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TUMORIGENESIS AND NEOPLASTIC PROGRESSION
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Optic gliomas are brain tumors characterized by slow growth, progressive loss of vision, and limited
therapeutic options. Optic gliomas contain various amounts of myxoid matrix, which can represent most
of the tumor mass. We sought to investigate biological function and protein structure of the myxoid
matrix in optic gliomas to identify novel therapeutic targets. We reviewed histological features and
clinical imaging properties, analyzed vasculature by immunohistochemistry and electron microscopy,
and performed liquid chromatographyemass spectrometry on optic gliomas, which varied in the amount
of myxoid matrix. We found that although subtypes of optic gliomas are indistinguishable on imaging,
the microvascular network of pilomyxoid astrocytoma, a subtype of optic glioma with abundant myxoid
matrix, is characterized by the presence of endothelium-free channels in the myxoid matrix. These
tumors show normal perfusion by clinical imaging and lack histological evidence of hemorrhage
organization or thrombosis. The myxoid matrix is composed predominantly of the proteoglycan versican
and its linking protein, a vertebrate hyaluronan and proteoglycan link protein 1. We propose that
pediatric optic gliomas can maintain blood supply without endothelial cells by using invertebrate-like
channels, which we termed primitive myxoid vascularization. Enzymatic targeting of the proteoglycan
versican/hyaluronan and proteoglycan link protein 1 rich myxoid matrix, which is in direct contact with
circulating blood, can provide novel therapeutic avenues for optic gliomas of childhood. (Am J Pathol
2017, 187: 1867e1878; http://dx.doi.org/10.1016/j.ajpath.2017.04.004)

Optic gliomas are low-grade astrocytic tumors of the optic
pathway and occur predominantly in children and young
adults. The factors driving the behavior of optic gliomas
remain unknown. The genetic landscape of this tumor subtype is relatively homogeneous and insufﬁcient to explain the
diverse phenotypes and unpredictable clinical courses
observed.1,2 It is possible that the tumor microenvironment
plays an important role in the development of optic gliomas,
but in contrast to malignant gliomas, angiogenesis is not
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associated with poor outcomes. Optic gliomas typically grow
slowly, and may lead to loss of vision, endocrine deﬁciencies,
and neurological impairment. The role of surgery is limited
because of the critical location and inﬁltrative growth pattern
of optic gliomas. Other treatment modalities, including
chemotherapy and radiation therapy, carry signiﬁcant
morbidity and often fail to provide tumor control. Optic
gliomas are composed of two distinct histological subtypes,
pilocytic astrocytoma (PA) and pilomyxoid astrocytoma
(PMXA).3 Abundant bluish chondroid myxoid matrix, after
hematoxylin and eosin (H&E) staining, is characteristic of
PMXA but not PA, and typically accounts for >50% of
tumor volume. The biological role of the matrix protein
composition or its effect on tumor growth and angiogenesis
in PMXA is currently unknown. Interestingly, PAs are
commonly diagnosed throughout the brain, whereas PMXAs
arise almost exclusively in the optic tract, suggesting a role of
optic tract microenvironment in the development of this
particular subtype of low-grade gliomas. The prognostic
signiﬁcance of the myxoid matrix remains unknown,
partially because of a large number of tumors with intermediate features containing some myxoid matrix but not
fulﬁlling all the criteria for diagnosis of PMXA. The absence
of clear prognostic value of pilomyxoid features recently led
to changing the grade of PMXA from World Health Organization (WHO) grade II, and the current recommendation is
not to assign a WHO grade.3
Endothelial cells are necessary for angiogenesis in vertebrates, but not in invertebrates.4 Hypoxia is a strong stimulator
of angiogenesis in tumors and is driven largely by vascular
endothelial growth factor A secretion. Vascular endothelial
growth factor A mediates vasculogenesis by recruiting endothelial progenitors from circulating bone marrowederived
cells.5,6 Vascular endothelial growth factor Aedriven vascular
proliferation is a hallmark of malignant gliomas and is associated with aggressive tumor behavior and poor survival.3
During evolution, three major types of circulatory system
developed in metazoans: hemal, hemocoelic, and endothelial
system. Although vertebrates have a closed endothelial circulatory system and endothelial cells represent a key element
of vascular anatomy, the hemal and hemocoelic systems of
invertebrates lack endothelial cells. The hemal system of invertebrates consists of a network of spaces lined by basement
membranes internally and endodermal or mesodermal
epithelial lining on the opposite side.7,8 In the hemocoelic
system, the hemal system opens to the coelomic cavity and
blood freely circulates around the organs, which is frequently
associated with disappearance of the coelomic epithelium.4,7
The question of whether human tumors can develop alternative, invertebrate-like, mechanisms for obtaining blood supply
led us to discover a biologically novel endotheliumindependent mechanism of tumor vascularization distinct
from the mechanism of conventional vertebrate angiogenesis.
Currently, there are no non-Nf1 murine models of optic
glioma or pilomyxoid astrocytoma. Because of the inability
of genomic analysis to explain the differences between
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pilocytic and pilomyxoid astrocytomas, we chose a
proteomic-based approach to identify both structure and
biology of the myxoid matrix. Herein, we show that pediatric optic pathway gliomas maintain their blood supply and
neoplastic cell growth independent of endothelialized blood
vessels. Using high-throughput proteomic analysis, we
describe, for the ﬁrst time, the protein structure of the
myxoid matrix in optic gliomas and identify potential
extracellular matrix targets for therapy of this disease.

