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Diffuse intrinsic pontine glioma (DIPG) is a leading cause
of brain tumor-related death in children. DIPG is not
surgically resectable, resulting in a paucity of tissue avail-
able for molecular studies. As such, tumor biology is
poorly understood, and, currently, there are no effective
treatments. In the absence of frozen tumor specimens,
body fluids—such as cerebrospinal fluid (CSF), serum,
and urine—can serve as more readily accessible vehicles
for detecting tumor-secreted proteins. We analyzed a
total of 76 specimens, including CSF, serum, urine, and
normal and tumor brainstem tissue. Protein profiling of
CSF from patients with DIPG was generated by mass
spectrometry using an LTQ-Orbitrap-XL and database
search using the Sequest algorithm. Quantitative and
statistical analyses were performed with ProteolQ and
Partek Genomics Suite. A total of 528 unique proteins
were identified, 71% of which are known secreted
proteins. CSF proteomic analysis revealed selective upre-
gulation of Cyclophillin A (CypA) and dimethylarginase
1 (DDAH1) in DIPG (n = 10), compared with controls
(n = 4). Protein expression was further validated with
Western blot analysis and immunohistochemical assays
using CSF, brain tissue, serum, and urine from DIPG
and control specimens. Immunohistochemical staining
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showed selective upregulation of secreted but not cyto-
solic CypA and DDAHT1 in patients with DIPG. In this
study, we present the first comprehensive protein profile
of CSF specimens from patients with DIPG to demon-
strate selective expression of tumor proteins potentially
involved in brainstem gliomagenesis. Detection of
secreted CypA and DDAH1 in serum and urine has po-
tential clinical application, with implications for asses-
sing treatment response and detecting tumor recurrence
in patients with DIPG.
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children. Up to 15% of pediatric brain tumors
are brainstem gliomas (BSGs) of which 80% are
diffuse intrinsic pontine gliomas (DIPGs).! DIPG has a
peak incidence at 6-9 years of age and carries a
median survival of less than 12 months, with a 5-year
survival rate less than 5%. DIPG has the highest mortal-
ity rate of all pediatric brain tumors.' = Current treat-
ment consists of radiation therapy, which temporarily
decreases symptoms but has no effect on overall survival.
Clinical trials investigating radiation fractionation regi-
mens and adjuvant and neoadjuvant chemotherapeutics
have not led to any advancement in the treatment para-
digm for DIPG, with no change in overall survival for the
past 35 years.*®
Because of its anatomic location and infiltrative
nature, DIPG is not amenable to surgical resection.

Brain tumors are the most common solid tumor in
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Diagnosis is typically made on the basis of character-
istic radiographic appearance on MRI at the time of
symptom onset (Fig. 1), and diagnostic biopsy is not
commonly performed.®='"" As a result, there is a
paucity of tissue available for study, and therefore,
little is known about the molecular biology of
DIPG. Rare biopsy and postmortem specimens have
revealed histological characteristics typical of high-
grade (WHO I or IV) glioma; however, DIPG also
exhibits molecular characteristics distinct from other
high-grade pediatric and adult supratentorial and

A

BSG.!''¢ Furthermore, because of the lack of re-
sponse to conventional therapies that are more effect-
ive for low-grade and supratentorial gliomas, it is
reasonable to conclude that DIPG may represent a
biologically distinct subclass of pediatric glioma.
There is currently a surge of discussion surrounding
the need, use, and safety of tumor tissue biopsy
from patients with DIPG.'” Until tissue acquisition
from patients with DIPG becomes routine, there is a
dire need for tumor biology investigation using non-
invasive methodologies.
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Fig. 1. Distribution of proteins detected in analyzed cerebrospinal fluid (CSF) specimens (n = 15). (A) As expected, a large percentage (71 %)
of detected proteins in CSF are secreted proteins. Other proteins detected in CSF were associated with the plasma membrane (10%),
extracellular matrix (9%), cytosol (8%), and nuclease (2%). (B) Overlap of proteins detected in CSF specimens from children with DIPG
with homogenous radiographic appearance (n = 8) and focal pontine necrosis (n = 2). Although these 2 groups shared a large number
of proteins, a subset of proteins is also uniquely expressed by each tumor type. (C) Partek Genomics Suite was used for principal
component analysis (PCA) analysis. PCA showed that homogenous-appearing DIPG specimens (n = 8, red) exhibit a pattern of secreted
proteins that is distinct from DIPGs with focal pontine necrosis (n =2, blue). DIPG CSF specimens collected post-mortem (arrows)
exhibit a somewhat different protein expression pattern compared to DIPG CSF specimens collected during treatment.
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Cerebrospinal fluid (CSF) is a readily accessible
body fluid and has been widely targeted for biomarker
discovery for a variety of neurological disorders, in-
cluding brain tumors."®=?! To the best of our knowl-
edge, the only published protein analysis of pediatric
BSG is our previous protein profiling of archival
formalin-fixed paraffin embedded postmortem tumor
specimens.”” Because of the rarity of fresh frozen
DIPG tissue specimens, we tested the usefulness of
CSF analysis for detection of tumor-secreted proteins
and biomarkers for clinical diagnosis and treatment.
Here, we present the first proteome survey of CSF
from children with DIPG and report proteins that
show unique upregulation in CSF from patients with
BSG, compared with supratentorial glioma and con-
trols. We further validate high expression levels of 2
potential biomarkers, cyclophillin A (CypA) and
dimethylarginase-1 (DDAH1), in CSF samples from
patients with DIPG and show the presence of these
proteins in serum and urine samples collected from

children with DIPG.

