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INTRODUCTION

Glioblastoma multiforme (GBM) brain tumors expand rapidly by
infiltrating the surrounding brain tissue and present themselves
with extensive endothelial proliferation and multiple necrotic areas
surrounded by palisading tumor cells (39). Despite new therapeu-
tic strategies and better clinical diagnostics, GBM still remains a
fatal disease (50). In addition to the generation of new vasculature,
migrating tumor-initiating cells are GBM trademarks (23, 39).
These populations of tumor-initiating cells have been identified
using a number of stem cell markers and characterized by their
ability to form neurospheres, exhibit unlimited proliferation
potential with multi-lineage differentiation and elicit resistance to
cytostatic drugs (32, 46, 47). With an ever-changing microenvi-
ronment, the growing GBM tumor is composed of necrotic, pro-
liferative and highly vascularized areas. This suggests that in the
search for tumor-initiating cells within the heterogeneous popula-
tion of GBM cells, a combination of characteristic markers for
both the tumor niches and the contained tumor-initiating cells are

to be used.

Human Cripto-1 (CR-1), also known as teratocarcinoma-
derived growth factor 1 (TDGF1), regulates essential steps in early
embryogenesis and has a key role in processes such as cell migra-
tion, angiogenesis and stem cell maintenance (7, 16, 21, 58, 60). In
adult tissues, CR-1 is expressed at low levels in several different
tissue types and organs (51, 57), although a higher expression is
detected in colon and cortex of adrenal gland (51, 57). Pathologi-
cal re-expression is seen in a number of solid cancers and inflam-
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Abstract

Human glioblastoma multiforme (GBM) is an aggressive cancer with a very poor progno-
sis. Cripto-1 (CR-1) has a key regulatory role in embryogenesis, while in adult tissue
re-expression of CR-1 has been correlated to malignant progression in solid cancers of
non-neuronal origin. As CR-1 expression has yet to be described in cerebral cancer and
CR-1 is regulated by signaling pathways dysregulated in GBM, we aimed to investigate
CR-1 in the context of expression in GBM. The study was performed using enzyme-linked
immunosorbent assay (ELISA), Western blotting, polymerase chain reaction (PCR) and
immunohistochemistry to analyze the blood and tissue from 28 GBM and 4 low-grade
glioma patients. Within the patient cohort, we found high CR-1 protein levels in blood
plasma to significantly correlate with a shorter overall survival. We identified CR-1 in
different areas of GBM tissue, including perivascular tumor cells, and in endothelial cells.
Collectively, our data suggest that CR-1 could be a prognostic biomarker for GBM with the
potential of being a therapeutic target.

matory conditions where the protein has been shown to be
upregulated (18, 25, 29, 40, 42). Numerous studies have demon-
strated high expression levels of CR-1 to correlate with malignant
transformation, tumor invasiveness, metastatic spreading and,
hence, poor prognosis (26, 29, 56, 59). As a glycosylphosphati-
dylinositol (GPI) anchored membrane protein, CR-1 can be
cleaved by GPI phospholipase (GPI-PLD) and released as a
soluble protein into the extracellular matrix (10). The cleaved-free
form of CR-1 has been detected in the bloodstream of colon and
breast cancer patients, and shown to be applicable as a serological
marker of malignancy and disease progression (8). Currently, the
cancer-related re-expression of CR-1 is being mapped; however, it
is not fully understood. Recent findings of Smad-binding elements
and hypoxia-responsive elements (HRE) in the promotor region of
the CR-1 gene point to regulation by transforming growth factor
(TGFB) family members and the oxygen-dependent hypoxia-
inducible factor 1o. (HIF1c) (4, 36). In addition, CR-1 has been
shown to be modulated by the canonical Wnt/b-catenin signaling
pathway (30). The modulation by TGF family members and the
influence of the Wnt/b-catenin signaling pathway are of high
relevance in the context of brain tumors as both of them are
dysregulated in GBM (36, 43).

Based on the known role of CR-1 in fetal development and its
modulation by pathways known to be dysregulated in GBM, CR-1
could be a relevant marker in GBM. In this study, we investigated
the possible association of CR-1 with GBM in the context of brain
tumors. This was performed by analyzing a cohort of GBM patient
tissue and blood plasma samples for CR-1 levels and supported by
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histologic analysis to identify the localization of CR-1-positive
cells in tumor tissue. The results indicated that CR-1 could be a
potential prognostic marker and a target applicable for new GBM
therapy.

