoreactivity score differen-
ces between mutation subgroups were assessed by the Fisher
exact test. The error bars on the WT1 mRNA expression in
tumors and H3.3K27M mutation subgroup samples are calcu-
lated with standard errors of the means. The level for signifi-
cance was set at 0.05 and Prism was used for all analyses.

RESULTS
Given that WT1 has been associated with many types of

cancers, including brain tumors (9), we investigated the ex-
pression of WT1 with specimens from a total of 41 pediatric
patients diagnosed with CNS tumors (Table), 20 adjacent
healthy brain specimens, and 1 healthy control brain specimen
in this study. The median age of our patient cohort was
8.9 years old (range, 1–24 years old), and the tumor locations
included: Pons (n¼ 23), thalamus (n¼ 6), and others (hypo-
thalamus, posterior fossa, third ventricle, intramedullary cervi-
cal spine, n¼ 12).

WT1 Expression Is Robust in Pediatric
High-Grade Gliomas

To assess the differential gene expression pattern in pe-
diatric CNS cancers compared with pediatric healthy brain,
we first analyzed publicly available gene expression data gen-
erated from 139 pediatric GBMs and compared with RNA ex-
pression obtained from 13 pediatric non-cancer brain
specimens (Accession numbers: GSE34824, GSE50161,
GSE19578, GSE36245) (4, 17–19) (Supplementary Data Fig.
S1). Then, WT1 expression specific comparative analysis was
performed using the publicly available datasets (Accession
numbers: GSE50161 and GSE50021) (17, 20). This analysis
indicated a significant upregulation (2.9-fold, p¼ 0.023) of
WT1 mRNA expression in GBM specimens, including DIPG
(n¼ 74), compared with healthy control specimens (n¼ 22;
Fig. 1A). Given that WT1 showed tumor specificity in the
publicly available gene expression data, we performed qRT-
PCR using cDNA from fresh frozen DIPG specimens, which
confirmed the significantly higher expression (4.1-fold) of
WT1 in tumor specimens (n¼ 5) compared with adjacent
healthy brain samples (n¼ 5; Fig. 1B). We performed addi-
tional validation assays by Western blot using protein extracts
from DIPG subjects (n¼ 9) for whom frozen tumor and adja-
cent normal tissue was available (Table). Western blot analy-
sis showed significant overexpression (7.4-fold, p< 0.0001)
of WT1 in DIPG specimens compared with adjacent normal
samples (Fig. 1C).
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TABLE. Summary of Pediatric CNS Tumor Patient Samples Used in This Study

PID Oncohistone Tumor Location Sample Types Histological

Diagnosis

WHO Grade WT1

Score

Gender Age at Diagnosis

(Yrs)