Materials and Methods

Biological Specimens

A total of 76 specimens, including CSF, serum, urine,
BSG tissue, and normal brain tissue (brainstem, cerebel-
lum, and frontal lobe), were collected in accordance with
the Children’s National Medical Center Institutional
Review Board approvals (exemption #FWA4487 and in-
stitutional review board #4932; #3804). Patient identi-
fiers were removed prior to evaluation, and a single
sequential numerical identifier was assigned to each
patient (Table 1). All brain tumor diagnoses were
made radiographically by a neuroradiologist and con-
firmed by neuropathologic evaluation of tumor tissue
specimens when available. Fifteen CSF specimens were
processed for proteomic analysis: 10 specimens from
patients with DIPG, 1 with glioblastoma multiforme
(GBM) of the left frontal lobe, and 4 from children
lacking intracranial pathology used as controls.
Validation of proteomic data was performed on 48
CSF specimens, including normal controls (7 =22),
pediatric low- and high-grade supratentorial glioma
(n=17), and DIPG (n=29). CSF specimens were
obtained intra-operatively or through lumbar puncture
during the course of patient treatment or collected post-
mortem as indicated (Table 1). Tumor and surrounding
normal brainstem tissue obtained postmortem from
patients with DIPG (n = 10) and supratentorial glioma
(n = 2) was collected for Western blot and immunobhis-
tochemical studies. Serum (7 = 2) and urine specimens
(m=3) were also collected from children with DIPG
during the course of treatment and compared with
serum samples (7 = 3) from individuals lacking intracra-
nial pathology and urine samples (7 = 3) from children
with asthma.
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Specimen Processing and Protein Extraction

CSF specimens were centrifuged at 12 000 x g for
10 min at 4°C and the supernatant collected in fresh
tubes. Blood collected in red-topped tubes was allowed
to clot at room temperature for 30 min and then centri-
fuged at 1 000 x g for 15 min to isolate serum. Tissue
protein extracts were prepared by homogenizing frozen
tissue samples on ice using 1X SDS Laemmli sample
buffer (2% SDS, 10% glycerol, 5% 2-mercaptoethanol,
0.0625 M Tris [pH, 6.8], 0.001% bromophenol blue)
containing 1 mM DTT. Lysates were spun down at
14 000 x g for 30 min at4°C and supernatants collected.

Urine specimens were passed sequentially through
100 uM, 40 pM, 5 uM, and 0.2 uM filters to remove
cells and contaminating microparticles. Five milliliter
aliquots of urine were added to 2 volumes of ice-cold
acetone and precipitated overnight at —20°C. The
sample was centrifuged at 12 000 x g for 10 min at
4°C and the supernatant removed. After air-drying, the
pellet was resuspended in RIPA buffer.

The protein concentration of each CSF, serum, and
urine specimen was measured using a Pierce BCA
protein assay (ThermoFischer Scientific). To estimate
protein concentration in tissue specimens, equal
volumes of lysate were resolved by electrophoresis on
10%-20% polyacrylamide gel with a standard of
known concentration. The resulting gel was stained
with Coomassie Blue, and a digital image was obtained.
Specimen protein concentration was determined by nor-
malizing the total intensity of the sample band to the total
band intensity of the sample with known concentration.

Proteomic Analysis of CSF

CSF samples were concentrated using 3 kDa MW Micro
Bio-Spin cutoff filters (Bio-Rad). Protein concentration
was determined using a Pierce BCA protein assay
(ThermoFischer Scientific). Protein aliquots (110 pg)
from each sample were dissolved in Laemmli sample
buffer and loaded for sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) under denaturing
conditions. Gels were fixed (50:10:40/methanol:acetic
acid:H2O/v:v:v), stained with Biosafe Coomassie
(BioRad), and washed extensively with water. Protein
bands were sliced and processed for in-gel digestion, as
described elsewhere.”?

Resulting peptides from each band were analyzed using
nano-LC (Agilent) connected to an LTQ-Orbitrap-XL in-
strument (ThermoFisher Scientific), operated in data-de-
pendent mode with dynamic exclusion, in which 1 cycle
of experiments consisted of a full-MS in the Orbitrap
survey scan (300-2000 m/z) and 5 subsequent MS/MS
scans of the most intense peaks in the LTQ. Proteins
were identified using the Sequest algorithm in the
Bioworks Browser (ThermoFisher Scientific) against the
Uniprot database (downloaded November 2010) and
indexed for fully tryptic peptides, 2 missed cleavages,
and no modifications. Results were filtered on the basis
of a variable threshold of Xcorr versus charge state and
peptide probability with P < .0S. Protein quantification
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Table 1. List of specimens used in this study.