Materials and Methods
Clinical Data and Imaging
Clinical information was obtained from the medical records on
120 patients diagnosed as having optic glioma at New York
University between 1996 and 2014 after obtaining Institutional
Review Board approval. Axial T2, precontrast, and postcontrast T1 weighted magnetic resonance images were
reviewed by two investigators (R.J. and B.C.). Diameters,
margins, heterogeneity, and percentage of the contrast
enhancement, extent of edema, and presence or absence of
susceptibility, cysts, necrosis, and hemorrhage were evaluated.
Perfusion was evaluated where available. Because of the
changes in imaging techniques, a complete set of comparable
clinical imaging studies was available for 10 optic gliomas.

Histology and Immunohistochemistry
Histological features of the samples were evaluated by two
neuropathologists (M.S. and D.Z.) using standard, clinical
H&E staining. Following clinically approved protocols, the
following antibodies were used for immunohistochemical
analysis of 12 optic gliomas for which sufﬁcient tissue was
available: CD34, prediluted (catalog number 790-2927;
Ventana Medical Systems, Tuscon, AZ); Erg, prediluted
(catalog number 790-4576; Ventana Medical Systems);
GLUT-1, prediluted (catalog number 355A-18; Cell Marque, Rocklin CA); CA-IX, prediluted (catalog number
379M-18; Cell Marque); and Ki-67, prediluted (catalog
number 790-4286; Ventana Medical Systems). Microvascular density was assessed as described previously9 and
presented as number of blood vessels per mm2. The proliferation rate was calculated as a ration of Ki-67epositive
cells after 500 total tumor cells were counted. Data are
expressed as means  SEM. The principal statistical test
was the t-test (two-tailed with unequal variance). We
considered a value of P < 0.05 to be statistically signiﬁcant.
The Versican isoform V1 expression was conﬁrmed using
anti-Versican antibody (ab19345) from Abcam (Cambridge,
MA) after heat-induced antigen retrieval (dilution, 1:100).

Electron Microscopy
Three optic pilomyxoid astrocytomas had tissue collected at
the time of surgery for electron microscopy studies.

ajp.amjpathol.org

-

The American Journal of Pathology

Endothelium-Independent Blood Vessels
Specimens for electron microscopy were ﬁxed in phosphatebuffered 1% glutaraldehyde/4% paraformaldehyde, postﬁxed in 1% osmium teroxide, and embedded in epoxy resin
in a standard manner. Scout sections (1 mm thick) were
stained with toluidine blue; thin (90 nm thick) sections were
collected on open-slot collodion-coated grids, stained with
uranyl acetate and lead citrate, and examined in a Zeiss
EM900 electron microscope (ZEISS, Oberkochen, Germany) at 80 kilovolts. Sections were independently evaluated by two observers (J.J.R. and M.S.).

LC-MS and Data Analysis
Digestion of Tissue Samples
Liquid chromatographyemass spectrometry (LC-MS) was
performed on 10 snap-frozen tumors previously collected by the
New York University Brain Tissue Repository. Tissue samples
were lysed by sonication in a solution containing 9 mol/L urea,
20 mmol/L Tris, pH 8, 0.2 mmol/L EDTA, and protease inhibitors (Complete tablet; Roche, Mannheim, Germany).
Proteins were then reduced with dithiothreitol and alkylated
with iodoacetamide before overnight digestion with trypsin at
37 C. The tryptic peptides were desalted using StageTips
(Thermo Fischer Scientiﬁc, West Palm Beach, FL) and dried.
LC-MS
Each biological replicate was analyzed three times by
LCeMS, using a Thermo Scientiﬁc EASY-nLC 1000
coupled to a Q Exactive mass spectrometer (Thermo Fisher
Scientiﬁc). A self-packed 75-mm  25-cm reversed-phase
column (Reprosil C18; 3 mm; Dr. Maisch HPLC GmbH,
Ammerbuch, Germany) was used for peptide separation.
Peptides were eluted by a gradient of 3% to 30% acetonitrile
in 0.1% formic acid over 180 minutes at a ﬂow rate of 250
nL/minute at 45 C. The Q Exactive was operated in datadependent mode with survey scans acquired at a resolution
of 50,000 at m/z 400 (transient time, 256 milliseconds). Up
to the top 10 most abundant precursors from the survey scan
were selected with an isolation window of 1.6 Thomsons
and fragmented by higher-energy collisional dissociation
with normalized collision energies of 27. The maximum ion
injection times for the survey scan and the MS/MS scans
were 20 and 60 milliseconds, respectively, and the ion target
value for both scan modes was set to 1,000,000.