MATERIAL AND METHODS

Patient samples

All protocols were reviewed and approved by the Regional Com-
mittee on Biomedical Research Ethics in Northern Jutland prior
to the study. Patients provided informed consent for the use of
samples from planed tumor resection surgery at the Department of
Neurosurgery, Aalborg University Hospital, Denmark. The diag-
noses were confirmed by immunohistochemistry at the Institute of
Pathology, Aalborg University Hospital. Out of the 47 patients

Table 1. Patient overview.

CR-1 Expression in Glioblastoma Multiforme

initially enrolled, only 31 patients were included for further analy-
sis. These patients fulfilled the requirements of being diagnosed
with GBM or lower grade glioma for the first time and not having
received previous treatment. In total, 28 GBM and 4 grade III
glioma patients were included (see Table 1). Mean age was 63
years (range 27-86) for GBM patients. Blood samples were drawn
before surgery start, and the tumor tissue was resected alongside
the diagnostic biopsy. Tumor tissue and blood samples were
labeled with the letter T and a consecutive number for identifica-
tion. Because of limited amounts of tissue, not all samples were
used for downstream analysis.

Cell culture

The human GBM cell line, U87 (American Type Culture
Collection, Cat. No. HTB-14), was cultured in Dulbecco’s modified

Patient ID Gender Age at Resection area Cripto-1 protein in Overall survival after
diagnosis blood (ng/mL) resection (weeks)
Glioblastoma multiforme
T F 53 Left frontal and temporal lobe NA 142*
T2 M 57 Right occipital lobe 3.3 133*
T3 M 56 Right temporal and occipital lobe 2.0 122
T4 M 74 Right occipital and temporal lobe 4.3 119
T5 F 65 Right occipital lobe 1.7 87
T6 F 60 Right frontal lobe, premotor cortex 8.5 73
T7 F 54 Right occipital lobe 1.5 76
T8 M 43 Right frontal lobe 0.7 48
T9 F 79 Left occipital lobe 0.3 14
T10 F 75 Left frontal lobe 0.3 16
T F 61 Right frontal lobe 0.4 81%
T12 M 40 Right occipital and parietal lobe 0.7 74
T13 F 27 Right temporal and occipital lobe 0.5 75*
T14 M 75 Left temporal lobe 0.2 11
T15 F 85 Left temporal lobe 1.9 5
T16 F 63 Left frontal lobe 1.3 37
T17 M 65 Right frontal lobe, premotor cortex 0.8 59*%
T18 M 78 Left frontal lobe 1.7 4
T19 F 32 Left frontal lobe 0.6 52*
T20 M 73 Right hemisphere 0.8 22
T21 F 56 Right frontal lobe 1.2 37%
T22 M 82 Left temporal lobe 1.6 18
T23 M 68 Right parietal lobe 1.8 7
T24 M 78 Right temporal lobe 29.6 7
T25 M 67 Left parietal lobe 2.4 24%
T26 M 36 Frontal lobe 0.5 24*%
T27 F 72 Left parietal lobe 0.4 20*
T28 M 86 Left temporal lobe 0.6 14*
Mean 63+3 26+£1.1
Low-grade gliomas
T29 M 48 Right frontal lobe 0.5 496*
T30 M 49 Right frontal lobe 0.4 601*
T31 M 48 Left frontal lobe 0.4 111*
T32 M 42 Left temporal lobe 0.9 95*
Mean 47+2 0.54+0.1

*Alive at analysis.
F = female; M = male; NA = not available.
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Eagle’s medium-F12 (DMEM-F12) (Lonza, Copenhagen,
Denmark) supplemented with 10% fetal calf serum (FCS), 1%
penicillin/streptomycin (Invitrogen Life Technologies, Naerum,
Denmark) and 0.5% gentamicin (Invitrogen Life Technologies).
Cultures were kept in a humidified atmosphere containing 5% CO,
buffered with ambient air at 37°C. Medium was changed twice
per week.

Xenograft model

Prior to xenografting, U87 cells were cultured as previously
described. For the investigation of U87 intracerebral tumorigeni-
city, nuclear magnetic resonance imaging (NMRI) mice (n = 13)
were inoculated with 50 000 cells in the striatum. Animals were
anesthetized by subcutaneous injection of 0.1 mL/10 g body
weight of Hypnorm (VetaPharma, Leeds, UK), Dormicum (B.
Braun Medical AS, Fredriksberg, Denmark) and sterile water in a
ratio of 1:1:1. According to previous studies, and to ensure tumor
development, the total duration of the experiments was set to 21
days. Animals were euthanized by intraperitoneal injection of a
high dose of anesthesia. Subsequently, mice were sacrificed by
transcardial perfusion fixation with formalin.