Patient ID Diagnosis Specimens Collected Age Sex
1 DIPG with focal pontine necrosis CSF (S), Normal BS, Tumor 6y M
2 DIPG CSF (S) 9y F
3 DIPG CSF (V), Tumor, Normal FL 5y F
5 DIPG CSF (S) 3y6mo M
6 DIPG CSF (S) My F
7 DIPG CSF, Tumor, Normal FL 8y M
8 DIPG CSF (V) 6y F
9 DIPG with focal pontine necrosis CSF (O) 1y 5 mo M
10 DIPG Tumor, Normal Cerebellum 8y M
11 DIPG CSF (S), Normal cerebellum, Tumor 6y F
12 DIPG Tumor, Normal FL 7y F
13 DIPG Tumor N/A M
14 DIPG CSF (S), Tumor 25y M
15 DIPG Tumor N/A N/A
16 DIPG Tumor 2y F
17 DIPG CSF (S) 3y8mo M
18 DIPG Tumor 4y 6 mo F
19 DIPG Serum, Urine 5y 7 mo F
20 DIPG Serum, Urine 4y M
21 Supratentorial Glioma (WHO 1) CSF (S) 9y 5 mo M
22 Supratentorial Glioma (WHO 1) CSF (V) 6y 7 mo F
23 Supratentorial Glioma (WHO 1) CSF (V) 16y 1 mo F
24 Supratentorial Glioma (llI-1V) CSF (S) 1y 9 mo M
25 Supratentorial Glioma (WHO 1) CSF 11y 1 mo M
26 Supratentorial Glioma (WHO 1) CSF (S) 1y 4 mo F
27 Supratentorial Glioma (WHO 1) CSF 11y 8 mo M
28 Supratentorial Glioma (WHO II1) CSF (S) 14y 7 mo F
29 Supratentorial Glioma (WHO I11) CSF (S) 2y7mo F
30 Supratentorial Glioma (WHO I11) CSF (O) 12y 11 mo F
31 Supratentorial Glioma (WHO 1V) CSF (S) 9y 6 mo M
32 Supratentorial Glioma (WHO 1V) CSF (V) 14y 9 mo F
33 Supratentorial Glioma (WHO 1V) CSF (O) 5y2mo F
34 Supratentorial Glioma (WHO 1V) CSF (S) 5y 11 mo M
35 Supratentorial Glioma (WHO I11) CSF 10y 2 mo F
36 Supratentorial Glioma (Il1-1V) CSF (S) 1y 8mo F
37 Supratentorial Glioma (WHO 1V) CSF (V) 11y 11 mo M
38 DIPG Urine 7y 11 mo M
40 Seizure CSF (S) 2y F
40 DIPG CSF (V), Tumor, Normal FL 1y2mo F
41 Seizure CSF (S) 1y3mo F
42 Fever CSF (S) 4y 1 mo M
43 ALL CSF (S) 14y 10 mo F
44 Spina bifida CSF (V) 6 mo M
45 Hypdrocephalus CSF (V) 10 mo F
46 Fever CSF (S) My M
47 Viral Meningitis CSF(S) 8y M
48 Dehydration CSF (S) 1My M
49 Negative Diagnostics CSF (S) N/A N/A
50 Seizure CSF (S) 14y F
51 Negative Diagnostics CSF (S) 13y F
52 Negative Diagnostics CSF (S) 4 mo F
53 Negative Diagnostics CSF (S) 4y F
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Table 1. Continued
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Patient ID Diagnosis Specimens Collected Age Sex
54 Negative Diagnostics CSF (S) 14y M
55 Negative Diagnostics CSF (S) 6y M
56 Negative Diagnostics CSF (S) 15y M
57 Negative Diagnostics CSF (S) 17y M
58 Negative Diagnostics CSF (S) 1y 6mo M
59 Fever CSF (S) 1 mo M
60 Growth hormone deficiency CSF (S) 9y M
61 Cardiogenic shock CSF (S) 16y F
70 T-Cell ALL Serum 9y F
71 Von Willebrand Serum 10y F
72 Hives Serum 6y F
80 Normal Healthy Urine 8y 4 mo F
81 Normal Healthy Urine 8y2mo M
82 Normal Healthy Urine 6y5mo M

Note: Specimens include frozen normal brainstem (BS), frontal lobe (FL), or DIPG tumor tissue as well as ventricular (V) or spinal (S)

cerebrospinal fluid (CSF), blood serum, and urine

was performed using ProteolQ software (Bioinquire) with
spectral count data. The following stringent filtration cri-
teria were used: 2 or more peptides/protein, 10 or more
spectra/protein, minimum peptide probability-based
score with P < .05, and a variable threshold of Xcorr
versus charge state (Xcorr=1.9 for z =1, Xcorr=2.5
for z =2, and Xcorr = 3.5 for z = 3). Protein expression
analysis was performed using Partek Genomics Suite
(Partek).

Protein Validation in CSF and Tumor Tissue Samples

Candidate biomarkers were validated by Western blot
analysis using 48 CSF specimens, obtained from patients
with DIPG (7 = 10), non-BSG (n = 17), and age-matched
controls (n=22). Additional validation was performed
using serum specimens from DIPG (z = 2) and healthy
(n=3) subjects and urine samples from DIPG (n = 3)
and normal (7 = 3) subjects as described below.