modiﬁcations for database searching. The precursor and
fragment mass tolerances were set to 7 and 20 ppm,
respectively. Both peptide and protein identiﬁcations were
ﬁltered at 1% false discovery rate based on decoy search
using a database with the protein sequences reversed.
Proteomics Data Analysis
For each condition, there were three to four biological replicates and three technical replicates. The R package limma
(www.bioconductor.org) was used to perform the following
analysis. Raw spectral counts were normalized by the total
number of counts per sample and then log2 transformed.
Precision weights were calculated for each observation
using the voom algorithm, and technical replicates were
blocked. A linear model was ﬁt to the data that took into
account the interreplicate correlation, the precision weights,
and the replicate blocking. limma uses the empirical Bayes
method of readjusting the residual variances to increase
statistical power for all parallel t-tests. Statistical
signiﬁcance is presented as a q value (ie, a P value that has
been adjusted for multiple hypothesis testing). All genes
with all positive fold changes and a q value of <0.05 were
considered. limma is an open-source software package
originally developed for microarray analysis and then later
modiﬁed to handle RNA-sequencing counts data. It has been
shown that the analogous nature of RNA-sequencing counts
data and proteomics spectral counts data means that proteomics data sets can take advantage of the statistical tools
developed for RNA-sequencing counts data.10
Bioinformatics Data Mining for Protein-Protein Interactions
Four databases were used to mine protein-protein interactions
(PPIs): BioGRID, SPIKE, IntAct, and APID. IntAct also
contains data from MINT. These databases were chosen for
having purely evidence-based PPIs. REST APIs developed
by PSICQUIC were queried using an in-house script (https://
github.com/pambot/GEPPI, last accessed January 17, 2017)
to form a network graph ﬁle (GLM format) of all PPIs
between signiﬁcantly regulated proteins, which was then
imported into Cytoscape for visualization.

Results
Histological Subtypes of Optic Gliomas Are
Indistinguishable by Imaging

Protein Identiﬁcation
The raw ﬁles were processed using the MaxQuant computational proteomics platform version 1.2.7.0 (Max Planck
Institute, Munich, Germany) for protein identiﬁcation. The
fragmentation spectra were used to search the UniProt
human protein database (downloaded February 8, 2013)
containing 87,647 protein sequences and allowing up to two
missed tryptic cleavages. Carbamidomethylation of cysteine
was set as a ﬁxed modiﬁcation, and oxidation of methionine
and protein N-terminal acetylation were used as variable

The American Journal of Pathology

-

ajp.amjpathol.org

To explore the role of the myxoid matrix and its contribution to optic glioma biology, we reviewed clinical and
pathological data on a cohort of 120 patients with optic
gliomas diagnosed at New York University Langone Medical Center from 1996 to 2014. By histology, 43 (36%) of
the tumors were classiﬁed as PA (Figure 1, E and F) and 25
cases (21%) ﬁt the WHO criteria for a PMXA (Figure 1, C
and D).3 However, 52 cases (43%) could not be deﬁnitively
classiﬁed as either PA or PMXA and were best classiﬁed
as pilocytic astrocytoma with pilomyxoid features
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Figure 1 Imaging, histological, and immunophenotypic characteristics of optic gliomas and the microvascular network. A and B: Pilocytic astrocytoma
(PA) and pilomyxoid astrocytoma (PMXA) are both well perfused and cannot be distinguished on imaging; however, they differ in the amount of the myxoid
matrix and vascular density. PMXA (blue arrowhead; A) and PA (red arrowhead; B) are tumors of the optic tract. From left to right: Axial T2 and precontrast
and post-contrast T1 weighted magnetic resonance images showing well-deﬁned, T2 hyperintense, homogeneously enhancing PMXA involving the optic chiasm
without any cyst formation or necrosis (A) and demonstrating well-deﬁned PA involving the optic chiasm but with slightly heterogeneous nodular
enhancement with multiple small cysts (B). CeF: Histological evaluation after hematoxylin and eosin staining shows abundant bluish myxoid matrix traversed
by blood-ﬁlled channels in PMXA (arrows; C and D) but not PA (E and F). GeN: When evaluated by immunohistochemistry, channels in the myxoid matrix of
PMXA (arrows) lack endothelial cells by CD34 (arrowheads, G) and Erg (arrowheads, H), markers, when compared to PA without myxoid matrix (arrowheads,
I and J, respectively). However, by GLUT-1 stain, PMXA (K) and PA (M) both show good perfusion by nonendothelialized primitive myxoid vascularization
channels (arrows in K) or by endothelialized blood vessels (arrowheads, M), respectively. Both tumor types lacked necrosis and were negative for hypoxia
marker CA-IX (L and N), conﬁrming equally efﬁcient blood supply. n Z 6 per group for all comparisons (GeN). Scale bar Z 50 mm (CeN).