All animal experiments and surgical procedures were approved
by the Danish Veterinary and Food Administration.

Reverse transcription polymerase chain
reaction (RT-PCR)

Total RNA from tissue and cells was isolated using the Aurum
total RNA mini kit (Bio-Rad, Copenhagen, Denmark) according
to manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized using the iScript cDNA synthesis kit (Bio-Rad)
according to the standard protocol with 800 ng/uL input total
RNA. The cDNA synthesis was performed using the Perkin Elmer
GeneAmp PCR system (Waltham, MA, USA).

For RT-PCR, samples were mixed with DreamTaq (Fermentas,
VWR, Herlev, Denmark) according to the manufacturer’s protocol,
with 0.188 uM of forward and reverse primers as listed below.
PCR amplification was performed with the thermal cycle program:
3 minutes at 95°C, 35 cycles of 30 s at 95°C, 30 s at 60°C, 60 s
at 72°C and one final extension at 72°C for 7.5 minutes.

Primers:

CR-1 Fw: 5-ATGCTGGGGTCCTTTTGTGCCT-3’
Rv: 5-GGGCACAGACCCACAGTTCTCTTT-3"

GAPDH Fw: 5-AGATCCCTCCAAAATCAAGTGG-3’

Rv:  5-GGCAGAGATGATGACCCTTTT-3’

A blank “no template” control was included as a negative control.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as
loading control and reference gene (54). The RNA extract from the
U87 GBM cell line was used as a positive control (33). PCR
products were run on a 2% agarose gel (ONBIO Inc., Ontario,
Canada) 50 mV for 30 minutes. Analysis was performed using a
Kodak Image Station 4000 mm Pro (Carestream Health Denmark,
Brondby, Denmark).

Real-time quantitative RT-PCR was performed using the Bio-
Rad IQ SYBR® Green Supermix (Bio-Rad) according to the stand-
ard protocol. PCR amplification was performed using 25 uL 1:100
dilution of cDNA as template with primers for CR-1 and the
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housekeeping gene HPRTI (54), using SYBR Green PCR
supermix (Bio-Rad, Hercules, CA, USA). The amplification
was performed with the thermal cycle program: 3 minutes at 95°C,
40 cycles of 15s at 95°C, 30s at 60°C. Product specificity
was tested using a melting curve. A fourfold serial dilution was
used to generate a standard curve from a pool of cDNA samples to
calculate the relative starting quantity. Hypoxanthine-guanine
phosphoribosyltransferase (HPRT) was used as the internal control
for normalization. A blank “no template” control was included as
a negative control.

Primers:

CR-1 Fw: 5-ACCTGGCCTTCAGAGATGACAGCA-3’
Rv: 5-ATGCCTGAGGAAAGCAGCGGAGCT-3’

HPRT Fw: 5 -TGAGGATTTGGAAAGGGTGT-3’

Rv:  5-GAGCACACAGAGGGCTACAA-3’

Western blotting

Tissue samples were lysed on ice using radioimmunoprecipitation
assay (RIPA) buffer [0.1% (v/v) sodium dodecyl sulfate (SDS),
50 mM Tris-HCl (pH 7.4; Sigma-Aldrich, Broenby, Denmark), 1%
(v/v) Igepal (Bie and Berntsen, Aabyhoej, Denmark), 0.25% (w/v)
sodium deoxycholate, 1 mM ethylenediaminetetraacetic acid
(EDTA), 150 mM NaCl, 1x Mini Protease Inhibitor Cocktail
(Roche Diagnostics, Indianapolis, IN, USA)]. Protein concentra-
tions were determined using the Pierce BCA Protein Assay Kit
(Thermo Scientific, Rockford, IL, USA). A total amount of 50 pug
protein extract was heat denaturated, electrophoresed through a
12% (w/v) polyacrylamide-SDS gel and transferred onto a nitro-
cellulose membrane using the iBlot transfer apparatus (Invitrogen
Life Technologies). Membranes were blocked using phosphate-
buffered saline with Tween 20 (PBST) (0.5% Tween-20, Sigma-
Aldrich, St. Louis, MO, USA) containing 5% skimmed milk
(Fluka, Sigma-Aldrich, St. Louis, MO, USA) and incubated at
4°C. Goat antihuman CR-1 polyclonal antibody (R&D Systems,
Oxon, UK) was used at a dilution of 1:1000, and mouse anti-[3-
actin monoclonal antibody (clone AC-15, Sigma-Aldrich, St.
Louis, MO, USA) was used as standard reference (1/5000) and
loading control. Samples were incubated overnight at 4°C on a
rocking shaker. After sequential washing three times in PBST,
CR-1 and B-actin secondary antibodies conjugated to horseradish
peroxidase were incubated at room temperature for 1h. After
further washing of the membrane, the antibody—antigen complex
was visualized using enhanced chemiluminescence (Amersham
ECL Plus, GE Healthcare, Chalfont St. Giles, UK). Signal
acquisition was accomplished using a Kodak Image Station
4000 mm Pro. Protein extracts from U87 were used as a positive
control.

