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Abstract
CD97 is a novel glioma antigen that confers an invasive phenotype and poor survival in pa-

tients with glioblastoma (GBM), the most aggressive primary malignant brain tumor. The

short isoform of CD97, known as EGF(1,2,5), has been shown to promote invasion and me-

tastasis, but its role in gliomas and GBM-derived brain tumor initiating cells (BTICs) has not

been studied. We sought to characterize CD97 expression among gliomas and identify the

specific isoforms expressed. The short isoform of CD97 was identified in GBM and GBM-

derived BTICs, but not low grade or anaplastic astrocytomas. All samples expressing the

EGF(1,2,5) isoform were also found to express the EGF(1,2,3,5) isoform. These isoforms

are believed to possess similar ligand binding patterns and interact with chondroitin sulfate,

a component of the extracellular matrix, and the integrin α5β1. Using data acquired from the

Cancer Genome Atlas (TCGA), we show that CD97 is upregulated among the classical and

mesenchymal subtypes of GBM and significantly decreased among IDH1 mutant GBMs.

Given its proven roles in tumor invasion, expression among aggressive genetic subtypes of

GBM, and association with overall survival, CD97 is an attractive therapeutic target for pa-

tients with GBM.

Introduction
Glioblastoma (GBM) is the most common and aggressive primary malignant brain tumor with
a median survival of less than two years [1,2]. The invasive nature of these tumors prevents
complete removal despite aggressive surgical resection. Intracranial dissemination, either at
diagnosis or progression, is a poor prognostic factor associated with decreased survival [3].
Mechanisms underlying glioma invasion are complex and only partially understood. We have
previously demonstrated that both U251 and U87MG GBM cell lines robustly express CD97.
When CD97 expression was suppressed using small interfering RNA (siRNA), these cell
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lines demonstrated significant reductions in migration and invasion with no effect on
proliferation [4].

CD97 is a member of the epidermal growth factor seven-span transmembrane (EGF-TM7)
family of adhesion G-protein coupled receptors (GPCRs), which consists of proteins that are
expressed mainly on the surface of leukocytes [5]. CD97 is found on lymphocytes, monocytes,
macrophages, dendritic cells, granulocytes, and smooth muscle [6]. It is rapidly upregulated
during lymphocyte activation and has been implicated in cell adhesion and migration via inter-
actions with cell surface proteins and components of the extracellular matrix (ECM). The three
known ligands of CD97 include: CD55, a negative regulator of the complement cascade [7],
chondroitin sulfate, a component of the ECM [8–10], and the integrin α5β1 [11]. The associa-
tion with integrins is particularly noteworthy since they have been shown to mediate invasion,
migration, and angiogenesis in GBM [12,13]. Proliferating endothelial cells in the brain are
known to express chondroitin sulfate, suggesting a potential interaction between tumor cells
and nascent vasculature [14].

CD97 is expressed in a variety of malignancies including thyroid, gastric, esophageal, pan-
creatic, and colorectal cancers [15–17]. It has been shown to correlate with both lymph node
invasion [16] and poor clinical staging [15], with expression generally highest at the tumor’s
invasive front or leading edge [15,17,18]. Functionally, CD97 has been shown to confer an in-
vasive phenotype and stimulate angiogenesis [11,19]. CD97 has been described in GBM [20]
and our group recently demonstrated an association with invasion and migration [4]. We also
demonstrated, for the first time, an association between increased CD97 expression and poor
survival in GBM patients. GBMs are characterized by their more aggressive behavior com-
pared to other low grade gliomas, however the expression of CD97 across histologic grades has
not been studied. The expression of CD97 in GBM-derived brain tumor initiating cells is also
unknown. Brain tumor initiating cells, also referred to as glioma stem cells, are characterized
by the expression of a number of stem cell markers and possess the capacity for both self-re-
newal and differentiation into tumors; they are implicated in chemoresistance [21], radioresis-
tance [22], angiogenesis [23], and tumor recurrence [24–26]. In this study we sought to
characterize the expression of CD97 across glioma grades and within GBM-derived brain
tumor initiating cells.