(PA/PMXA). PA/PMXA tumors showed various amounts
of myxoid matrix present in the tumor. Furthermore, there
was marked intratumoral heterogeneity, with some areas of
a tumor showing morphological features of a PA and some
of a PMXA. Because optic gliomas are rarely excised
completely, there is a possibility of sampling bias that can
inﬂuence the ﬁnal histological diagnosis. Therefore, we
sought to establish whether PA and PMXA can be distinguished by imaging. When comparing imaging properties of
optic gliomas, for which complete comparable preoperative
magnetic resonance imaging was available, we found that
PA and PMXA are indistinguishable by imaging features
(n Z 5 per group). All optic gliomas had relatively welldeﬁned margins and showed heterogeneous contrast
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enhancement, suggesting rich, but abnormally leaky,
vasculature. Tumor necrosis was absent in all samples,
indicating that neither hypoperfusion nor hypoxia was present (Figure 1, A and B).

Pilocytic and Pilomyxoid Astrocytomas Show Different
Microvascular Density but Similar Perfusion
To characterize the microvascular density of optic PA and
PMXA on the tissue level, we performed histological and
immunohistochemical analysis of six PAs and six PMXAs.
We excluded all tumors that had mixed features (PA/
PMXA) because of the high variability between different
tissue blocks. Although our imaging analysis suggested
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equal blood supply and no hypoxia in both PAs and
PMXAs, our histological analysis (Figure 1, CeF) and
immunohistochemistry (Figure 1, GeN) demonstrated that
PMXA tumors, in contrast to PAs, exhibited signiﬁcantly
lower microvascular density. This was deﬁned by the
presence of CD34-positive (8.1 versus 14.5 blood vessels/
mm2; P < 0.002) (Figures 1, G and I, and 2A) and Ergpositive (7 versus 13.6 blood vessels/mm2; P Z 0.003)
(Figures 1, H and J, and 2B) endothelium-lined channels.
However, when we evaluated the number of perfused blood
vessels using GLUT-1, which highlights erythrocytes as
well as brain endothelial cells, there was no difference in the
number of perfused blood channels between PMXA and PA
(15.4 versus 14.5 blood vessels/mm2) (Figures 1, K and M,
and 2C). We deﬁned a perfused blood vessel as a vascular
channel ﬁlled with GLUT-1epositive erythrocytes,
irrespective of the presence of the endothelium. Furthermore, PMXA and PA tumor subtypes demonstrated an
absence of both necrosis on H&E staining and hypoxia by
immunochemistry (Figure 1, L and N). In addition, both
tumors displayed similar tumor cell proliferation rates by
Ki-67 (Figure 2D). Together, these ﬁndings suggest equal
functional perfusion of both tumor subtypes. Last, GLUT-1
immunohistochemistry (Figure 1K) highlighted large
perfused channels within the myxoid matrix apparent on
H&E staining (Figure 1, C and D). These channels maintained the shapes of blood vessels; however, they were
completely devoid of endothelial cells (Figure 1, G and H).
None of these channels showed histological signs of
thrombus organization, ﬁbrin thrombi, or hemosiderin
deposition, suggesting that these were not recent or remote
hemorrhages into a myxoid matrix. These channels were
completely absent in all PAs, which in all cases showed
endothelialized blood vessels (Figure 1, E and F). There are
currently no patient-derived or genetically engineered murine models of PMXA, which precludes in vivo analysis of
perfusion. However, in three PMXA patients, a tumor
perfusion analysis was available, showing that areas of
enhancement corresponded to increased blood volume,
suggesting preserved perfusion in PMXA (Supplemental
Figure S1), which is concordant with previous optic
glioma imaging studies.11,12

Vascular Channels in Pilomyxoid Astrocytomas Lack
Endothelial Cells
Serial sectioning of PMXAs showed that erythrocytes are
present in endothelialized blood vessels, which open into
spaces surrounded by tumor astrocytes and ﬁnally only
surrounded by the myxoid matrix (Figure 3). To conﬁrm the
absence of endothelial cells in these myxoid channels at the
ultrastructural level, we performed electron microscopy and
mapped the tumoral vascular network of three PMXAs for
which tissue of sufﬁcient quality was available for electron
microscopy. We found that PMXAs have regular vertebrate
blood vessels with endothelial lining (Figures 2E and 3) as
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Figure 2

Blood supply in pilomyxoid astrocytoma (PMXA) is maintained
by endothelium-independent myxoid matrix (MYX). AeC: Microvascular
density (presented as number of blood vessels per mm2) is markedly lower
in PMXA when judged by the number of vascular channels positive for
endothelial markers CD34 (A) and Erg (B); however, there is no difference
when tumors are compared for the number of perfused blood vessels by
GLUT-1, the marker of erythrocytes (C), suggesting equally well-perfused
tumor tissue. D: In addition to the lack of hypoxia (Figure 1, L and N),
the proliferation rate is similar in both groups of tumors. EeH: When
PMXAs were evaluated by electron microscopy, erythrocytes (Ery) are
identiﬁed within a framework of normal endothelium-lined blood vessels
(red arrows; E), as well as transitional astrocyte (Ast)-lined channels
(black arrows; F) and ultimately within the myxoid matrix (G and H). The
red box in G is shown at higher magniﬁcation in H. Myxoid channels are
devoid of endothelial lining and smooth muscle cells, whereas there is
abundant ﬁbrin (arrowheads), at the myxoid matrix-erythrocyte interface.
Of note, ﬁbrin ﬁbers, which would suggest organizing hemorrhage, are not
present in between erythrocytes. Data are expressed as means  SEM.
n Z 6 per group for all comparisons (AeD); n Z 3 (EeH). *P < 0.005
(two-tailed t-test). Scale bars: 5 mm (E); 1 mm (FeH).

