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CDHb5 is specifically activated in glioblastoma
stemlike cells and contributes to vasculogenic
mimicry induced by hypoxia
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Background. A proportion of glioblastoma stemlike cells
(GSCs) expressing endothelial cell marker CDHS (vascu-
lar-endothelial-cadherin or CD144) can transdifferentiate
into endothelial cells and form blood vessels. However,
the implications of CDHS expression in gliomas and
how it is regulated in GSCs remain to be clarified.
Methods. The mRNA and protein levels of CDHS5 were
detected in glioma samples and cultured cell lines, and
the prognostic value of the CDHS expression level for
GBM patients was evaluated. Bioinformatics analysis
was performed to reveal the potential functional roles of
CDHS5 in glioblastoma multiforme. Gene knockdown
induced by short hairpin RNA, chromatin immunoprecip-
itation analysis, and a vasculogenic tube formation assay
were performed to investigate the relationships among
hypoxia, CDHS5 expression level, and angiogenesis.
Results. CDHS was overexpressed in gliomas, correlated
with tumor grades, and was an independent adverse prog-
nostic predictor for glioblastoma multiforme patients.
CDHS was specifically activated in GSCs but not in non-
GSCs or neural stem cells, and CDHS™ cells could produce
xenografts in immunocompromised mice. Bioinformatics
analysis demonstrated that CDHS might interact directly
with hypoxia-inducible factor (HIF)2a. CDHS expression
was significantly upregulated in GSCs, but not in non-
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GSCs or normal neural stem cells, under a 1% O, condition.
Both HIF1a and HIF2« positively regulated CDHS level in
GSCs and could bind to the promoter of CDHS.
Furthermore, CDHS contributed to the vasculogenic
mimicry of GSCs, especially under hypoxic conditions.
Conclusions. The specific expression of CDHS in GSCs
may contribute to GSC-derived neovasculogenesis in glio-
blastoma multiforme, especially under hypoxic conditions,
revealing novel tumorigenic mechanisms contributed by
GSCs.
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cancer stem cell, hypoxia, VE-cadherin.

Organization (WHO) grade IV glioma that is the
most common primary malignant brain tumor in
adulthood, is among the most aggressive and lethal
cancers in humans." Despite advances in neurosurgery
and adjuvant treatment, the median survival of patients
with GBM is only about 1 year.? In recent years, one of
the most promising advances in understanding the mech-
anism underlying the tumorigenesis of GBM has been
promoted by the concept of cancer stem cells.’~® A sub-
population of glioblastoma stemlike cells (GSCs)”~'" in
GBM not only retain multipotency and an extraordinary
potential to initiate tumors, but also contribute to the
chemo- and radioresistance of GBM.*>>'2~ 1% In addition,
GSCsarelocated in a perivascular niche and are regulated
by hypoxia. These observations suggest that GSCs may be
important therapeutic targets for GBM treatment.
Recently, new surprising features of GSCs have been
reported, showing that GSCs even have the potential to
transdifferentiate into endothelial cells (ECs),">~'® thus

Glioblastoma multiforme (GBM), a World Health

© The Author(s) 2013. Published by Oxford University Press on behalf of the Society for Neuro-Oncology.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.