Antibodies

Rabbit polyclonal anti-CypA antibody (Cedarlane
Laboratories) was used at 1:500 dilution. Goat monoclo-
nal anti-DDAHT1 antibody (Abcam) was diluted 1:300.
Goat polyclonal anti-transferrin antibody (Santa Cruz
Biotechnology) was diluted 1:200. Horeseradish perox-
idase—labeled secondary antibodies were diluted
1:5000 (Kirkergaard and Perry Laboratories). All anti-
bodies have been previously shown to detect the target
protein at the correct molecular mass; however, depend-
ing on the tissue used, nonspecific bands were also
detected at a much higher molecular weight.?*~32

SDS-PAGE and Immunoblot Analysis

Serum, CSF, tissue, and urine protein concentrations
were assessed using a Bradford assay and adjusted to

equivalent protein concentrations with 1X SDS
Laemmli sample buffer (2% SDS, 10% glycerol, 5%
B-mercaptoethanol, 0.0625 M Tris [pH, 6.8], 0.001%
bromophenol blue) containing 1 mM DTT. Resulting
samples were subjected to electrophoresis on 4% —20%
SDS-PAGE. Protein was then transferred to a nitrocellulose
membrane by the electroblotting method. Membranes
were incubated overnight at 4°C with blocking buffer
(PBS containing 5% nonfat dry milk and 0.1% Tween
20), followed by incubation with primary antibody for
an additional h at room temperature. The membranes
were washed in PBST (PBS containing 0.1% Tween
20) and treated with HRP-conjugated secondary anti-
body for 1 h at room temperature. Protein bands were
then visualized using the enhanced chemiluminescence
technique.

Immunobistochemistry

Immunohistochemical analysis was performed on
FFPE brain tissue sections. Paraffin was removed by
incubating slides in Xylenes followed by ethanol.
Slides were boiled in citrate buffer (pH, 6.0) for
15 min for antigen retrieval. After inactivating the en-
dogenous peroxides by treating with 3% hydrogen
peroxide, immunostaining was performed using an
InteliPATH FLX automatic slide processor (Biocare
Medical). CypA and DDAH1 antibodies were diluted
to 1:200 and 1:100, respectively. Secondary detection
was performed using an InteliPATH FLX HRP
Detection Kit (Biocare Medical) for anti-rabbit and
anti-goat primary antibodies.

Pathway Analysis and Data Interpretation

Pathway analysis was performed using Ingenuity Pathway
Analysis software, version 1.0 (Ingenuity Systems).
Accession numbers of the 528 identified CSF proteins
were uploaded, and protein-protein interaction networks
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were generated using fold-change protein expression data.
Comparison analysis of fold-change expression data was
performed to reveal top molecules and pathways of inter-
action in BSG. Pathways of protein expression and inter-
action were explored using tumor specific protein sets
and known pathways with biological relevance to
cancer, cell-to-cell signaling, and gliomagenesis.

Results

Label-Free Proteome Profiling of CSF Specimens

CSF specimens from children with DIPG (z = 10), in-
cluding 8 with homogenous radiographic appearance
and 2 with regions of focal pontine necrosis, supraten-
torial GBM (n=1), and normal controls (n=4)
(Table 1) were processed for proteome profiling as
described in the Materials and Methods. A total of
528 unique proteins were identified (Supplementary
Table S1). As expected, a large percentage (71%) of
detected proteins were secreted, and 10% were identified
as plasma membrane and 9% as extracellular matrix
proteins (Fig. 1A). A total of 97 proteins were unique
to homogenous-appearing DIPG, 124 unique to
pontine gliomas with focal necrosis, and 79 shared
between these 2 subtypes (Fig. 1B).

The label-free spectral counting (SC) method was
used to calculate fold-change and protein expression
levels across all specimens. Homogenous DIPG speci-
mens exhibited greater protein expression dysregulation
than those with necrotic features: 334 proteins showed
upregulation in DIPG (fold-change 2 or more), com-
pared with 157 proteins with more focal, atypical radio-
graphic appearance. Seventy-three proteins (22%) were
upregulated in 3 or more DIPG specimens. These
include DDAH1, CypA, beta tubulin, vimentin, and
members of the 14-3-3 protein family (Supplementary
Table S1). Analysis of downregulated proteins (fold-
change 2 or less) identified a total of 157 proteins in 3
or more DIPG specimens (Supplementary Table S1).
Principle component analysis (PCA) of the relative
protein expression profiles in each specimen was per-
formed with unsupervised, nonpartitional hierarchical
clustering (Partek Genomic Suite) (Fig. 1C). PCA of
DIPG specimens showed that the 8 diffuse tumors clus-
tered separately from the 2 DIPG specimens with focal
necrosis. In the homogenous DIPG specimens, the 2
postmortem DIPG specimens clustered together, reflect-
ing similarly unique protein profiles, which may be
attributed to postmortem protein degradation (Fig. 1C,
arrows).

Validation of CypA and DDAH as Potential Markers for
DIPG

Two secreted proteins, CypA and DDAHI, found to be
selectively upregulated in DIPG CSF specimens, were
chosen for further validation and investigation on the
basis of antibody availability, disease relevance, and
CSF expression levels. Protein profiling detected
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insignificant SC (SC=1) of CypA in 1 of 4 control
CSF specimens tested. However, high SCs of CypA (SC
more than 4) were detected in 9 of 10 CSF specimens
from patients with DIPG. Similarly, DDAH1 was
detected in only 1 control but in 6 of 10 DIPG speci-
mens. Neither CypA nor DDAH1 was detected in the
supratentorial glioblastoma CSF specimen tested.