well as channels completely lacking endothelial and smooth
muscle cells (Figures 2G and 3). We observed neither
myxoid channels partially lined by endothelial cells nor
myxoid channels with isolated endothelial cells, conﬁrming
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Figure 3

Primitive myxoid vascularization and normal vasculature. A and B: Blood enters primitive myxoid vascularization (PMV) from a capillary
(asterisk) lined by endothelium (dashed arrows) into space lacking endothelial lining but surrounded by glial (tumor) cells (red arrows). Boxed area in A is
shown at higher magniﬁcation in B. See also Figure 2, E and F, for ultrastructural features. CeK: Serial sectioning shows continuity of the PMV channels and
the transitional zone. Lower-power view (at level 3) showing critical elements of the pilomyxoid astrocytoma vasculature: endothelium-lined blood vessels
(dashed arrow), tumor cells (red arrows), and two branches of a PMV channel (asterisks and dagger; C). Four consecutive sections (levels 1 to 4 from top to
bottom) of the PMV channels; asterisks and daggers showing the connection (D and E), followed by separation of both channels (FeK). Blood is in close
contact with glial tumor cells (red arrows) and nonendothelialized myxoid matrix (red arrowheads). Boxed areas in E, F, I, and J and shown at higher
magniﬁcation in D, G, H, and K, respectively. No microthrombi are present. Scale bars Z 50 mm (AeK).

complete absence of endothelial cells within the myxoid
matrix. Complete lack of endothelial cells by ultrastructural
analysis also excludes a possibility of primitive endothelial
cells or endothelial cell precursors that would lack CD34 or
Erg expression. In addition, we identiﬁed a transitional zone
between both types of blood channels, which was lined by
glial cells in direct contact with erythrocytes (Figures 2F
and 3). Channels in the myxoid matrix also lacked any
ultrastructural evidence of basement membrane (Figure 2H),
arguing against the secondary involution of the endothelial
cell layer. The myxoid matrix contained ﬁbrin ﬁbers, which
outlined the channel, generating a pseudomembrane in
response to erythrocyte pressure on the matrix. These ﬁbrin
ﬁbers were present only in the myxoid matrix, but not
around normal blood vessels, intermediate channels, or
tumor cells (Figure 2, EeG). Therefore, we concluded that
ﬁbrin in the myxoid matrix may have been extravasated
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from the blood because of the lack of an endothelial barrier.
Fibrin extravasation from plasma into myxoid matrix may
be a possible mechanism by which blood in myxoid channels does not develop ﬁbrin microthrombi.

Protein Composition of Myxoid Matrix in Optic Gliomas
When endothelial cells are not present, blood will coagulate instantly when in contact with tumor cells.13 However,
myxoid matrix secreted by glioma cells does not trigger
coagulation. To identify the biochemical composition of
the myxoid matrix, we performed LC-MS without sample
fractionation,14,15 and for quantiﬁcation, we used peptide
spectral counts10 (Figure 4A). Proteomic analysis is superior to immunohistochemistry as it allows unbiased quantitative detection of peptides and proteins. We compared 10
optic glioma samples from non-neuroﬁbromatosis type 1
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Figure 4

Proteomic landscape of optic gliomas. A: Optic gliomas show distinct proteomic spectra that separate them into three groups: pilocytic
astrocytoma (PA), pilomyxoid astrocytoma (PMXA), and intermediate PA/PMXA category. B: When comparing the top 10 relatively overexpressed and
underexpressed proteins, PMXA and PA/PMXA are distinctly different from PA, including expression of versican (VCAN) and its paralog vertebrate hyaluronan
and proteoglycan link protein 1 (HAPLN1). The top 10 most abundant proteins detected in optic gliomas, which are unchanged, are also shown. C and D: The
amount of bluish myxoid matrix material present in optic gliomas on hematoxylin and eosin evaluation (C) strongly correlates with increased protein
log-counts for VCAN and HAPLN1 obtained by liquid chromatographyemass spectrometry (D). With increase of these myxoid extracellular matrix proteins,
there is also increase of apolipoprotein E (ApoE), which may represent a mechanism by which these channels avoid endothelial ingrowth. Data are expressed as
means  SEM (D). *q < 0.05, **q < 0.001, and ***q < 0.0001. Original magniﬁcation, 200 (C). F, female; M, male; Mut, BRAF V600E mutated; Nf1,
neuroﬁbromatosis type 1; Wt, wild type.