Mao et al.: CDH5 and hypoxia in glioma stem cells

contributing to angiogenesis in GBM to meet the nutri-
tional and oxygen requirements caused by overgrowth
of the tumor, even where pre-existing blood vessels are
lacking. This feature of GSCs is particularly important
because GBM comprises highly vascularized tumors
that are therefore attractive targets for anti-angiogenic
therapies.'”*” The transdifferentiation of GSCs into ECs
provides new insights into the angiogenic mechanisms
in GBM and possible novel strategies for anti-angiogenic
treatment. However, the mechanisms underlying such
transdifferentiation remain to be clarified. Intriguingly,
it was recently reported that a population of CD133%
GSCs express CDHS (vascular-endothelial [VE]-cad-
herin/CD144), a specific marker for ECs, and GSCs
may transdifferentiate into CDHS™ ECs.">~'” Considering
that CDHS plays a central role in EC biology*'*** and
is an important target for angiogenesis in GBM,>***
we focused on the roles of CDHS in GBM, and particu-
larly in GSCs. We hypothesized that CDHS expressed in
GBM may play a role in the process of GSC transdiffer-
entiation into ECs. Here, we demonstrate that CDHS is
overexpressed in GBM tumor cells, and high expression
of CDHS predicts poor prognosis. In addition, CDHS is
specifically activated in GSCs but not in normal neural
stem cells (NSCs) and non-GSCs. Interestingly, CDHS
expression in GSCs is intensively regulated by hypoxia
through hypoxia-inducible factors (HIFs, including
HIF1a and HIF2«), central transcriptional factors that
mediate hypoxia-induced responses. Our results re-
vealed promising mechanisms controlling transdifferen-
tiation of GSCs into ECs, which are regulated by
hypoxia, and provide new insights into the mechanisms
of hypoxia-induced angiogenesis in GBM.

Materials and Methods

Glioma Samples

The following brain tumor samples used for real-time
quantitative (q)PCR and Western blot were provided
by the Department of Neurosurgery, Xijing Hospital,
the Fourth Military Medical University: 31 GBM (M/F
ratio: 19/12, median age: 54.0 y [range, 24-68]), 14
grade II astrocytomas (M/F ratio: 6/8, median age:
44.0 y [27-57]), 15 grade III anaplastic astrocytomas
(M/F ratio: 9/6, median age: 47.8 y [24-65]), and 5
normal brain samples derived from brain lobectomy
from patients with cerebral trauma. Tumors were histo-
pathologically classified according to WHO classifica-
tion. The 5 normal samples and additional archived 24
GBM samples were used to detect CDHS expression
by immunohistochemistry. Informed consent was ob-
tained from each patient, and experiments were ap-
proved by the local ethics committee.

Culture of Primary GSCs and NSCs

GSCs were cultured as described previously.”**® The
study protocol was approved by the institutional
review board of Xijing Hospital of the Fourth Military
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Medical University, and written informed consent was
obtained from patients. Briefly, samples were dissociated
to a single-cell suspension using a fire-polished Pasteur
pipette and cultured in serum-free medium consisting
of Dulbecco’s modified Eagle’s—F12 medium, 20 ng/
mL epidermal growth factor (Invitrogen), 20 ng/mL
basic fibroblast growth factor (Invitrogen), and B27
(1:50; Invitrogen) or in 10% serum-containing
medium. Two human fetal cortical NSCs were isolated
from spontaneous aborted fetuses (8—12 wk), which
were dissociated into single cells as described and then
cultured in serum-free medium.

In order to induce hypoxia, cells were cultured in a
sealed modular incubator chamber (Billups-Rothenberg)
flushed with 1% O,, 5% CO,, and 94% N> and incubated
at 37°C for 24 h.

Quantitative Real-time PCR

RNA was extracted from cultured cells and brain tumor
tissues using Trizol Reagent (Invitrogen). The extracted
RNA was then reverse transcribed into cDNA, and
qPCR analysis was performed on an ABI 7700 instrument
using SYBR Green PCR Core Reagents in 20 pL volume
(Applied Biosystems). The primers used for qPCR analy-
sis were as follows: CDHS forward: §-TCACCTT
CTGCGAGGATATGG-3, reverse: 5'-GAGTTGAGC
ACCGACACATC-3; HIF1a forward: 5-TTCCAGTTA
CGTTCCTTCGATCA-3/, reverse: 5-TTTGAGGACTT
GCGCTTTCA-3’; HIF2a forward: 5-GTGCTCCCA
CGGCCTGTA-3/, reverse: 5'-TTGTCACACCTATGG
CATATCACA-3'; and B-actin forward: 5'-CCCAGCAC
AATGAAGATCAA-3, reverse: 5'-GATCCACACGGA
GTACTTG-3'. Quantitative PCR using water instead of
template was used for negative control. All samples
were assayed in triplicate, and the relative amount of
target transcripts were normalized to the number of
human B-actin transcripts found in the same sample.
Specificity was verified by melting curve analysis and
agarose gel electrophoresis. Relative fold changes were
calculated using the AAC,; method with threshold cycle
values of each sample.