Methods

Cell culture
All research activities were approved by the University of California, San Francisco Committee
on Human Research (UCSF CHR), our institutional review board for human research, with
both written and verbal consent provided from patients. Brain tumor initiating cell lines were
established from surgical specimens acquired at our institution. Freshly resected tumors,
pathologically confirmed as GBM, were dissociated into single cells using Papain at 20 units/ml
(Worthington Biochemical Corporation) for 20 minutes at 37° C. The dissociated tissue was
filtered through a 70 μM cell strainer to remove excess debris and the remaining cells
suspension plated in serum-free media supplemented with N2, B27, EGF, and FGF (20 ng/ml)
as previously described [27,28]. Culture vessels were coated with Laminin (Sigma) for 3 hr at
10 ug/ml prior to use. Media was changed every 3 days until cells were confluent at which point
they were detached using Accutase (Sigma) then split 1:3 to 1:5.

Analysis of frozen tissue
Flash frozen glioma specimens were acquired from the UCSF Brain Tumor Research Center.
Samples included pathologically confirmed GBMs (WHO grade IV), anaplastic astrocytomas
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(WHO grade III), and low grade gliomas (WHO grade II). Tissue specimens were homoge-
nized using a mortar and pestle to extract RNA and protein. For isolation of protein, homoge-
nate was resuspended in 1x RIPA buffer (Cell Signaling) and placed on a rotating rack for
1 hour at 4° C. Insoluble cell fragments were removed by centrifugation at 13,000 rpm for
20 min. Protein was then quantified by BCA assay (Thermo Scientific) and analyzed by
Western blot.

Immunoblotting
At 75–80% confluence, cells were treated with 150 μl of 10x lysis buffer (Cell Signaling Tech-
nology) combined with protease inhibitor tablets (Roche), phosphatase inhibitor tablets
(Roche), and 1 mM phenylmethanesulfonyl fluoride (PMSF). Samples were run on a 4–20%
Tris-Glycine gel (Invitrogen) and transferred to an Immun-Blot PVDF membrane (BioRad).
After blocking in 5% nonfat dry milk (BioRad), samples were incubated in the following prima-
ry antibodies: anti-CD97 1:500 (Abcam ab108368), anti-nestin 1:4,000 (abcam ab22035),
anti-Sox2 1:1,000 (Abcam ab75485), anti-GAPDH 1:10,000 (Cell Signaling 2118S). Secondary
antibodies conjugated to horseradish peroxidase were used with the Amersham ECL system
(GE Healthcare) to detect protein.

Immunocytochemistry
Cells were plated on 12 mm cover glass at a density of 2.5 x 105 cells/cover glass (Fisher Scien-
tific), then cultured for 2 days until reaching 80–90% confluence. Cells were fixed with 4%
formaldehyde at room temperature, permeabilized with cold methanol, then blocked in phos-
phate buffered saline (PBS) with 5% fetal bovine serum (FBS), 2 mg/ml bovine serum albumin
(BSA), and 0.1% Triton X-100 for 1 hour at room temperature. Slides were incubated with the
following primary antibodies: anti-CD97 1:100 (Abcam ab108368), anti-α-tubulin 1:100 (Cell
Signaling 2125S) for 1 hour at room temperature, followed by secondary antibody at 1:250 con-
jugated to Alexa Fluor 488 (Invitrogen) for 1 hour. Specimens were mounted using a DAPI-
containing mounting medium (Vector Labs). Confocal images were generated on a Zeiss LSM
510 META laser-scanning microscope.