patients in which sufﬁcient frozen tumor tissue was
available for analysis. Patients were sex, age, and BRAF
status matched, but differed in ﬁnal histological diagnosis:
PA (n Z 4), PMXA (n Z 3), and tumors with intermediate
pathological features (PA/PMXA, n Z 3) (Figure 4, A and
B). Clinical data are summarized in Figure 4B. The three
groups of tumors differed in the amount of the myxoid
matrix present on H&E staining (Figure 4C). In addition,
their proteomic proﬁles separated them into three distinct
subgroups by unsupervised analyses matching their histological classiﬁcation. In total, we identiﬁed 5389 proteins,
of which 188 were differentially expressed in the three
groups (P < 0.05, Benjamini-Hochberg adjustment). Between PA and PMXA, we found that most of differentially
expressed proteins (146/188) displayed a positive fold
change (deﬁned as increasing in PMXA relative to PA),
and a minority (42/188) showed a negative fold change.
The most abundant extracellular matrix protein with
highest spectral count change between PA and PMXA and
highest MS signal intensity and count of matched MS/MS
spectra was a large chondroitin sulfate proteoglycan, versican (VCAN). VCAN is a versatile proteoglycan with
numerous roles in vascular and tumor extracellular matrix
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biology.16e18 VCAN was identiﬁed as the most abundant
protein based on total intensity and showed a 3.7-fold increase (Q Z 0.000463). The versican molecular exists in at
least four different isoforms generated by alternative
splicing (V0, V1, V2, and V3). These isoforms differ in the
size of the core protein and the number of attached chondroitin sulfate chains and cannot be reliably distinguished
by LC-MS. Furthermore, these isoforms are present in
different physiological and pathological states. To identify
the speciﬁc VCAN isoform and conﬁrm in the tissue sections that VCAN is produced directly by tumor cells, we
performed immunohistochemistry. Immunohistochemical
analysis conﬁrmed VCAN isoform V116 is produced by
glioma cells and secreted in the extracellular matrix
(Figure 5). VCAN isoform V1 is expressed in brain as well
as in some brain tumors. Expression of VCAN is critical
for ocular development, and genetic defects in VCAN can
cause autosomal dominant vitreoretinal degeneration
(Wagner syndrome; Mendelian Inheritance in Man
143200) characterized by an empty vitreous cavity.19e21
VCAN interacts with link proteins [vertebrate hyaluronan
and proteoglycan link protein 1 (HAPLN)] to bind hyaluronan and stabilize the extracellular matrix.16 The critical
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Figure 5 Versican (VCAN) V1 expression in optic gliomas by immunohistochemistry. Strong expression of VCAN isoform V1 is present in
pilomyxoid astrocytoma (PMXA; A and B), both in myxoid matrix (MYX; A)
as well as in tumor cells (arrows), suggesting tumor cells are secreting
VCAN into the extracellular space. Moderate expression is observed in
pilocytic astrocytoma (PA)/PMXA (C), whereas little expression is detected
in PA by immunohistochemistry (D). Scale bar Z 50 mm (AeD).

role of VCAN in eye development may be the reason why
PMXA, which is characterized by massive abundance of
myxoid matrix, originates almost exclusively in the optic
pathway. In contrast, PA tumors can arise anywhere within
the brain.
The second most common protein identiﬁed was VCAN’s
paralog, HAPLN1 (Figure 4, B and D). HAPLN1 showed a
22-fold increase from the PA to the PMXA group
(Q Z 4.60  107). HAPLN1 (alias cartilage-linking protein 1) plays an important role stabilizing proteoglycan
monomers with hyaluronic acid in the cartilage matrix. In
contrast to brain-speciﬁc HAPLN2 and HAPLN4, HAPLN1
was not found to be expressed in the brain initially.22
However, the role of HAPLN1 is increasingly recognized
as a part of the so-called perineuronal net protecting neurons.23 Furthermore, HAPLN1 is present in the eye.24
HAPLN1 and VCAN were the two most signiﬁcantly
positively regulated genes between PA and PMXA,
according to protein spectral counts.
In addition, extracellular matrix protein 1, which is normally involved in enchondral bone formation and skin
maintenance, also showed a signiﬁcant 10-fold increase
from the PA to the PMXA tumor group (Q Z 0.000614),
and inter-alphaetrypsin inhibitor heavy chain H1, which
showed a fold change of 1.6 (Q Z 0.00140), may play the
role in carrying hyaluronan into this proteoglycan complex
(Supplemental Figure S2).
In addition to PA and PMXA, our analysis included three
optic gliomas with features of both PA and PMXA (PA/
PMXA), clinically reported as pilocytic astrocytomas with
pilomyxoid features. By proteomic spectra, these mixed
tumors showed features intermediate between PA and
PMXA. Based on levels of most abundant proteins, these
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mixed tumors appeared closer to the PMXA subgroup
(Figure 4 and Supplemental Figure S2), suggesting that
these tumors may clinically behave more like PMXA.
Because our ultrastructural analysis identiﬁed no endothelial
cells in the primitive myxoid channels, which would be
expected to grow from the main endothelium-lined vascular
network into the matrix, we sought to identify a potential
antiangiogenic protein that could inhibit endothelial migration into the myxoid matrix of optic gliomas. For almost 40
years, vitreous has been known to display a strong inhibitory effect on neovascularization.25 Apolipoprotein E is
known to be secreted into the vitreous by glial cells26 and
has previously been shown to be a potent antiangiogenic
factor.27 Apolipoprotein E was among the top ﬁve proteins
identiﬁed by spectral counts in PMXA and showed a
signiﬁcant 2.7-fold increase (Q Z 0.000626) from PA to
PMXA tumors (Figure 4D).
We hypothesized that the structural proteins identiﬁed by
our analysis should have well-established interactions and
form simple complexes. Four databases were used to assess
PPIs28: BioGRID, SPIKE, APID, and IntAct, which also
contains data from MINT.29e32 These databases were chosen
for having evidence-based PPIs. We found that the two most
signiﬁcant proteoglycans we identiﬁed, VCAN and
HAPLN1, are part of a distinct and separate extracellular
matrix regulation scheme (Figure 6), supporting our idea that
the myxoid matrix structure generated by tumors is simple
and composed of few components. These molecules crosslink to form a bioactive polymer that responds to biomechanical pressure of tumor tissue and circulating blood,
analogous to cartilage response to mechanical pressure.33