Western Blotting

Cultured cells were lysed in sodium dodecyl sulfate (SDS)
sample buffer, and 30 pg of the proteins were run on 6%
SDS—-polyacrylamide gel electrophoresis and transferred
to a nitrocellulose membrane. Blots were blocked in phos-
phate buffered saline (PBS) containing 5 % nonfat dry milk
powder and incubated overnight at 4°C with primary an-
tibody of CDHS5 (1:1000; Cell Signaling Technology),
HIFla (1:1000; BD Biosciences), HIF2a (1:500; Novus
Biologicals), or glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (1:500 000; Abcam). Blots were then
washed with PBS containing 0.1% Tween 20 (PBST)
and incubated in secondary antibodies coupled to perox-
idase. After washing in PBST, blots were developed with
enhanced chemiluminescence according to the manufac-
turer’s instructions (Amersham Biosciences). All Western



blot analyses were done in duplicates. The blot results
were scanned and quantified by Image] software, and
the relative levels of target proteins were normalized to
nicotinamide adenine dinucleotide phosphate-oxidase.

Immunohistochemistry

Paraffin-embedded, 1-pwm formalin fixed tissue sections
were mounted on microscope slides and processed
as previously described.”® Immunohistochemical stain-
ing of anti-human CDHS5 (1:100, F-8; Santa Cruz
Biotechnology) or human-specific nestin (1:100, 10C2,
mouse monoclonal; Abcam) was performed on tissue
sections. The sections were treated with a heat-induced
epitope retrieval technique using a citrate buffer at pH
6.0. The sections were then blocked for endogenous per-
oxidase and biotin before incubation with primary anti-
bodies for 3 h at room temperature. The Elite Vector
Stain ABC System (Vector Laboratories) was used as
the detection system and diaminobenzidine as the chro-
mogen. Nuclei were counterstained with hematoxylin.

Flow Cytometry and Cell Sorting

Cells were counted by a hemocytometer, and 50 000 cells
were placed in 200 pL PBS with 20% fetal bovine serum
and allowed to incubate with fluorescein isothiocyanate
(FITC)-conjugated anti-CDHS5 (1:20; Abcam) or a non-
specific FITC-conjugated immunoglobulin G1 isotype
control antibody (Miltenyi Biotec) for 1 h at 4°C. Cells
were then washed, resuspended in PBS plus 20% fetal
bovine serum, and analyzed by fluorescence activated
cell sorting on a FACSCalibur (Becton Dickinson) flow cy-
tometer. CDHS™ cells were isolated by positive magnetic
affinity cell sorting selection using the FITC-conjugated
CDHS antibodies and anti-FITC magnetic beads
(Miltenyi Biotec). All flow cytometry evaluations were per-
formed in triplicate and analyzed with WinMDI software.

Intracranial Xenograft Tumors

Intracranial xenograft experiments were performed as
described previously.” Briefly, 10° isolated CDHS5™
cells were resuspended in 10 wL PBS and stereotactically
injected into the right striatum of the brains of nude mice
(6-8 wk old; n=6 each; Center of Experimental
Animals, Fourth Military Medical University), following
administration of general anesthesia. Coordinates for
stereotactic injections into the adult mice were 2 mm to
the right of the midline, 0.5 mm anterior to the coronal
suture, and 3 mm deep. The mice were killed 2 months
later and examined for tumor formation in the brains.
All animal handling during the experiments was in
strict accordance with the Animal Experiments guide-
lines in force at the Fourth Military Medical University.