Enzyme-linked immunosorbent assay (ELISA)

CR-1 protein concentrations in tumor tissue lysate and blood
plasma were determined using the human CR-1 DuoSet ELISA kit
(R&D Systems) according to the manufacturer’s protocol. Blood
plasma was isolated by differential sedimentation centrifugation
10 minutes at 3000 g with no break at room temperature. Tumor
tissue lysate was prepared as described for Western blotting. CR-1
protein levels were normalized to the general protein content
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measured by the Pierce BCA Protein Assay Kit. CR-1 quantifica-
tion was performed in triplicate measures for blood plasma and in
duplicate for GBM tissue.

Immunofluorescence immunohistochemistry

Formalin-fixed tissue was embedded in TissueTek (Sakura, Finetek
Europe B.V, The Netherlands) and sectioned at 40-pum thickness.
Tissue sectioning was carried out using a cryostat (microtome
cryostat, HM 505 N, Microm, Germany). Primary antibodies used
were mouse anti-CD31 (clone JC70A, Dako, Glostrup, Denmark)
and polyclonal rabbit antihuman CR-1 (Millipore Corporation,
Billerica, MA, USA) both at dilution 1:200. Isotype control, rabbit
IgG (Dako) was included for evaluation of the specificity. Prior to
staining all sections were blocked for 1 h in blocking buffer [0.3%
Triton-X (Sigma-Aldrich) and 5% swine serum in PBS]. All sec-
tions were incubated overnight with primary antibodies at 4°C and
subsequently washed 3 x 10 minutes in washing buffer (blocking
buffer diluted 1:50 in PBS). Secondary antibodies used were Alexa
Fluor 488 mouse anti-rabbit (Invitrogen Life Technologies) and
Alexa Fluor 594 goat anti-mouse (Invitrogen Life Technologies) at
dilution 1:50. Secondary antibodies were incubated for 90 minutes
at room temperature. Additionally, cells were stained with 1:1000
diluted 4’,6-diamidino-2-2-phenylindole (DAPI) (Sigma-Aldrich)
for 10 minutes at room temperature. Mounting medium (Dako)
was used as an antifade reagent. The Zeiss Axio Observer Z1
microscope (Brock and Mickelsen, Birkeroed, Denmark) was used
to produce images that were processed using ZEN 2012 (blue
edition) software (Zeiss, Jena, Germany).

Bright-field immunohistochemistry

The histological material consisted of archival tumor tissue mate-
rial from three patients (T6, T7 and T11), which had been routinely
formalin fixed and paraffin embedded. The three patients were
selected to represent the full range of CR-1 concentrations found
in the blood plasma including a low, an average and a high level.
Tissue sections with a thickness of 3 wm were cut and mounted on
Superfrost+ slides, dried overnight at room temperature, baked for
1 h at 60°C and deparaffinized. Protocol optimization, that is,
identification of the protocol giving the best signal-to-noise ratio,
was performed by testing different heat-induced epitope retrieval
(HIER) settings (time and buffer pH) and primary antibody con-
centrations. A control panel of >100 normal and neoplastic tissues,
routinely used in pathology as well as the U87 xenograft formalin
fixed and paraffin embedded, was run to evaluate the sensitivity
and specificity of the antibody.

The staining reactions were carried out in a BenchMark Ultra
Slide Staining System (Ventana, Tucson, AZ, USA) with the
optimized protocols as follows: HIER was performed using Ventana
Cell Conditioning 1 (CC1, pH 8.5) at 99°C for 48 minutes. Endog-
enous peroxidase was blocked using 3% hydrogen peroxide inhibi-
tor (OptiView DAB kit, Ventana). The primary antibody, CR-1
(rabbit polyclonal, Millipore Corporation, Billerica, MA, USA),
was diluted 1:1500 and incubated with the slides for 32 minutes at
36°C. After washing in buffer, a multimer-based detection system
(OptiView DAB IHC Detection Kit, Ventana) was applied for
visualization. Finally, the slides were counterstained in hemato-
xylin, submitted to bluing reagent, washed in water, dehydrated in
graded alcohol and coverslipped.