13 H3.3 Pons FFPE, Frozen DIPG IV 4 M 19.7

56 H3.3 Pons FFPE, Frozen DIPG IV 4 M 7.5

80 N/A Thalamus, posterior

fossa, pons

FFPE Glioblastoma IV 4 M 9.4

82 N/A Thalamus, midbrain,

third ventricle

FFPE Glioblastoma IV 4 F 15.9

88 N/A Cerebellum FFPE Glioblastoma IV 4 M 12.9

76 N/A Pons FFPE DIPG III 4 M 1.2

93 N/A Temporal FFPE Low-grade

astrocytoma

II 4 M 14.3

92 N/A Cerebellum FFPE Pilocytic astrocytoma I 4 M 16.8

45 N/A Pons FFPE DIPG IV 3 F 9

16 N/A Pons FFPE DIPG IV 3 M 19

28 H3.3 Pons FFPE, Frozen DIPG IV 3 M 4

60 H3.3 Pons FFPE, Frozen DIPG IV 3 M 6

77 H3.3 Right lateral ventricle,

corpus callosum

FFPE Glioblastoma IV 3 F 18

94 N/A Frontal FFPE Glioblastoma IV 3 M 24

81 N/A Thalamus, third

ventricle

FFPE Anaplastic

astrocytoma

III 3 F 10.4

46 N/A Pons FFPE DIPG III 3 F 1

47 N/A Pons FFPE DIPG II 3 M 20

89 N/A Brainstem FFPE Low-grade

astrocytoma

II 3 M 14

26 H3.3 Pons FFPE, Frozen DIPG IV 2 F 9.8

29 H3.3 Pons FFPE, Frozen DIPG IV 2 M 8.9

63 H3.1 Pons FFPE, Frozen DIPG IV 2 F 3.3

40 N/A Pons FFPE DIPG IV 2 F 7

7 H3.3 Pons FFPE DIPG IV 2 F 5

57 H3.3 Pons FFPE, Frozen DIPG IV 2 M 6

84 N/A Brainstem FFPE Anaplastic

astrocytoma

III 2 F 8.9

48 N/A Pons FFPE DIPG III 2 M 17

25 H3.3 Pons FFPE DIPG IV 2 F 9

79 N/A Thalamus FFPE Low-grade

astrocytoma

II 2 M 15.8

83 N/A Thalamus FFPE Pilocytic astrocytoma I 2 M 7

86 N/A Hypothalamus FFPE Pilocytic astrocytoma I 2 F 3.2

90 N/A Hypothalamus FFPE Pilocytic astrocytoma I 2 F 4.8

27 H3.1 Pons FFPE DIPG IV 1 M 5.5

51 H3.3 Pons FFPE DIPG IV 1 F 7

62 H3.1 Pons FFPE DIPG IV 1 F 5.3

85 N/A Intramedullary

c-spine

FFPE Anaplastic

astrocytoma

III 1 M 5.8

14 H3.1 Pons FFPE DIPG IV 1 M 6

87 N/A Brainstem FFPE Low-grade

astrocytoma

II 1 F 13.8

59 Wild-type Pons FFPE DIPG II 2 M 9.3

91 N/A Posterior fossa FFPE Pilocytic astrocytoma I 1 F 5.4

78 N/A Thalamus FFPE Pilocytic astrocytoma I 1 F 6

66 H3.3 Pons Frozen DIPG IV N/A M 8

A total of 41 pediatric CNS tumor specimens were used in this study.
FFPE, formalin-fixed paraffin-embedded; WHO, World Health Organization; WT1, Wilms tumor protein.
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WT1 Expression Is Associated with the Mutation
Status of Oncohistone H3

We observed that WT1 expression, at both the mRNA
and protein level, was significantly higher in a number of
DIPG specimens (Fig. 1B, C). This led us to expand our inves-
tigation to a cohort of 37 tumor specimens and 20 adjacent
healthy specimens from 37 subjects diagnosed with midline
glioma (Fig. 2) and probed for WT1 expression by IHC. H&E
staining was analyzed by a neuropathologist indicating tumor
grade for DIPGs (4 WHO grade II, 3 WHO grade III, 15 WHO
grade IV) and non-DIPG midline gliomas (5 WHO grade I, 4
WHO grade II, 2 WHO grade III, 4 WHO grade IV; Fig. 3A).
Using antibodies against H3K27M, we probed for mutant his-
tones and found that 94.6% (35/37) of subjects harbored the

H3K27M mutation (Fig. 3A). H3K27M antibody does not dis-
tinguish between H3.3 and H3.1 (K27M) mutant proteins thus
genomic data (where available) were used to distinguish the
H3.3K27M from the H3.1K27M patients. WT1 immunostain-
ing was performed and histological stains were graded by a
neuropathologist who was blinded to both diagnosis and his-
tone mutation status (Fig. 3B). A close inspection of histologi-
cal staining did not show any significant relationship between
tumor grade and WT1 but revealed that differential expression
of WT1 correlated with oncohistone mutation status. Specifi-
cally, for WT1 expression, 91% (10/11) of the H3.3 specimens
scored greater than or equal to 2, while none of the H3.1
specimens scored >2. The distribution of WT1 immunoreac-
tivity score was significantly different between H3.3 and H3.1

FIGURE 1. WT1 expression is associated with pediatric CNS cancers. (A) Analysis of publicly available gene expression profiles of
a larger cohort of pediatric GBMs. This analysis showed that WT1 is highly expressed in pediatric GBMs (n¼74) compared with
pediatric healthy brain specimens (n¼22) (2.9-fold, p¼0.023). (B) qRT-PCR using cDNA from DIPG specimens validated WT1
overexpression in tumor (n¼5) versus normal (n¼5) within each patient (4.1-fold). (C) WT1 overexpression in tumor tissues
was validated by Western blot assays using DIPG tumor specimens (n¼9) and adjacent normal specimens (n¼9). Quantification
of the Western blot assays of DIPG tumor versus normal showed significantly higher expression of WT1 in the tumors (7.4-fold,
p<0.0001).
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subtypes (Fisher exact test, p¼ 0.017; Fig. 3C). We validated
this finding by performing qRT-PCR using fresh frozen
H3.3K27M DIPG tumor specimen (n¼ 3) and H3.1K27M tu-
mor specimens (n¼ 2). Our data showed higher expression
(6.4-fold) in the H3.3-mutant samples (Fig. 3D).