Network Reconstruction and Informatics Analysis

The Algorithm for the Reconstruction of Accurate
Cellular Networks (ARACNe), an information-theoretic
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algorithm for inferring transcriptional interactions,”’
was used to identify a repertoire of candidate transcrip-
tional regulators of interesting genes. Expression profiles
used in the analysis were from 4 datasets: The Cancer
Genome Atlas,”®?” a unified validation dataset,”’ a
high-grade glioma dataset from Gravendeel et al,**
and a GBM dataset from Lee et al.>! First, candidate in-
teractions between a transcription factor (x) and its po-
tential target (y) were identified by computing pairwise
mutual information, MI[x; y], using a Gaussian kernel
estimator and by thresholding the mutual information
based on the null hypothesis of statistical independence
(P < .05, Bonferroni corrected for the number of tested
pairs). Then, indirect interactions were removed using
a data processing inequality with a tolerance of 20%,
a well-known property of the mutual information.

Short Hairpin RNA Infection

Short hairpin (sh)RNA lentivirus particles targeting
HIFla, HIF2a, CDHS, and scrambled nontargeting
shRNA were purchased from Sigma. Cell lines were
infected with the shRNA lentivirus according to the
manufacturer’s protocol. Briefly, GSCs and NSCs
growing as neurospheres and U87 cells were dissociated
into single cells with Accutase and gentle trituration and
then incubated with the lentivirus for 24 h. After ~48 h
in culture, 2 pg/mL puromycin was used to select infect-

ed cells.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed
as described.>” Cultured cell lysates were precleared
with Protein A/G beads (Santa Cruz) and incubated at
4°C overnight with 1 wg of polyclonal antibody specific
for HIF1la (Santa Cruz), HIF2a (Novus), or normal
rabbit immunoglobulins (Santa Cruz). DNA was eluted
in 200 wL water, and 1 wL was analyzed by PCR. The
primers used for ChIP PCR analysis were as follows:
hypoxia response element (HRE)1,2-CDHS forward:
§’-CCTCCAAAGACGGTCGGC-3/, reverse: 5'-GCCC
TTGGCACTACCTCT.-3’; HRE3-CDHS forward: 5'-
CTTGGTTCTTCTGGGCTCTG-3', reverse: 5'-GTCAT
CCTGGAGCCACAGTT-3’; HRE4,5-CDHS forward:
5'-GGACTGTTCTCCTTCCAGCA-3, reverse: 5'-GGG
CTAGAGAAAGGGGAGAA-3'; HRE6-CDHS forward:
5'-GAGACCCAGCAGGAAGCA-3/, reverse: 5'-CAAC
AGCCGATTGTGGAA-3'.

Vasculogenic Tube Formation Assay

Vasculogenic tube formation was tested using a commer-
cial Matrigel assay kit (BD Biosciences). Twenty-four—
well tissue culture plates were coated with Matrigel
matrix (0.1 mL/well; BD Biosciences) and allowed to
solidify at 37°C for 30 min. GSC cells were dissociated
into single cells and resuspended at 6 x 10* cells/mL in
endothelial basal medium containing 2% fetal calf
serum. The cells in each group were then plated at
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0.5 mL/well onto the surface of Matrigel and incubated
at 37°C. Three random fields from each well were photo-
graphed at x 200 magnification (Olympus BX-51). Tube
networks were quantified as the total number of pixels in
thresholded images, using Image Pro Plus 6.0 software.

Statistical Analysis

Statistical analyses were performed using Student’s ¢-tests
and 1-way ANOVAs with least-squared-difference
post-hoc tests, as appropriate. All P-values are 2-tailed,
and P <.05 was considered statistically significant.
Statistical analyses were performed with SPSS v.13.0.0.