Brain Pathology 24 (2014) 360-370
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Statistics

SPSS 21 (IBM, Kgs. Lyngby, Denmark) was used for statistical
analysis. Data are presented as mean. For survival analysis based
on blood CR-1 levels, Kaplan-Meier plots and nonparametric
statistics (Mantel-Cox test) were used. The patient cohort was
divided into CR-1 above and CR-1 below the mean control level to
compare the overall survival in the two groups. The cutoff value
was set based on the average control level. Statistical significance
was assigned to differences with P < 0.05.

RESULTS

CR-1 expression in glioblastoma
patient samples

To evaluate the expression of CR-1 in GBM tumor tissue,
RT-PCR, quantitative RT-PCR, Western blot analysis and ELISA
were performed. CR-1 transcript was identified in nine repre-
sentative GBM tumor samples, with amplicon size comparable
with that found in the positive control, U87 (37) (Figure 1A).
CR-1 transcript was differentially expressed in a group of repre-
sentative GBM tumor samples with an average relative expres-
sion level of 2.9, and expression levels in some instances were
twofold higher than that found in the positive control, U87 (37)
(Figure 1B). The analysis of CR-1 protein using Western blot
analysis and ELISA showed expected bands between 25 and
37 kDa (Figure 1C), with protein concentrations ranging from
0.6 to 14.3 ng/mL (Figure 1D).

Elevated CR-1 protein in the blood of
glioblastoma patients

In GBM patient blood samples, CR-1 protein concentrations were
detected with an average of 2.51 ng/mL. This was more than
fourfold higher compared with the average level in healthy control
plasma and plasma from patients diagnosed with lower grade
gliomas (Figure 2). The mean CR-1 concentration (2.57 + 1.1 ng/
mL) found in GBM patients was higher than normal (0.59 %
0.1 ng/mL). Low-grade glioma patients had CR-1 levels (0.54 +
0.1 ng/mL) comparable with the control group. Looking at indi-
vidual patients, more than 70% of the newly diagnosed GBM
patients presented with a higher CR-1 concentration in the plasma
compared with the control group. An overview of CR-1 levels found
in plasma is depicted in Table 1. The results showed a considerable
patient variability that mirrored the variable CR-1 concentrations in
tissue (Figure 1C).

In order to depict the CR-1 level as a function of patient overall
survival, a Kaplan—-Meier plot was made (Figure 2B). The patient
cohort including both GBM and low-grade glioma patients was
divided according to their CR-1 blood levels as being above or
below the normal levels found in the control group (0.6 ng/mL).
Kaplan—Meier analysis revealed longer survival to significantly
correlate with CR-1 levels equal to or below the control
concentrations.

CR-1-positive tumor cells have dual phenotypes

To investigate the location of the CR-1-positive cells in GBM
tissue, immunofluorescence analysis was carried out on tumor
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Figure 1. Presence of Cripto-1 (CR-1) in glioblastoma multiforme
(GBM) tumor tissue. A. CR-1 messenger RNA (mRNA) by reverse
transcription polymerase chain reaction (RT-PCR) in GBM tumor
samples. B. CR-1 mRNA by quantitative RT-PCR in GBM tumor
samples. Normalization was performed relative to hypoxanthine-
guanine phosphoribosyltransferase (HPRT). Horizontal line depicts the
mean relative expression for GBM samples of 2.9. C. CR-1 protein in
GBM tumor samples by Western blotting. D. CR-1 protein in GBM
tumor samples quantified by enzyme-linked immunosorbent assay
(ELISA). Horizontal line represents the mean normalized concentration
of 5.3 ng/mL. Normalization is performed relative to the total protein
contents of each sample. Tx denotes the tumor samples of individual
patients.
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tissue sections using the endothelial marker, CD31 together with
CR-1. The results of the staining for CR-1 and CD31 showed
CR-1-positive cells in part residing in different areas (see
Figure 3). One population of CR-1-positive cells, presumably
tumor cells, was located around glomeruloid blood vessels
separate from endothelial cells. Here, around the vasculature,
CR-1 expression was observed in areas of higher cell densities
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Figure 2. Cripto-1 (CR-1) in glioma patient blood and its association
with overall survival of the patients. A. CR-1 protein in glioblastoma
multiforme (GBM) plasma samples, normal control plasma and plasma
of lower grade glioma patient. Normalization is performed relative to
the total protein contents of each sample. B. Kaplan-Meier plot
showing overall survival in glioblastoma and low-grade glioma patients
by plasma levels of CR-1 above or below the average control level set
at 0.60 ng/mL. Symbols on the line indicate patients alive at the time of
analysis.
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Figure 3. Co-localization of Cripto-1 (CR-1) with CD31 in patients T24 and T25. A. CR-1-positive cells present in the niche surrounding glomeruloid
vasculature but not co-expressed with the endothelial marker CD31 in patient T24. Scale bar indicates 100 um (top panel) and 50 um (lower panel).
B. Areas containing microvasculature with CR-1-positive cells co-localizing with CD31 expressing endothelial cells lining capillaries in patient T25.
Scale bar indicates 50 um (top panel) and 20 um (lower panel).
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(Figure 3A). However, in other areas endothelial cells in the tumor
microvasculature were found to co-express CR-1 (Figure 3B). In
these areas, the vasculature was bordering areas of low cell density
depicted by the sparse blue nuclear staining analogous to areas of
typical necrosis.