Quantitative RT-PCR
Total mRNAwas isolated using the QIAGEN RNeasy Micro Kit (QIAGEN). cDNA was generat-
ed using the RT2 First Strand Kit (QIAGEN) with quantitative PCR performed using Power
SYBR Green PCR mix (Applied Biosystems) on a CFX96 Real-Time System (BioRad). All
samples were repeated in triplicate and normalized to 18S rRNA. Separate primers were used to
amplify CD97 isoforms, which were visualized on a 2% agarose gel. Primers were designed using
Primer 3 software (MIT): CD97(total)-F, GCTTGGTGCTGACCTATGTG; CD97(total)-R,
GGTCTGATTGTGGCCAGTG; CD97(EGF1,2,5)-F, ACTCTGCCGGGAGCTGAAAC; CD97
(EGF1,2,5)-R, TGGATGGTGACCTCGGCTGA; CD97(EGF1,2,3,5)-F, AAGGCTCTGTAAAA
GCTACG; CD97(EGF1,2,3,5)-R, TCACAGACAGTGTCCTTTTG; 18S rRNA-F, GTAA
CCCGTTGAACCCCATT; 18S rRNA-R, CCATCCAATCGGTAGTAGCG. For isoform-specific
quantification, RASE primer design, as described by Brosseau et al.[29], was used to generate
the following: CD97(EGF1,2,3,5)-F, TGGCCCAAACAATACCGTCTGT; EGF(1,2,3,5)-R,
TGAACCCACGGTGTTGAAGCA; β-actin-F, GATGAGATTGGCATGGCTTT; β-actin-R,
CACCTTCACCGTTCCAGTTT.
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PCR product extraction and sequencing
DNA was extracted from agarose gels using the QIAquick Gel Extraction Kit (QIAGEN). PCR
products were sequenced at the UCSF Genomics Core Facility using an Applied Biosystems
3730xl DNA Analyzer. Sequences were verified using the Genome Browser Gateway (UCSC).

Analysis of The Cancer Genome Atlas (TCGA) Data
TCGA data was downloaded from the cBioPortal for Cancer Genomics (http://www.
cbioportal.org/public-portal/) on March 10, 2013. CD97 expression z-scores, genomic subtype
classification, and IDH1 mutation status were collected. For all statistical analysis performed in
this study, continuous variables were compared using analysis of variance (ANOVA) with
Tukey’s post-hoc test or independent samples t test. Dichotomous variables compared using
the Chi-square test.

Results

Characterization of isoforms in GBM cell lines
CD97 contains 5 extracellular EGF-like domains that are variably spliced to produce unique
isoforms. To identify which isoforms are present in these cell lines, RNA was extracted and
converted to cDNA. Primers were designed to span variably spliced regions, namely the second
and fifth EGF domain (Fig. 1A). PCR products were run on a 2% agarose gel (Fig. 1B) and led
to the identification of two unique transcripts. These PCR products were extracted and se-
quenced to confirm the identity of these isoforms. Both U251 and U87MG express the EGF
(1,2,5) and EGF(1,2,3,5) isoforms of CD97 (Fig. 1C).

Characterization of CD97 across glioma grades
Although known to be expressed in GBM, expression of CD97 across lower grade gliomas has
not been characterized. Nine frozen tumor specimens were homogenized and assessed for both
mRNA and protein expression of CD97. OnWestern blot, GBM specimens were found to
express CD97, while both low grade and anaplastic astrocytomas had no detectable CD97 pro-
tein (Fig. 2A). Using a quantitative PCR protocol, GBM samples had expression levels that
were 10.5, 8.3, and 4.8-fold higher than normal brain homogenates (Fig. 2B). The fold-change
in expression among low grade astrocytomas (WHO grade II) was 0.9, 0.3, and 0.2 relative to
normal brain and 1.4, 1.3, and 0.7 relative to anaplastic astrocytomas (WHO grade III). In
total, GBM specimens had an average 10-fold increase in CD97 transcript compared to normal
brain, while both low grade astrocytoma and anaplastic astrocytoma samples had CD97
transcript levels that were essentially similar to normal brain (Fig. 2B).