Results

CDHS Expression Levels Are Associated With Glioma
Grades

To examine whether CDHS affects the tumor biology of
gliomas, we first investigated CDHS expression in
glioma tissues by qPCR analysis of a cohort of normal
and glioma samples, including 5 normal brain samples,
14 astrocytomas (WHO grade II), 15 anaplastic astrocy-
tomas (WHO grade III), and 31 GBM tumors. CDHS
mRNA levels increased along with the tumor grades
(P < .01; Fig. 1A). Compared with normal tissues, the
fold increases of CDHS mRNA levels in grades II and
II astrocytomas and GBM were 1.17 + 0.61, 1.51 +
0.76, and 2.80 + 1.86, respectively. Notably, CDHS
was more significantly overexpressed in GBM than in
normal tissues and low-grade gliomas (P < .05, Tukey
honestly significant difference [HSD] ANOVA),
whereas grade II and grade III astrocytomas showed
slightly, but not significantly, increased CDHS levels
compared with normal tissues (Fig. 1A), indicating
that CDHS is specifically activated in GBM. To further
confirm the increased expression of CDHS in gliomas,
proteins were extracted from 2 normal brain samples,
as well as 5 grade II astrocytomas, 5 grade III astrocyto-
mas, and 5 GBM samples. Western blot analysis demon-
strated that CDHS5 protein was expressed in normal and
glioma tissues but was more highly expressed in GBM
(Fig. 1B). In addition, we performed a multivariate anal-
ysis of possible factors that may influence CDHS expres-
sion, including age at diagnosis, sex, tumor grade, and
KPS, by using the Repository of Molecular Brain
Neoplasia Data (REMBRANDT) database of the
National Cancer Institute (http://caintegrator-info.nci.
nih.gov/rembrandt). In this analysis, tumor grade was
the only independent factor that associated with
CDHS expression (P = .001), corroborating the conclu-
sion that CDHS is more highly expressed in GBM
(Supplementary Table S1).

Ouwerexpression of CDHS Predicts a Poor Prognosis for
GBM Patients

CDHS is overexpressed in gliomas, especially in GBM,
implying that it may influence clinical outcomes for
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Fig. 1. CDH5 expression in gliomas compared with normal brain
tissue. (A) Quantitative PCR analysis of CDH5 expression in
astrocytomas (A), anaplastic astrocytomas (AA), and GBM reveals
increased expression in all types of gliomas, especially GBM,
compared with normal brain tissue. GBM expressed significantly
higher levels of CDH5 than normal tissue and low-grade gliomas
(A and AA; P < .05). (B) Representative Western blots showing
that CDH5 is more highly expressed in GBM than in normal and
low-grade glioma tissues. B-actin and GAPDH were used as
loading controls for qPCR and Western blotting, respectively.

glioma patients. We next used the REMBRANDT data-
base to investigate whether targeting CDHS might have
a therapeutic benefit for glioma patients. The data were
analyzed to determine the survival of glioma patients
with intermediate, low, or high expression of CDHS.
There were only 10 patients with >2-fold CDHS5 down-
regulation, and we found a significant decrease in the
probability of survival of patients with elevated CDHS
(P < .001) compared with samples with low or interme-
diate CDHS levels (Fig. 2A). Because the amount of
blood vessels may increase significantly along with
glioma grade,>*** and CDHS is specifically overex-
pressed in GBM, to exclude that the prognostic value
of CDHS reflects only the amount of blood vessels and
is increased with tumor grade, we further examined
the association of CDHS levels and the survival of
GBM patients. The results revealed a statistically signifi-
cant correlation between CDHS expression and de-
creased survival of GBM patients (P <.05; Fig. 2B).
Furthermore, we performed a multivariate Cox regres-
sion analysis of prognostic factors that included CDHS
expression, age at diagnosis, gender, KPS, extent of re-
section, and chemotherapy with temozolomide. For the
glioma population stratified by tumor grade, CDHS
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Fig. 2. CDH5 levels correlate with patient survival (REMBRANDT database) for all glioma patients (A) or GBM patients (B). There were only
4 patients with >2-fold ZNF217 downregulation in gliomas. *P < .05, **P < .001 with CDH5 high vs intermediate; "'P < .001 with CDH5

high vs low.

level was an independent predictive variable for short-
ened survival (P =.041; Supplementary Table S2).
CDHS also independently associated with shortened
survival for GBM patients (P =.016, Supplementary
Table S3). These data indicate that CDHS expression is
a potential independent prognostic factor for adverse
survival of GBM patients.