To validate our protein profiling results, Western blot
analysis was performed on additional CSF specimens.
CSF from patients with DIPG (n =9), supratentorial
glioma (n=17), and controls (n=22) were analyzed
by Western blot using antibodies against CypA and
DDAHI1 (Fig. 2). CypA and DDAH1 expression were
validated in CSF samples from 5 (55%) and 4 (44%)
patients with DIPG respectively (Fig. 2A). CypA and
DDAHTI1 co-expression was detected in only 1 low-grade
(WHO-I) non-brainstem supratentorial specimen.
DDAH1 was absent from all 22 of the control CSF
samples tested. Low levels of CypA were detected in 2
control CSF specimens (0.09%). CypA was consistently
detected at a higher level than DDAH1 in all CSF speci-
mens tested and was selectively expressed at significantly
higher intensity in high-grade (WHO-IV) specimens
(Fig. 2B). Overall, CypA and DDAH1 were significantly
overexpressed in DIPG, compared with supratentorial
glioma and control specimens (Fig. 2C). Transferrin
was used as the internal control.

We then questioned whether cytosolic (nonsecreted)
expression levels of CypA and DDAH1 differ between
normal and tumor specimens. CypA and DDAH1
expression was therefore examined in DIPG tumor
tissue. Total protein extracted from frozen DIPG
tumor tissue (7 = 10), and adjacent normal brainstem,
cerebellum, or frontal lobe tissue from the same
patient (n=7) was used for Western blot analysis
(Fig. 3A). CypA was detected in all DIPG tumor and
normal brain tissue specimens analyzed, and DDAH1
was detected in 9 (75%) of 12 tumor and all normal
brain tissue specimens (Fig. 3A). Densitometry analysis
of Western blot results revealed no relative increase in
cytosolic CypA or DDAH1 expression, compared with
normal brain tissue from the same patient, normalized
to GAPDH expression (Fig. 3B). Immunohistochemical
staining of DIPG tumor tissue for CypA and DDAHI1
localized expression to the cytosol and nucleus (Fig. 3C).

Detection of CypA and DDAHT1 in Blood and Urine
Samples from Patients With DIPG

Given the high expression levels of DDAH1 and CypA in
CSF, we questioned whether we could detect these 2 po-
tential tumor-associated proteins in serum and urine
samples from patients with DIPG to explore the possibil-
ity of noninvasive clinical detection. Blood serum and
urine specimens were collected from patients with
DIPG and healthy individuals, and total protein was
extracted. Western blot analysis of total protein extract
demonstrated selective expression of CypA in blood
serum (7 = 1) and urine (#z = 2) specimens from patients
with DIPG, compared with controls (serum, n = 3;
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Fig. 2. Western blot analysis of CSF specimens from patients with DIPG and supratentorial glioma using antibodies for CypA and DDAH1.
(A) High levels of both CypA and DDAH1 were detected in CSF samples from DIPG. In contrast, CypA was detected only in 1 CSF specimen
from a patient with supratentorial glioma. (B) DDAH1 was not detected in 22 control CSF specimens tested. Very low levels of CypA were
detected in 2 control CSF samples. Transferrin was used as an internal control and a DIPG CSF specimen (patient number 3) as a positive
control. (C) CypA and DDAH1 expression levels were measured by densitometry. Mean values for each group (diffuse intrinsic pontine
glioma [DIPC], supratentorial glioma [S gliomal, and control [CNT]) are represented by bar graphs. **P < .05.

urine, 7 = 3) (Fig. 3D). Low expression of CypA was
detected in a serum sample from 1 patient (patient 72)
lacking intracranial pathology. Taken together, our
results suggest that tumor-secreted CypA and DDAHI,
but not the cytosolic forms, are selectively upregulated
in patients with DIPG and are detectable in urine and
blood. Additional studies are warranted to assess poten-
tial post translational modifications associated with
secreted CypA and DDAH1 proteins.

Ingenuity Pathway Analysis

Protein expression profiles and observed fold changes
were used to explore tumor-related pathways using
Ingenuity Pathway Analysis software (Ingenuity
Systems), which generates biologic pathways based on

published molecular interactions. Top biologic functions
of proteins detected in DIPG CSF included cancer
tumorigenesis (74 proteins; P < .001), neurological dis-
order (87 proteins; P < .001), and genetic disease (130
proteins; P < .001). Functional analysis of differentially
expressed proteins in DIPG specimens mapped identified
proteins to canonical pathways of neoplasia, cell move-
ment, and reaction to oxidative stress, with top molecu-
lar networks including cell-to-cell signaling, tissue
development, and antigen presentation. Focused ana-
lysis of upregulated proteins (fold-change more than 2)
in DIPG specimens resulted in a top network of 35
focus molecules involved in neurological disease (28
molecules; P < .001), cancer (25 molecules; P < .001),
and cell movement (20 molecules; P < .001). These mole-
cules include CYPA and DDAHT1 and exhibit functional
overlap with known molecular pathways implicated
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Fig. 3. CypA and DDAH1 expression analysis using frozen brain tissue, serum, and urine specimens. (A) Western blot analysis showed equal
expression levels of both CypA and DDAH1 in frozen diffuse intrinsic pontine glioma (DIPG) tumors (n = 12) and normal brain tissue (n = 7),
indicating no alteration in cytosolic levels of these proteins. (B) Graphical representation of Western blot analysis of DIPG tumor tissue and
control brain tissue based on densitometry of Western blots shown in panel A normalized to GAPDH expression levels. (C)
Immunohistochemical staining of DIPG tumor tissue demonstrates cytosolic expression of CypA and DDAH1 in high-grade regions, as
indicated by H&E staining. Adjacent normal regions as identified by a pathologist were used as controls. (Scale bar =10 pm). (D)
Western blot analysis of serum and urine specimens collected from patients with DIPG demonstrate expression of CypA in serum from
patient 19 and urine of patients 19 and 38. Low expression level of CypA was detected in serum of one control patient (number 72)
lacking intracranial pathology. DDAH1 was not detected in serum and urine of these patients (data not shown).