WT1 Expression Is Specific to Glial Tumor Cells
with Cytosolic Localization

WT1 is known to be expressed in the endothelial cells of
tumor vasculature. In order to show that the differential ex-
pression of WT1 in H3.3K27M tissues and H3.1K27M tissues
was not derived from endothelial cells, we performed Western
blot assays and IF assays to analyze human DIPG primary
cells. Western blot assays (n¼ 6, 1 H3 wildtype, 2
H3.1K27M, and 3 H3.3K27M; Fig. 4A) and IF assays (n¼ 2,
H3.3K27M; Fig. 4D) were performed using human DIPG pri-
mary cells. Western blot analysis using human DIPG primary
cells showed significantly higher level of WT1 in DIPG tumor
cells compared with healthy brain tissue specimens from pedi-
atric patients without CNS disease (3.63-fold, p¼ 0.047;
Fig. 4B). When we interrogated WT1 expression level in dif-
ferent subtypes of human DIPG primary cells, H3.3K27M
subtype human DIPG cells showed higher WT1 expression
compared with H3.1K27M cells, H3 wildtype cells and
healthy brain tissue (2.83-fold, 2.86-fold, and 5.37-fold,
respectively; Fig. 4C). This is a trend which supports our

findings by IHC and qRT-PCR using DIPG tumor specimens.
When we performed IF using human DIPG primary cells,
WT1 was present in the cells but was localized to the cytosol
in both human DIPG primary cells tested (Fig. 4D). Given the
fact that WT1 is known to be a nuclear protein (21), this find-
ing was surprising. A previous study had shown that WT1 ex-
pression was restricted to endothelial cells in normal brain and
astrogliosis (16). This pattern of WT1 expression was also
seen in our healthy pons specimen of a pediatric patient with-
out CNS disease and adjacent normal brain specimens, serving
as an internal control to confirm that WT1 detection by the an-
tibody was specific (Supplementary Data Fig. S3A, B). To fur-
ther confirm that our antibody is detecting the correct protein,
we used human chronic myelogenous leukemia K562 cells
that are known to express high levels of WT1 protein as our
positive control (Fig. 4D). We found that WT1 does, in fact,
localize to the nucleus in K562 cells, suggesting the WT1 mis-
localization in DIPGs. Healthy pediatric kidney specimens
were also used to confirm our antibody specificity, which
showed nuclear staining with the anti-WT1 antibody (Supple-
mentary Data Fig. S3C, D).

DISCUSSION
There has been a rapid increase in studies investigating

immunotherapy in CNS tumors. For instance, vaccines have
been tested against the EGFR deletion mutant variant III in

FIGURE 2. Demographic and clinical distribution of patients used for the study. Formalin-fixed paraffin-embedded (FFPE)
specimens from a large cohort of pediatric CNS tumors (n¼41) were used in this study to examine the expression of WT1 in the
tumors. The tumor grade of each specimen is represented by the orange shades. The driver and partner mutations were
established using droplet PCR or WES. The specimens were checked for H3 mutation status by IHC only (n¼20; dark green
boxes) or by either droplet PCR or WES (n¼16).
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adults (22) and against EphA2, IL13Ra2, and BIRC5 (Survi-
vin) in pediatrics (23). Checkpoint inhibitors and adoptive
cellular therapy are also currently undergoing clinical investi-
gation in childhood CNS cancers (24, 25). WT1-directed im-
munotherapeutic trials in adults with glioblastoma have
indicated better survival of patients with higher WT1 expres-
sion levels receiving WT1-specific immunotherapy (26). In
DIPG, a currently open phase I clinical trial investigating an
H3.3K27M peptide vaccine highlights the interest in intracel-
lular antigens similar to WT1.

In this study, we have used a large cohort of speci-
mens obtained from children diagnosed with CNS cancers
to show specific upregulation of WT1 at both protein and
RNA levels in DIPGs. More specifically, our findings indi-
cate that WT1 expression is significantly higher in DIPGs
harboring H3.3K27M when compared with those with

H3.1K27M alleles. Given the hypomethylated genome
noted in both DIPGs (6, 27), this observed differential
WT1 expression may be the result of the variation in the
global methylation status of DIPG subtypes (H3.3K27M,
vs H3.1K27M, vs H3WT). One archival FFPE sample (PID
47), for which histone status was not known, exhibited
WT1 positivity but did not exhibit K27M positivity by
IHC. Upon further investigation by performing H3K27 tri-
methylation IHC on the specimen, we noted that the speci-
men showed decreased H3K27 trimethylation compared
with healthy brain control, suggesting that the specimen
may be H3K27M (Supplementary Data Fig. S2). However,
there was some overlap in WT1 scores between the H3.1
and H3.3 specimens. The observed pattern of higher ex-
pression of WT1 in H3.3 specimens may become less
marked in a larger cohort (Fig. 3C).