Discussion
Herein, we show that optic gliomas can develop
endothelium-independent channels reminiscent of those in
invertebrates facilitated by a vitreous-like extracellular matrix. In vertebrate organisms, endothelial cells play the main
role in physiological as well as pathological angiogenesis,
including cancer. Neovascularization is a hallmark feature of
human gliomas, and ﬁve distinct mechanisms have been
described: i) vascular co-option, ii) angiogenesis, iii) vasculogenesis, iv) vascular mimicry, and last v) endothelial cell
transdifferentiation.5 Our ﬁndings reveal a previously unrecognized mechanism characterized by tumors producing a
glycosaminoglycan-rich extracellular matrix, which enables
endothelium-free blood circulation. Prototypical pathological neovascularization in gliomas results in endothelial
proliferation with tortuous and abnormally branching leaky
vessels, leading to thrombosis, hypoxia, and necrosis.
However, our human imaging and histology data suggest that
primitive myxoid vascularization (PMV) lacks thrombosis
and provides oxygen and nutrients at a level similar to
endothelialized blood vessels in grade-matched astrocytic
tumors. The blood exiting vascular spaces is somewhat
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Figure 6 Protein-protein interactions network in optic gliomas. Protein-protein interactions database mining retrieved all experimentally derived pairs of
protein interactions out of the list of differentially expressed proteins in our samples. A network graph was built with positive fold-changes [increasing in
pilomyxoid astrocytoma (PMXA) relative to pilocytic astrocytoma (PA)] in red and negative (decreasing in PMXA relative to PA) fold changes in blue. Versican
(VCAN; arrow) and vertebrate hyaluronan and proteoglycan link protein 1 (HAPLN1; arrowhead) have a well-established interaction and are part of a distinct
branch of the proteoglycan family of proteins interacting with each other (boxed area). HAPLN1, which showed the highest increase between PA and PMXA,
interacts with VCAN, which was the most abundant protein by liquid chromatographyemass spectrometry.