To determine the isoforms of CD97 expressed in these specimens, we used PCR primers
designed to span EGF domains 2 through 5. Similar to established GBM cell lines, all GBM
samples expressed both EGF(1,2,5) and EGF(1,2,3,5) isoforms (Fig. 2C). One anaplastic astro-
cytoma expressed both EGF(1,2,5) and EGF(1,2,3,5), another expressed EGF(1,2,5), and a
third expressed neither (Fig. 2C). Among low grade astrocytomas, there was faint presence of
the EGF(1,2,5) isoform that appeared significantly less than the GBM samples (Fig. 2C). Quan-
tification of CD97 isoforms was assessed by comparing levels of EGF(1,2,3,5) to total CD97
transcript (EGF(1,2,5) and EGF(1,2,3,5) combined). An isoform-specific primer that binds the
exon junction corresponding to the third and fifth EGF domains was used to quantify the EGF
(1,2,3,5) isoform. Primers that bind a common region of the CD97 transmembrane domain
were used to quantify total levels of CD97 since they capture both isoforms. Among frozen
tumor specimens, the average percentage of EGF(1,2,3,5) was 15 ± 2% among low grade
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astrocytoma specimens compared to 17 ± 2% among GBM specimens (Fig. 3A), a difference
that was not statistically significant (p = 0.46). To determine if there was a difference in CD97
isoform expression among patient-matched GBMs and their associated BTICs, analysis was
performed on specimens acquired from patients treated at our institution. Three patient-
matched GBM and BTIC cell lines were found to express 16 ± 2% and 14 ± 2% of the EGF
(1,2,3,5) isoform, respectively, compared to 4 ± 0.1% among normal human astrocytes
(Fig. 3B), a difference that reached statistical significance (p = 0.008). Post-hoc analysis showed
that the difference between GBM and BTIC was non-significant (p = 0.83), while both GBMs
and BTICs expressed significantly higher levels of EGF(1,2,3,5) compared to normal human
astrocytes (p = 0.01 and p = 0.02, respectively).

CD97 expression in glioblastoma subtypes
Using patient data from TCGA we sought to characterize the expression of CD97 across
genetic subtypes of GBM. CD97 gene expression was quantified using a z-score; tumors with
z-scores greater than 1 were defined as upregulated while those with scores less than -1 were
defined as downregulated. Across all subtypes, there was a trend of CD97 upregulation among
classical and mesenchymal GBMs and CD97 downregulation in the neural and proneural sub-
types (Fig. 4). The classical subtype had the highest percentage of CD97 upregulated tumors
(59 of 133, 44%) followed by mesenchymal (38 of 150, 25%). Only 9 of 84 neural GBMs (11%)

Figure 1. Characterization of CD97 isoforms in glioblastoma. RNA was isolated from the GBM cell lines
U251 and U87MG, then converted to cDNA. PCR with primers spanning the variably spliced regions of CD97
were used to identify the specific isoforms expressed in these cells. Sequencing analysis confirmed these as
the EGF(1,2,5) and EGF(1,2,3,5) isoforms of CD97 (A). A schematic of these gene transcripts is also shown
with the signal peptide (SP), RGD domain, and seven-span transmembrane (7TM) segments (B).

doi:10.1371/journal.pone.0111532.g001
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and 3 of 128 proneural GBMs (2%) exhibited upregulation of CD97. The difference in
proportion of tumors with CD97 upregulation across all subtypes was statistically significant
(p<0.001). The mean z-score in each subtype was as follows: classical 0.99, mesenchymal 0.39,
neural -0.18, and proneural -0.72, differences that were statistically significant (p<0.001).
Given the importance of IDH1 mutations in the development of secondary GBM, we sought to
compare CD97 expression among IDH1 mutant and IDH1 wild-type GBMs. Among patients
with IDH1 mutations, 13 of 21 (62%) demonstrated downregulation of CD97, compared to
62 of 479 (13%) wild-type GBMs (p<0.001). The mean z-score among IDH1 wild-type tumors
was 0.22 compared to -0.92 among IDH1 mutant tumors (p<0.001). All of the frozen GBM
specimens collected at our institution and found to express CD97 were also IDH1 wild-type
(Fig. 5).