Immunohistochemical localization of CR-1 in
paraffin-embedded GBM tissue

A selection of tumors, T6, T7 and T11 with classical GBM fea-
tures and CR-1 plasma levels spanning the observed range, were
chosen. Typically, as identified by the Institute of Pathology,
these tumors contained necrotic areas (low cell density), atypical
endothelial hyperplasia and proliferation indices of 20%-40%
indicated by Ki67-positive staining (data not shown). Bright-field
immunohistochemical analysis of GBM tissue for CR-1 expres-
sion resulted in staining that was somewhat varied between the
individual tumor samples (Figure 4). In the CR-1 low patient
T11, no significant staining or areas of necrotic was observed
(Figure 4A), whereas areas were seen to have a more intense
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stain compared with the background in T6 and T7. Here, necrotic
areas were surrounded by CR-1 immune reactive pseudopali-
sading cells (Figure 4B). Similar to the immunofluorescence
staining, there was evidence for CR-1 staining adjacent to
glomeruloid blood vessels in patient T7 (Figure 4C,D) and
newly formed microvasculature in patient T6 (Figure 4E,F). The
antibody specificity was confirmed as CR-1 staining in U87
xenografts in mouse brains revealed two cell populations with
strong and moderate cytoplasmic staining, while the mouse
brain tissue was negative (Figure 4G). Furthermore, distinct
CR-1 expression was found in endocrine tumors of the small
intestine (Figure 4H) and neuroendocrine cells of the colon
(Figure 4I), but not in normal brain (data not shown).

DISCUSSION

Here, the expression of CR-1 in GBM tissue and patient-matched
blood samples with regard to protein concentration and a vascular
niche-dependent expression pattern was investigated. Previously,
CR-1 expression has been observed in the context of Nodal

Figure 4. Immunohistochemical staining for
Cripto-1 (CR-1) in glioblastoma tissue from
patients presenting CR-1 low and high plasma
levels, respectively. A. CR-1 staining in CR-1
low patient T11. Barely perceptible staining in
endothelial cells (left). B. Faint CR-1 staining
in pseudopalisading cells around necrotic area
of low cell density in patient T6. C,D. Faint
CR-1 staining in the vicinity of glomeruloid
vasculature in CR-1 high patient T7. E,F.
Moderate CR-1 staining in endothelial cells

in CR-1 high patient T6. G. CR-1 staining of
formalin-fixed, paraffin-embedded U87
cerebral xenograft showing strong and
medium mainly cytoplasmic reaction in tumor
cells and no staining in murine neural cells.

H. CR-1 staining of small intestine
neuroendocrine tumor (carcinoid) showing a
distinct, heterogenous cytoplasmic staining.

I. CR-1 staining of colon mucosa showing
strong cytoplasmic staining of neuroendocrine
crypt cells. *Vessel lumen. Scale bar indicates
800 um (C and E), 300 um

(B and D), 100 um (A and F) and 200 um

(G, Hand I).
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regulation in cultured glioma stem cells. In the study by Lee et a/
(33), Nodal expression linked CR-1 to increased proliferation
and invasiveness brought about by the upregulation of specific
proteases in a GBM cell line. However, CR-1 expression has yet to
be described in situ in cerebral tumors.