in gliomagenesis (Fig. 4A). To validate upregulation
of proteins involved in the gliomagenesis pathway,
immunohistochemical assays of DIPG tumors and
adjacent normal sections were performed using anti-
bodies against vimentin and GFAP. High expression
levels of both vimentin and GFAP were detected in
the tumors, compared with adjacent normal sections
(Fig. 4B—E).
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Discussion

DIPG is a devastating pediatric brain tumor for which no
effective treatment exists. Because DIPG is not amenable
to surgical resection and because most patients with
DIPG die at home or in hospice, historically, there has
been a paucity of tumor tissue available for molecular
studies. Although there is an ongoing debate within the
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Fig. 4. Ingenuity Pathway Analysis (IPA) depicting dysregulated tumor proteins mapping to known pathways of glioma formation, cell
migration, and response to oxidative stress. The majority of detected upregulated DIPG CSF proteins play a role in vascular endothelial
growth factor (VEGF) and ERK/MAPK signaling pathways (A). The tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein (14-3-3) family (e, v, & 8, and B) is induced by VEGF and known to be involved in cell cycle mitosis. 14-3-33 binds to
Cyclophillin A (CypA), which in turn activates peroxidase 6 (PRDX6). PRDX6 is involved in oxidation-reduction regulation and protection
against oxidative stress. 14-3-38 also binds to Ribonuclease inhibitor 1 (RNH1), an angiogenin regulator. The 14-3-3 complex may be
upregulated in response to increased expression of extracellular proteins such as lactotransferrin (LTF), glucose-6-phosphate isomerase
(GPI), and von Willebrand factor (VWF). Although low density lipoprotein receptor-related protein 1 (LRP1) is downregulated in tumor
samples, its binding partner vinculin (VCL), a molecule known to be downstream of the VEGF signaling pathway, is upregulated in DIPG
CSF specimens. Immunohistochemical assays validated upregulation of GFAP (B-C) and vimentin (D-E) in DIPG tumor (C and E)
compared to adjacent normal sections (B and D). Although GFAP was detected at a much higher level in tumors compared to normal
tissue, vimentin exhibited a more tumor-specific expression pattern. Scale bar = 200 um.

medical community over the safety and usefulness of  underscore the premise that pediatric BSG is a biologic-
tumor biopsy in patients with DIPG, no robust action  ally distinct form of glioma.'® Because of the rarity of
has been taken for biopsy acquisition and analysis. DIPG tissue specimens for molecular analysis, there is
Existing analyses of rare DIPG tissue specimens  a need for innovative methods of study. Tumor tissue
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protein profiling and CSF microRNA analysis using spe-
cimens from patients with glioma have been established
as valuable techniques for identifying tumor-associated
markers. >3

In the case of pediatric BSG and, particularly DIPG,
CSF is more readily available than tumor tissue. CSF
may be in direct contact with tumor tissue, increasing
the probability of identifying tumor-secreted molecules.
Recent studies demonstrate the presence of a large
number of quantifiable tumor-associated proteins in
CSF, with the potential to identify glioma-specific mole-
cules.'#7293%33 [dentification of specific proteins in CSF
from patients with glioma is correlated with high tumor
grade and poor clinical outcome and may have prognos-
tic value.*>*® Proteins actively secreted by tumor cells
could play an important role in tumorigenesis and inter-
fere with local cellular activity in the tumor microenvir-
onment, making CSF analysis of special interest for
understanding mechanisms of gliomagenesis when
access to tumor tissue is limited.’” For example,
Deighton et al. (2010) reported detection of 10 differen-
tially expressed proteins in CSF from adult patients with
supratentorial glioma and demonstrated interaction
between the glioma secretome and known molecular
pathways of adult gliomagenesis, including TP53 and
RB1.%*

Recent molecular studies of pediatric glioma suggest
differences in tumorigenic pathways, compared with
adult disease. For example, dysregulation through
PDGFRa, PTEN, and EGFR is prevalent in adult
glioma.’”*" In contrast, variable EGFR amplification
has been reported in children with supratentorial glio-
blastoma, with the majority of studies demonstrating
less EGFR amplification in children than in adults.*!
Of importance, rare molecular analysis of pediatric
BSG tissue reveals key biological differences, compared
with pediatric and adult supratentorial glioma. Sharma
et al. (2010) report lack of EGFR amplification in 2
cases of BSG with PTEN deletion and a higher frequency
of whole chromosomal gains (1 and 2) and segmental loss
(8p, 16p, and 16q) in pediatric BSGs compared to adult
and pediatric supratentorial high-grade glioma.'?
Recent whole-genome profiling of pediatric DIPG has
shown gains in PDGFRA in 36% of cases tested and no
cases of EGFR amplification.'® Loss at 17p containing
the p53 gene is reported at higher frequency in DIPGs
than in supratentorial high-grade gliomas, whereas
PTEN mutations are reported at higher frequency in
DIPGs than in adult or pediatric supratentorial high-
grade gliomas.'®"> These reports suggest that the mo-
lecular biology of pediatric BSG differs from that of
adult and pediatric supratentorial glioma and, thus,
may be biologically distinct.