CD97 expression in brain tumor initiating cells
BTICs are glioma stem-like cells capable of both self-renewal and differentiation. Analysis of
CD97 expression in this unique population of cells has not been performed to date. Using a

Figure 2. Expression of CD97 across glioma grades. Frozen tumor specimens histologically confirmed as
low grade astrocytoma (n = 3), anaplastic astrocytoma (n = 3), and GBM (n = 3) were homogenized analyzed
byWestern blot. CD97 was expressed in the GBM specimens, but not low grade or anaplastic astrocytomas
(A). Quantitative PCR was performed using these specimens and demonstrated a significant increase in
CD97 expression among GBMs compared to low grade and anaplastic astrocytomas when normalized to
normal brain (B). PCR using primers flanking the variably spliced regions of the CD97 transcript demonstrate
the EGF(1,2,5) and EGF(1,2,3,5) in all GBM specimens and a single anaplastic astrocytoma, but not in the
low grade or remaining anaplastic astrocytomas (C).

doi:10.1371/journal.pone.0111532.g002
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well-validated method for establishing adherent BTICs in culture [27], we generated three
unique BTIC lines from patients treated at our institution. All three were found to express the
neural stem cell markers nestin and Sox2 (Fig. 6A). Additionally, all cell lines expressed
consistently high levels of CD97 protein compared to normal brain. With respect to isoform
expression, these BTICs all expressed the same isoforms as established GBM cell lines and
frozen tumor specimens (Fig. 6B). Additionally, on immunocytochemistry the CD97 protein
in these BTICs was found to localize to the cell membrane (Fig. 6C).

Discussion
CD97 is a novel GBM antigen implicated in tumor invasion and associated with decreased
overall survival. The goal of the present study was to characterize CD97 isoform expression
across histologic grades of glioma and within GBM-derived BTICs. We demonstrate CD97
protein expression in both GBM and BTICs, but not in low grade or anaplastic astrocytomas.
Furthermore, we shown that only 2 isoforms, EGF(1,2,5) and EGF(1,2,3,5), are expressed in
these tumors. Using data acquired from TCGA, we show that GBMs with increased expression
of CD97 are almost exclusively of the classical or mesenchymal subtype. Furthermore, tumors
with IDH1 mutations had significantly lower CD97 expression, suggesting a less invasive

Figure 3. CD97 isoform expression in low grade astrocytoma and glioblastoma.Quantitative PCR was
performed on frozen tumor specimens histologically confirmed as low grade astrocytoma (n = 3) and GBM
(n = 3). The mean proportion of EGF(1,2,3,5) in low grade astrocytomas was 15% compared to 17% in GBM
(p = 0.46), a difference that was not statistically significant (A). Among in vitro samples, the mean percent of
EGF(1,2,3,5) comprising total CD97 in patient-matched GBM and BTIC cell lines was 16% and 14%,
respectively (p = 0.83). Normal human astrocytes were found to express 4% EGF(1,2,3,5), which was
significantly less than both GBM (p = 0.01) and BTIC (p = 0.02) cell lines (B).

doi:10.1371/journal.pone.0111532.g003
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phenotype in these so-called secondary GBMs, which are believed to originate from low grade
lesions that undergo malignant transformation.

The identification of the EGF(1,2,5) isoform in GBM and BTICs is significant since this
isoform has been shown to support local tumor growth, enhance migration, and promote
metastatic spread in multiple cancer types [19,30]. The EGF(1–5) and EGF(1,2,5) isoforms
bind chondroitin sulfate and CD55, respectively. Since the fourth EGF domain is required for
binding of chondroitin sulfate, EGF(1,2,5) and EGF(1,2,3,5) possess similar ligand binding
properties [31]. Immunohistochemical studies in gastric and colorectal carcinoma have shown
that CD97 and CD55 are localized to the tumor’s invasive front and correlate with both TNM
stage and survival, further implicating EGF(1,2,5) expression as an important prognostic factor
[32–35]. The EGF(1–5) isoform, through coengagement of the integrin α5β1 and chondroitin
sulfate, has been shown to stimulate migration and invasion of human umbilical vein endothe-
lial cells (HUVECs). Tumors with this isoform were found to possess increased microvessel
density compared to those containing the EGF(1,2,5) isoform, however this is not believed to