In GBM tissue, CR-1-positive areas were found within the cell
dense palisading regions and around or within the vasculature.
The regulatory mechanisms that drives CR-1 expression are not
well defined, but it has been shown that the promoter region con-
tains a number of specific DNA-binding domains and response
elements. One of which is the HRE that is important in the regu-
lation of cell proliferation (4, 12, 28). Hypoxia, through HIF-1a,
directly regulates CR-1 expression implying that CR-1 is a target
gene in the hypoxic niche and hence an expected finding within
regions of vascular genesis caused by hypoxia (4, 5). Among the
best known hallmarks of GBM, gliomas initially grow along
existing blood vessels and progress by co-option of normal
vasculature (41). As the tumor growth exceeds the capacity of
the existing blood supply, necrosis and hypoxia sets in and even-
tually initiates angiogenesis (53). During this process, tumor
tissue expands under variable oxygen tensions resulting in niche
formation with areas of necrosis, endothelial proliferation and
palisading cells (11). GBM cancer-initiating cells have been
shown to reside in hypoxic areas of GBM tumors (35, 44).
Hence, finding CR-1-positive areas in or near microvasculature
and in areas void of cells could indicate that CR-1 reflects the
presence of cancer-initiating cells of variable hypoxia-adapted
phenotypes similar to those previously described for the niche-
dependent phenotypes of CD133-positive tumor-initiating cells
(15). The expression of prominin-1, (CD133) identified by
Singh efal, is preferentially used in the identification of
cancer-initiating cells in GBM (46, 47). For the current work,
we performed immunohistochemical analysis to investigate the
co-localization of CR-1 and CD133 expressing cells. However,
this was unsuccessful because of the specificity of the CD133
antibody (31). One could speculate if CR-1 along with a pallet
other markers for stemness, such as Sox2 and Oct4, could be
better markers of cancer-initiating cells in GBM. Because a
number of studies have demonstrated that the CD133-negative
populations of cells also harbor tumor-forming properties, this
marker needs to be supported by other validated markers of
cancer-initiating cells (2, 17, 45). Based on the heterogenic
nature of individual GBM tumors, it seems plausible that a com-
bination of several markers should therefore be used. Based on
the findings presented in this study, CR-1 could be an interesting
candidate to further investigate.

The presence of CR-1-positive cells both bordering glomeruloid
blood vessels and located within the microvasculature was an
interesting finding. Rapid cell proliferation demanding new blood
supply and the formation of glomeruloid bodies are typical hall-
marks of GBM (9, 20, 39). In fact, the magnitude of these unusual
vascular formations is directly correlated to a more dismal prog-
nosis (9). Therefore, finding CR-1-expressing cells residing in
areas of rapid tumor growth characterized by greater cell prolif-
eration suggests a link between CR-1 and a role in GBM progres-
sion. Previous studies have shown that CR-1 is known to have an
essential role in angiogenesis-linked tumor growth (1, 7, 19). As
demonstrated by Bianco et al, CR-1 overexpression has a promot-
ing effect on tumor growth and formation of microvessels (7).
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Bianco et al also found that neovascularization and tumor growth
could be inhibited using anti-CR-1 monoclonal antibodies, further
emphasizing the role of CR-1 in tumor progression by means of
angiogenesis. Supportive of this observation, CR-1 has been docu-
mented to be a direct interaction partner to angiogenin, a known
inducer of vascularization (27, 49). Accordingly, the finding of
CR-1 in the microvasculature indicates an essential role of this
protein in facilitating tumor growth. GBM tumor cells have been
shown to be able to facilitate endothelial proliferation by endocrine
signaling and, consequently, the sprouting of existing blood vessels
to accommodate the rapid cell proliferation (53). Alternatively,
neoangiogenesis could be driven by GBM tumor cells trans-
differentiating into tumor endothelium (48, 55). These two
scenarios may be used as an explanation for the finding of CR-1-
positive cells co-expressing the endothelial marker CD31 in one
niche and CR-1-positive cells distinct from the tumor vasculature
in other areas.

The bright-field immunohistological staining was hoped to
recapitulate the immunofluorescence staining. Weak-level stain-
ing of CR-1 protein was apparent in endothelial cells and
perivascular tumor cells; however, crisply defined regions com-
parable with the positive controls were not seen. Especially the
U87 xenografts stained strongly that could be explained by an
upregulation of CR-1 in response to the change of environment
going from ambient in vitro cultures to the lower oxygen tension
in vivo setting (13, 34). Similar results ranging from no to low
levels of expression have been found previously in samples
of breast ductal carcinoma, where CR-1 expression has been
reported (29). Nevertheless, despite similar findings, further opti-
mization is required to determine the precise location of CR-1
within the tumor microenvironment in paraffin-embedded tissue.
When looking at clinical pathological parameters in conjunction
with CR-1 expression, it was previously found to be significantly
correlated with tumor size or volume (3, 29). So, despite the
weak CR-1 staining, the histological morphology of the GBM
sections in the current work depicted the principal regions of
interest such as palisading cells surrounding areas of necrosis
and extensive vasculature. With respect to tumor heterogeneity,
the location of tumor resection combined with tumor volume
could be a key correlative factor here when looking for CR-1
expression.