Our data are in line with these findings and demon-
strate that CSF can be studied to elucidate the molecular
basis of DIPG formation. We detected 109 upregulated
proteins with functional mapping to tumorigenesis in
DIPG CSF, 71 of which are involved in the p53
pathway and 68 in the AKT pathway. Comparative ana-
lysis of CSF specimens stratified DIPG from normal spe-
cimens and generated a cluster pattern suggestive of
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distinct subtypes within DIPG samples (data not
shown). However, further analysis of these subtypes
may require a larger cohort of specimens and, perhaps,
inclusion of protein profiles from frozen tumor speci-
mens. Overall, although within-group heterogeneity
was observed among DIPG specimens, PCA showed
that DIPGs exhibit a pattern of secreted proteins that
is detectable in CSF and is distinct from controls and
supratentorial glioma, suggesting unique pathways of
pediatric brainstem gliomagenesis (Fig. 2C). Two upre-
gulated proteins (CypA and DDAH1) were selected for
further analysis based on the availability of robust anti-
bodies and their biological role as described below.

Cyclophillin A

Secreted CypA.—We detected and validated high ex-
pression levels of secreted CypA (peptidylprolyl isomer-
ase A) in CSF, serum, and urine samples from patients
with DIPG. In contrast, secreted CypA was detected in
1 of the 16 CSF specimens from children with supraten-
torial glioma (Fig. 2A) and as a faint band in 2 of the 22
control specimens tested (Fig. 2B). CypA is an 18KDa
ubiquitous cytosolic chaperone protein member of the
immunophilin family with peptidyl-prolyl isomerase
activity.”” Elevated expression of secreted CypA and
its associated membrane receptor CD147 has been
demonstrated in a variety of tumor types and is linked
to malignant transformation, poor cellular differenti-
ation, and decreased survival in patients with cancer.*?

The regulatory mechanisms of CypA secretion are
currently unknown, but studies suggest increased
CypA secretion occurs in response to oxidative stress
and inflammatory mediators. Upregulated CypA expres-
sion in response to hypoxia has been shown in a variety
of cancer cell types, including C6 glioma cells.**** Our
pathway analysis of DIPG CSF also showed upregula-
tion of proteins involved in oxidative stress (Fig. 4).
The effect of secreted CypA on cellular function is
mediated though transmembrane protein receptor
CD147 activation, which causes phosphorylation of
ERK1/2, JNK, Akt, and IkB signaling pathways to influ-
ence protein folding, gene transcription, and cell-to-cell
signaling.****=** CypA binding of CD147 also facili-
tates chemotaxis in response to stress.*®*/4%30
Secreted CypA may therefore act as a local mitogen
induced by oxidative stress, either prior to or in response
to malignant glial cell transformation, to influence astro-
glial differentiation, proliferation, and/or tumor angio-
genesis. In glioblastoma multiforme, CypA secretion
may be epigenetically activated during malignant trans-
formation, with subsequent upregulation because of
hypoxic conditions in regions of central tumor necro-
sis.** Although central tumor necrosis is a late finding
in DIPG, the cells of the developing brainstem may be
more sensitive to hypoxic stress, and aberrant hypoxic
stress response can lead to defective brainstem develop-
ment involving VEGF signaling.’! Aberrant upregula-
tion of secreted CypA in response to hypoxia could
therefore potentially induce the rapid malignant



transformation and proliferation within the neuroaxis
that is seen in end-stage DIPG.

Previous research has suggested that histologically
similar tumors arising in distinct anatomic regions of
the brain may originate from molecularly distinct popu-
lations of progenitor cells, implying the existence of a
niche microenvironment.”>~>* For example, Monje
et al. (2011) proposed that the ventral pontine location
of DIPG suggests the presence of a local cell population
with particular susceptibility to a unique signaling micro-
environment favoring tumor formation.’” This differ-
ence in tumor microenvironment could therefore
account for the molecular differences observed between
pediatric supratentorial and BSG. In this study, we
detected intracellular CypA in brainstem and supraten-
torial glioma tumor tissue, but secreted CypA in CSF,
blood, and urine samples from patients with DIPG
alone. Therefore, molecular signals in the developing
brainstem microenvironment, which may not be
present in the cerebral hemispheres, may have a unique
effect on local cell populations within the ventral pons
resulting in site-specific release of intracellular CypA
from BSG cells.

Furthermore, the effects of site-specific CypA secre-
tion into the brainstem microenvironment could contrib-
ute to the distinct biology and clinical characteristics of
DIPG. The young age of onset and anatomic location
of DIPG, compared with supratentorial pediatric high-
grade glioma, implies an interplay of signaling pathways
necessary for ongoing brainstem development, such as
astroglial proliferation, cytoskeletal remodeling, axonal
outgrowth, myelination, and tumor cell behavior. This
unique interaction in the developing brainstem could
trigger unique, region-specific signaling cascades result-
ing in gliomagenesis. The CypA receptor CD147 has
been detected in neurospheres and neural precursor
cells, implying the existence of CypA-induced signaling
cascade in neural development.’® Local expression of
secreted CypA by glioma cells in the developing brain-
stem could therefore promote tumor cell proliferation
and malignant transformation, resulting in the unique
anatomic and histological characteristics of DIPG.
Overexpression of CypA has also been shown to
induce chemoresistance in cancer cells through protec-
tion from apoptosis.*> Region-specific CypA secretion
by BSG cells may therefore contribute to the relative re-
sistance to chemotherapy and radiation treatment
observed in patients with DIPG, possibly explaining
the lack of clinical response to therapeutics that are
more effective for supratentorial adult and pediatric
gliomas.