Figure 4. CD97 expression across genetic subtypes of glioblastoma.Gene expression data from the Cancer Genome Atlas (TCGA) was used to
characterize CD97 expression across genetic subtypes of glioblastoma. CD97 upregulation was most commonly found in the classical and mesenchymal
subtypes, while downregulation was more common in the neural and proneural subtypes.

doi:10.1371/journal.pone.0111532.g004
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result in differential tumor growth rates [11,19]. Both EGF(1,2,5) and EGF(1–5) are capable
binding the integrin α5β1; the β1 subunit has been shown to play an important role in the
malignant behavior and invasive phenotype associated with gliomas [13,36,37]. Integrins are
attractive therapeutic targets for patients with GBM and Cilengitide, a peptide targeting the
RGD-motif, has shown modest efficacy and is currently under investigation in a Phase III
clinical trial for patients with newly diagnosed GBM (NCT00689221) [38,39]. We show that
the proportion of CD97 isoforms in gliomas is essentially constant with 15% EGF(1,2,3,5) and
85% and EGF(1,2,5) in all samples. One may have expected to observe a proportionate increase
in EGF(1,2,5) with tumor grade, particularly given its established role in tumor invasion, how-
ever it appears that total CD97, not specific isoform expression, is a more important predictor
of tumor aggression. The increase in EGF(1,2,3,5) compared to normal human astrocytes
suggests that the shift in isoform proportion may occur early in gliomagenesis or represent a
consequence of other genetic aberrations found in gliomas but not normal glia.

In this study we present the first characterization of CD97 expression in BTICs. These cells,
which possess the capacity for both self-renewal and differentiation, play important roles in
chemoresistance [21], radioresistance [22], angiogenesis [23], and tumor recurrence [24–26].
Although there is increasing evidence that these cells play an important role in gliomagenesis,
there is limited data characterizing their invasive potential [40–42]. Experiments performed
primarily in vitro suggest that glioma stem cells and BTICs may possess increased invasive
potential compared to differentiated glioma cells, although there is also evidence that cancer
stem cells may adopt a less invasive phenotype in favor of one that is more proliferative
[43–46]. The identification of CD97 in our BTIC lines provides a potential mechanism for
their invasive phenotype. These findings, along with data showing similar proportions of iso-
forms among patient-matched GBMs and GBM-derived BTICs, suggest that although a shift
in isoform expression may occur early in gliomagenesis, upregulation of CD97 occurs later and
is perhaps unique to de novo GBMs compared to low grade astrocytomas or secondary GBMs.
These data also suggest that although CD97 can confer increased invasiveness in glioma cells,

Figure 5. IDH1mutation status of human GBM samples. Three frozen GBM specimens used for previous analysis and known to express CD97 were
found to express wild-type IDH1, but not mutant IDH1 (R132H) byWestern blot.

doi:10.1371/journal.pone.0111532.g005
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it is likely not responsible for observed differences in invasive potential between BTICs and
GBM cells. Lastly, given our data demonstrating an increase in the proportion of EGF(1,2,3,5)
isoform among astrocytomas compared to normal human astrocytes, there is a possibility that
this shift in expression patterns can be exploited for diagnostic purposes in certain clinical
scenarios where there is uncertainty as to the identify of tissues, for example in differentiating
possible recurrent tumor from normal adjacent brain with treatment effect.