FIGURE 3. Immunohistochemistry of a large cohort of DIPGs indicated high expression of WT1 in H3.3 subtype compared with
H3.1 subtype DIPGs. (A) IHC of a large cohort of DIPGs and pediatric midline gliomas showed WT1 overexpression in tumor
compared with adjacent healthy brain tissue was valid. Scale bar¼50 mm. (B) Each tumor specimen was reviewed by a blinded
neuropathologist and given an immunoreactivity score based on the number of WT1-positive cells. The pie chart shows the WT1
scores distribution of the specimens. (C) Examination of WT1 immunoreactivity scores revealed that WT1 scores of the
specimens are associated with histone H3 mutation status. The distribution of WT1 immunoreactivity score was significantly
different between H3.3 and H3.1 subtypes (Fisher exact test, p¼0.017). (D) qRT-PCR using cDNA from H3.3K27M DIPG tumor
tissue (n¼3) and H3.1K27M DIPG tumor tissue (n¼2) showed higher expression of WT1 in H3.3K27M tumor specimens
compared with H3.1K27M tumor specimens (6.4-fold).
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There have been multiple diseases, such as Denys-Drash
syndrome (28) and Frasier syndrome (29), associated with
germline WT1 mutation. WT1 has at least 36 putative isoforms
that result from alternative splicing or coding by alternative
start sites (10). Two major isoforms include –KTS and þKTS,
which differ by 3 amino acids. The –KTS WT1 isoform is
known to have a transcription factor function whereas the
þKTS WT1 isoform is thought to have a RNA editing func-
tion. An analysis of the available genomic data of our sample
cohort as well as the publicly available datasets on PedcBiopor-
tal (30–32) discovered infrequent genomic alterations associ-
ated with WT1 gene. Only 5 out of 1738 adult and pediatric
GBM samples exhibited amplification, and 1 sample had WT1
gene deletion (data not shown). This observation suggests that
WT1 upregulation is most likely a result of the global epige-
netic changes or by tumor activated pathways such as cellular
mitotic pathways rather than sequence mutation. Indeed, a
study that examined the effects of WT1 knockdown in glioblas-
toma cell lines showed an upregulation of apoptosis-related
genes such as PIK3CA and TP53 (33). Given the fact that most
high-grade gliomas, including DIPGs, harbor mutations and
thus upregulation of the PIK3CA and TP53 genes, we suspect
that WT1 overexpression may be a compensatory mechanism
for PIK3CA and p53 regulatory pathway upregulation.

Our cytosolic detection of WT1 is not surprising as pre-
vious studies have also shown cytosolic localization of WT1

in glioblastoma cells and lung cancer cells (34, 35); in fact,
WT1 shuttles between the nucleus and cytoplasm in associa-
tion with actively translating polysomes (36). Our finding, as
well as the previous studies, suggests the possibility that WT1
has a role other than as a transcription factor in cancer, al-
though it is possible that there exists overexpression of WT1
isoforms that are missing the nuclear localization signal. To
fully understand the biological role of WT1 in cancer, includ-
ing in pediatric high-grade gliomas, further molecular studies
will be required.

There has been some discordance in tumor specificity of
WT1 in the literature (37) and WT1 alone may not be an ideal
marker to distinguish reactive astrocytes from neoplastic
astrocytes. However, investigating the potential of WT1 as an
immunotherapeutic target is still promising as even in cases of
reactive gliosis, the vast majority of gliomas cases demon-
strates stronger WT1 immunoreactivity. In summary, our
study shows that WT1, which has been closely associated with
prognosis in other solid cancers (38), is also highly expressed
in one particular molecular phenotype of DIPG, H3.3K27M,
and may serve as a strong immunotherapeutic target. Our
study, together with the safety and efficacy demonstrated in
WT1-based peptide vaccine clinical trial in GBM (13), and the
prognostic value of WT1 protein level (26), advocates for fur-
ther examination of WT1 as a potential immunotherapeutic
target in children with DIPG.

FIGURE 4. Validation of WT1 differential expression in human DIPG primary cells. (A) A Western blot assay of WT1 using human
DIPG primary cells (n¼6) and healthy brain tissue (HBT) lysates. (B) Quantification of the Western blot assays showed
significantly higher WT1 in human DIPG primary cells compared with healthy brain tissue (3.63-fold, p¼0.047). (C) Human
DIPG primary cells harboring H3.3K27M showed higher WT1 compared with human DIPG primary cells harboring H3.1K27M
(2.83-fold) and histone H3 wildtype (2.86-fold). (D) Immunofluorescence staining of human DIPG primary cells (n¼2) showed
WT1 expression in the tumor cells and localization of WT1, mainly in the cytoplasm of the tumor cells. The specificity of the
antibody was validated by staining K562 cells, which showed WT1 localization in the nucleus. Scale bar¼30 mm.
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