Although CypA expression was detected at high
levels in CSF specimens collected after radiation, we
also detected increased levels of CypA in specimens col-
lected prior to radiation therapy, demonstrating that
CypA secretion is not simply induced by cellular re-
sponse to treatment. Taken together, these data also
suggest that because CypA is most likely secreted by
DIPG tumor cells, it may be a valuable molecule for
screening for disease progression and assessing response
to treatment.
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Clinical Relevance of CypA

The data presented here demonstrate detection of
secreted CypA in CSF, urine, and blood serum specimens
from pediatric patients with DIPG. The diagnosis and
treatment of DIPG is largely based on tumor appearance
on MRI because tumor biopsy is rarely performed. In
contrast, collection and analysis of serum or urine speci-
mens from patients with DIPG could easily and quickly
be performed. Smith et al. (2008) demonstrated detec-
tion of urinary matrix metalloproteinases correlated
with the presence of a brain tumor and could serve as
biomarkers indicating presence of disease, tumor recur-
rence, and response to treatment.’’ CypA detection in
the serum or urine samples from patients with DIPG
could therefore potentially play a similar role in tumor
diagnosis and response to treatment at varied post treat-
ment time points in the absence of readily available
tissue. The clinical course and radiographic imaging of
the patients with DIPG studied here were reviewed:
high levels of secreted CypA expression correlated with
patients exhibiting rapid progression and regions of
central tumor necrosis on MR imaging. This suggests
that detection of secreted CypA could potentially facili-
tate subtype diagnosis, patient stratification for treat-
ment, and the prediction of tumor response to therapy.
Together, our data suggest secretion of CypA by BSG
cells and emphasize the need for further investigation
into its potential role in DIPG biology. Interfering with
CypA function could potentially blunt astroglial prolif-
eration and migration, inflammatory response, and
tumor angiogenesis. Therefore, further studies are war-
ranted to understand the precise role of CypA in pediat-
ric BSG and its potential as a therapeutic target.

DDAH1

We detected selective upregulation of DDAH1 in CSF
samples from patients with DIPG, compared with
normal controls. DDAH1 upregulation was validated in
CSF samples from 4 patients with DIPG by Western
blot analysis (Fig. 2A). DDAH1 is an isoform of DDAH
that is associated with neuronal nitric oxide synthase
function. DDAH is a 31kD enzyme that metabolizes the
asymmetric dimethlyarginine, an endogenous inhibitor
of nitric oxide synthesis. As an inhibitor of asymmetric
dimethlyarginine, DDAH overexpression indirectly
leads to an increase in nitric oxide expression.
Constitutive overexpression of DDAH1 has also
been shown to increase tumor growth, vascularization,
and secretion of vascular endothelial growth factor
(VEGF).>8-¢!

DDAHT1 expression has been detected in a variety of
tumor types, including brain tumors.’” =" In the sub-
jects studied here, patients with DDAHT1 expression in
CSF exhibited an aggressive clinical course and radio-
graphic findings consistent with rapid tumor growth
and local tumor invasion, including gadolinium en-
hancement, central tumoral necrosis, and high perile-
sional signals on T2-weighted and FLAIR sequences.
These data suggest that DDAH1 confers an advantage
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for in vivo gliomagenesis through its effects on tumor
angiogenesis.

We demonstrated that differential expression of
DDAHI1 is detectable in CSF samples from patients
with DIPG, which could have prognostic implications
for patient stratification and assessing treatment out-
comes. Although the mechanism of the role of DDAH1
in gliomagenesis is not entirely clear, it is thought that
the angiogenic and mitotic effects of DDAH1 are influ-
enced by local nitric oxide levels. DDAH1 also may
exhibit direct protein-protein interactions to affect cell
signaling and proliferation. For example, DDAH1 binds
to and has overlapping RNA expression patterns with
the Ras-pathway regulator neurofibromin 1 (NF1).6%¢3
Loss of function of tumor suppressor gene NF1 results
in glioma formation in familial neurofibromatosis type
1 and is also thought to play a role in sporadic gliomagen-
esis. Thus, the NOS and Ras pathway could play a signifi-
cant role in tumor progression and could therefore serve
as a potential therapeutic target for BSG.

Conclusions

Our data demonstrate, to the best of our knowledge, the
first comprehensive protein profile of CSF samples from
pediatric DIPGs. Through analysis of CSF samples from
10 children with DIPG, we detected differential expres-
sion of proteins that may represent tumor-specific
protein expression patterns. These data can be used to
elucidate pathways of tumor formation to guide
further research and development of targeted therapies
for this devastating disease. High-grade pediatric BSG
formation is likely to be a multifactorial process repre-
senting multiple tumor subtypes, including DIPG.
Because of this inherent variability and limited access

to tumor tissue, CSF analysis may be complementary
to radiography and neuropathology observation to
guide clinical diagnosis and management.

Supplementary Material

Supplementary material is available online at
Neuro-Oncology (http://neuro-oncology.oxfordjournals.

org/).
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