In the current work, we describe CR-1 expression in GBM
tissue and patient-matched blood samples. From gene expression
profiling, normal tissue of the temporal and parietal lobe and
especially tissue from the cerebellar peduncles have been shown to
have higher expression levels of CR-1 compared with, for
example, the occipital lobe tissue (51, 57). Therefore, tumor loca-
tion, tumor volume and site of biopsy could all influence the
detected protein and expression levels observed in tissue. This
should be taken into account when evaluating CR-1 levels in
tissue. For the present study, the tumor location varied between
patients and the site of biopsy or tumor resection was not con-
trolled. Therefore, in this case, the inter-patient variation of CR-1
tissue protein levels cannot be expected to uniquely reflect the
disease status. This was very evident when looking at the differ-
ential expression obtained with quantitative RT-PCR and Western
blotting. As for the CR-1 protein detected in plasma, we investi-
gated the correlation to overall patient survival. Here, the degree of
tumor vascularization, a compromised blood—brain barrier and the
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tumor volume was expected to be major factors facilitating the
CR-1 release from the tumor to the general blood system. These
three factors are present at an advanced disease stage. Hence, we
expected CR-1 plasma levels to be an indication of malignancy
and a shorter overall survival from the time of diagnosis. Plasma
levels of CR-1 were variable between patients, however, in line
with previously seen concentrations in blood from colon and breast
cancer patients (8). Bianco et al (8) showed that CR-1 plasma
levels in the blood were correlated to malignant progression and
poor prognosis. Similarly, the correlation between high CR-1 con-
centrations in plasma and shorter overall survival was seen in our
study. This way, CR-1 could serve as a prognostic marker for
malignant progression. In the context of glioma, a progression
from lower to higher grade tumors or a sign of GBM relapse. On
the other hand, in the case of GBM and glioma, CR-1 plasma
levels will not serve as a relevant candidate for diagnostic purposes
as CR-1 re-expression is associated with several malignancies (18,
25, 29, 40, 42). Further studies are needed in order to evaluate
CR-1 in plasma as a prognostic marker for disease progression and
tumor relapse.

The blood concentrations of CR-1 correlated with overall sur-
vival suggestive of a GBM patient subdivision based on CR-1
manifestation. A subdivision of the GBM diagnosis has been
attempted on the basis of genetic tumor profiles. Recent progress
has identified potential molecular signatures that are involved in
stem cell self-renewal and delineate pathways contributing to
malignant progression in GBM (24, 38). Three to four subclasses
have been identified based on global gene expression data. Of
these, the two subclasses, characterized by genes involved in
proliferation and a mesenchymal phenotype, show a shorter
overall survival time (24, 38). Especially patients with a more
mesenchymal expression profile pertaining to that of the epithelia
to mesenchymal transition (EMT) have been linked to poor prog-
nosis as a result of a higher degree of tumor invasiveness (14, 22,
37, 52). As CR-1 has been linked to EMT and has an essential role
in invasion and migration, this marker could be inferred as a factor
of poor prognosis (5, 60). However, data presented in the current
work also show that not all patients with a GBM diagnosis present
with a high CR-1 level in blood and tumor tissue. Therefore, we
expect that elevated CR-1 levels in the blood could be developed as
a serologic marker of tumor progression in conjunction with gene
expression profiling that reveals the distinct molecular subtypes of
GBM. CR-1-targeted therapies are already being developed for
other solid cancers with promising clinical outcomes (1, 6). In the
case of GBM, these may be applicable to the subset of patients
with CR-1-positive profiles.

CONCLUSION

Here, we describe CR-1 expression in GBM tissue and blood.
CR-1 protein levels in plasma samples from GBM patients were
found to be elevated compared with normal. Most interestingly,
CR-1 protein concentrations higher than normal were significantly
correlated to shorter overall survival in the study cohort. In addi-
tion, three areas of CR-1-staining cells were seen in GBM tissue.
Collectively, our data support that CR-1 has the potential of being
a new prognostic biomarker in GBM and might play a role in the
tumor pathogenesis and progression.
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