reminiscent of a vascular mimicry, a phenomenon well
documented previously in uveal melanoma and malignant
glioma.34,35 Several studies have also shown that in vascular
mimicry, erythrocytes are in direct contact with tumor cells
expressing anticoagulative endothelial and stem cell
markers,36,37 and that vascular mimicry channels are deﬁnitely anastomosed with the vasculature mainframe and they
exhibit blood ﬂow via imaging studies.38e40 Although our
study lacks murine models that would allow conducting a
similar analysis, these vascular mimicry studies provide
strong evidence that nonendothelialized vascular channels in
tumors can be connected to the vasculature with preserved
blood ﬂow. However, in contrast to vascular mimicry, where
blood is solely in contact with tumor cells, PMV is facilitated
by abundant myxoid matrix separating tumor cells from the
blood. The massive amount of myxoid matrix is a characteristic feature of optic gliomas, largely responsible for the
mass effect of the tumor and not present in other cancers;
however, its biological function remained elusive. Our report
suggests that it may play a critical role in blood supply.
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Loss of endothelial cells is a strong trigger of coagulation
cascade, and ﬁbrin thrombi can be identiﬁed in tissues easily
by histology or by electron microscopy. In vascular mimicry,
which also lacks endothelial cells, the expression of anticoagulative factors has been clearly documented on tumor
cells, allowing blood to ﬂow freely by preventing tissue
factoremediated clotting.41 In the complete absence of
endothelial cells, we observed direct contact of erythrocytes
with the myxoid matrix by electron microscopy. However,
we did not observe ﬁbrin thrombi in the PMV channels,
although we identiﬁed massive deposition of ﬁbrin ﬁbers in
the myxoid matrix by electron microscopy. Because ﬁbrin is
a critical component of a blood clot, the lack of ﬁbrin, which
is absorbed by the myxoid matrix, may contribute to the lack
of coagulation and preservation of the blood ﬂow, although
this will require further mechanistic evidence. Although
hypercoagulation is a known paraneoplastic syndrome of
many solid tumors, hypocoagulative properties of isocitrate
dehydrogenase genes 1/2 mutant gliomas have recently been
recognized.42
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The timeline of the PMV evolution during tumor development remains unclear. PMXA contains a framework of
normal blood vessels from which nonendothelialized
channels branch out with short intermediate segments lined
by tumor astrocytes. It is possible that PMV channels were
originally lined by endothelial cells, which then regressed
during tumor growth. Although we cannot exclude that loss
of endothelium occurred after development of PMV channels, we did not observe any evidence of a basement
membrane or partially lined channels that would suggest the
presence of a preexisting or involuting endothelial layer.
The lack of patient-derived orthotopic or genetically
engineered mouse models of PMXA currently precludes
mechanistic studies of optic glioma angiogenesis.
We identiﬁed VCAN as the major structural component of
the myxoid matrix in optic gliomas. VCAN is a proteoglycan
that belongs to the family of large aggregating chondroitin
sulfate proteoglycans, hyalectins. The hyalectin family also
includes aggrecan, present in cartilage; brevican and neurocan, which are prominent in the nervous system; and versican,
which is mostly present in the soft tissues. VCAN has been
shown to play a central role in extracellular matrix, such as
elastic ﬁber assembly interacting with ﬁbrilin and ﬁbulin.16
The entanglement of absorbed ﬁbrin observed in our study
may represent a similar mechanism to maintain elasticity of
the myxoid matrix in response to the blood pressure. The
revealed complexity of optic glioma microenvironment and
potential dependence on the myxoid matrix in addition to a
combination of endothelialized and nonendothelialized blood
vessels may be the reason why optic glioma cells do not grow
well in vitro, precluding detailed cell culture studies. The
development of murine models of optic glioma has also been
challenging despite their well-understood genetics. There are
currently no murine models of pilomyxoid astrocytoma or
non-Nf1 models of optic glioma. One potential explanation is
that the murine optic system microenvironment does not
reﬂect that of humans or that different proteins are expressed
during murine optic tract development.
Grading of pilomyxoid astrocytoma has recently been
changed from WHO grade II with the recommendation not
to assign the WHO grade, citing the insufﬁcient evidence to
establish prognostic signiﬁcance of the pilomyxoid histology for poor outcome. This is in part because of relatively
loose diagnostic criteria of pilomyxoid astrocytoma, resulting in a large number of tumors showing intermediate features. Our data indicate that tumors with mixed PA/PMXA
features appear, at least on the proteomic level, closer to
PMXA than to PA regardless of the underlying genetics. In
future studies, pilomyxoid diagnosis may be better deﬁned
by the presence of VCAN than histological features alone.
Our ﬁndings are focused on optic gliomas, but myxoid
matrix has long been observed in a variety of human cancers
by pathologists.43 To explore whether similar structures
are found in other tumors with abundant myxoid matrix,
we reviewed histological sections of archival cases of
clear cell carcinoma of the kidney, chordoid meningioma,
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Figure 7

Primitive myxoid vascularization (PMV) in other tumors. In
addition to optic gliomas, we observed PMV (arrows) in other tumors with
abundant myxoid matrix, such as renal clear cell carcinoma (A), meningioma (B), chordoma (C), and chondrosarcoma (D), suggesting that
endothelium-independent vascularization may be present in other neoplasms throughout the body and may represent more common biological
phenomena. Scale bar Z 50 mm (AeD).

well-differentiated chondrosarcoma, and chordoma. Histological analysis of these other tumor types exhibited similar
channels lacking endothelial lining (Figure 7), suggesting
that the primitive myxoid vascularization is not unique to
optic pathway gliomas, but may represent a more common,
previously unappreciated, biological phenomenon of the
tumor microvasculature in cancer. However, further studies
are necessary to identify structural proteins of the myxoid
matrix in these nonecentral nervous system tumors.
Why tumors may develop endothelium-free channels
during their growth remains unclear. One possible explanation as to why tumor cells revert to an evolutionary
primitive mechanism is that this mechanism of blood supply
allows the tumor to maintain blood supply by fewer endothelial cells in the tumor mass. With endothelial cells limited
mostly to the larger vascular branches and diffusion of
oxygen and nutrients from circulating blood through the
acellular myxoid matrix directly to tumor cells, the primitive
myxoid vascularization may provide cancer cells with a
competitive advantage in access to nutrients and oxygen.
Future animal studies are necessary to provide direct evidence of blood ﬂow in PMV and to elucidate the mechanism
of PMV development and biological function.
Last, our ﬁndings present a potential therapeutic avenue
in optic gliomas by targeting the extracellular matrix. The
myxoid matrix is in direct contact with blood with no
intervening endothelium blood-brain barrier and is therefore
readily accessible to blood circulating therapeutics. Targeting the PMV matrix with VCAN/HAPLN1 cleaving enzymes may provide novel avenues for therapy of optic
gliomas. Directly targeting these matrix proteins has the
potential to both decrease the tumor mass and its pressure on
the brain/optic tract and enable chemotherapy and targeted
agents to better reach tumor cells.
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