Although limited by sample size, our analysis of TCGA data provides additional insight
towards the role of CD97 in GBM. The stratification of GBM into four distinct molecular sub-
types has drawn attention to the complex heterogeneity of this disease[47–51]. The classical
and mesenchymal subtypes are generally associated with worse overall survival, and given our
data showing increased CD97 expression in these subgroups, the survival discrepancy may be
explained by increased tumor invasion. Additionally, our data demonstrating significantly
decreased expression of CD97 among IDH1 mutant GBMs suggest that CD97 may be an

Figure 6. CD97 expression in glioblastoma-derived brain tumor initiating cells. Brain tumor initiating cell
lines were derived from three patients with histologically confirmed GBM. These cell lines were found to
express the stem cell markers nestin and Sox2, as well as CD97, while normal human brain expressed none
of these (A). PCR analysis of these cell lines found them to express the EGF(1,2,5) and EGF(1,2,3,5)
isoforms of CD97 as confirmed by sequencing analysis (B). Immunocytochemistry demonstrated localization
of CD97 to the cell membrane in BTIC cell line 3 (C).

doi:10.1371/journal.pone.0111532.g006
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important mediator of invasion in de novo or primary GBMs, but not secondary GBMs.
Studies have shown that IDH1 mutation status is inversely related to tumor grade, with higher
mutation rates in low grade astrocytomas compared to GBMs [52–59]. Furthermore, IDH1
mutations are significantly more common in secondary GBMs, likely because these tumors
originated from low grade lesions [58,59]. Additional studies are needed to determine if CD97
upregulation is significantly associated with either de novo or secondary GBMs, however since
we did not detect CD97 in our low grade astrocytomas, we suspect CD97 may be a marker of
primary GBM, particularly given its expression in BTICs.

There are certain limitations to the present study. Although we were able to characterize
isoform expression at the transcript level, commercially available antibodies cannot distinguish
the EGF(1,2,5) and EGF(1,2,3,5) isoforms. However, by virtue of lacking the fourth EGF
domain, the EGF(1,2,5) and EGF(1,2,3,5) isoforms exhibit similar ligand binding properties,
with affinity for CD55 and the integrin α5β1 [7,11]. In a previous study we demonstrate that
CD97 confers an invasive phenotype and is associated with decreased survival in GBM patients
[4]. Although we do not present functional data demonstrating unique roles for these isoforms
in low grade gliomas or BTICs, we suspect that they perform essentially identical functions
given that GBM specimens and BTICs express the same isoforms used in our previous study.
The downstream signaling pathways associated with CD97 have not yet been fully elucidated,
there is evidence that these receptors signal through Gα12/13, resulting in increased RHO-
GTP and activation of extracellular signal-regulated kinase (ERK) in prostate and thyroid
cancers [60,61]. The authors also showed that CD97 heterodimerizes and positively regulates
lysophosphatidic acid receptor 1 (LPAR1) signaling, a well-established mediator of
tumorigenesis and metastasis in prostate cancer [62]. Our laboratory is currently investigating
the potential significance of these relationships in GBM.

Although several markers of tumor proliferation and metabolism have been identified in
GBM and are used clinically (EGFRvIII amplification, MGMT promoter methylation, IDH1
mutation status), prognostic markers of invasive capacity are largely lacking. Such markers can
offer improved prognostic capabilities and contribute to the identification of novel therapeutic
targets. In this study we identify the specific isoforms of CD97, a novel pro-invasive glioma
antigen, across histologic grades of glioma and within BTICs. We also demonstrate a trend to-
wards increased CD97 expression among the classical and mesenchymal GBM subtypes, as
well as decreased expression among IDH1 mutant tumors.

Conclusions
CD97 confers an invasive phenotype and is associated with decreased survival in GBM
patients. We show that the short isoform of this protein is expressed in both GBM and BTICs,
but not low grade or anaplastic astrocytomas, providing a potential mechanism for the invasive
nature of these tumors. We also show that upregulation of CD97 is more common among the
classical and mesenchymal subtype of GBM, suggesting that the poor prognosis associated
with these specific tumors is related to a more invasive phenotype.
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