CDHS Is Expressed in GBM Tumor Cells in Addition
to ECs

Consistent with previous studies,'>'® we found that

CDHS was expressed in GBM tumor cells in addition
to ECs. Immunohistochemical staining revealed that
CDHS was exclusively detected in vascular structures
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in normal brain tissues (Supplementary Fig. S1A),
whereas it was detected in tumor cells (Supplementary
Fig. S1C and D) in addition to vascular structures in
GBM tissues. The positive tumor cells in GBM primarily
exhibited membrane staining of CDHS5 (Supplementary
Fig. S1C and D). About 62.5% (15/24) of GBM
samples displayed CDHS immunoreactivity in tumor
cells besides vascular structures. The patterns of CDHS
immunoreactivity in GBM tumor cells included scat-
tered and clustered CDHS™ tumor cells. These results
suggest that CDHS is also activated in a proportion of
GBM tumor cells, which may gain the potential to trans-
differentiate into ECs and contribute to neovasculariza-
tion in GBM.

CDHS Is Specifically Activated in GSCs

Because it has been reported that GSCs may give rise to
ECs, together with our finding that CDHS is also ex-
pressed in tumor cells, we further explored the expres-
sion of CDHS in GSCs, normal NSCs, and non-GSCs
(serum-cultured primary and traditional cell lines). It
has been suggested that glioma is driven by a subpopula-
tion of GSCs that share some similar properties with
normal NSCs and have characteristics that more
closely resemble primary tumors than serum-cultured
non-GSCs.**  Neurosphere cell lines derived from
gliomas cultured in serum-free medium containing epi-
dermal growth factor and basal fibroblast growth
factor are widely used to enrich for GSCs,>****¢ and
serum-cultured primary glioma cells and traditional
glioma cell lines have been reported to contain few or
no GSCs.?* Therefore, 7 neurosphere cell lines derived
from GBM tissues cultured in serum-free medium were
used as GSCs. Primary glioma cells and GBM cell
lines, including U87, U251, and A172, cultured in
10% serum medium were used as non-GSCs. Two neu-
rosphere cell lines derived from human fetal brains cul-
tured in serum-free medium were used as normal
NSCs.%® The features of GSC, non-GSC, and NSC cell
lines used here have been described in our previous
studies,”>?® which demonstrated that GSC cells
express the stem cell markers nestin, CD15, and
CD133 and can differentiate into neuronal and glial
lineages.

Notably, gPCR showed that CDHS was more highly
expressed in GSCs than in non-GSCs and normal NSCs
(P < .05; Fig. 3A and B). Western blot analysis was per-
formed to determine the CDHS protein levels, and the
results corroborated CDHS expression in GSCs, but
not in non-GSCs and NSCs (Fig. 3C). Because CDHS
is a membrane molecule, flow cytometric analysis re-
vealed that 8.4% and 11.5% of CDHS™ cells were de-
tected among GSCS5 and GSC11 cells, respectively,
whereas only 1.0% and 0.8% of CDHS™ cells were de-
tected among U87 and NSCs (Fig. 4A and B).

To further confirm that CDH5™ cells detected in the
GSCs were tumor cells but not contaminated ECs,
CDHS™" cells were purified from GSCS and GSC11
(Fig. 4C, showing the purification of isolated CDHS5*
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cells) and injected into the brains of nude mice as ortho-
topic xenografts. The mice were sacrificed 2 months later
to detect tumor formation in the brains. Human-specific
nestin staining in the xenografts revealed that human-
derived tumors were formed in the mouse brains
(Fig. 4D and E). As a result, 80% (4/5) of the mice in-
jected with GSCS5 and 40% (2/5) of the mice injected
with GSC11 CDHS™ cells developed tumors resembling
those induced by their parent cell lines. The tumorigenic
potential of the CDHS™ cells indicates that they are
tumor cells rather than contaminated ECs.

Together, these data suggest that CDHS is specifically
activated in GSCs, implying that GSCs may acquire the
potential to transdifferentiate into ECs or initiate the
program to adopt an EC fate under suitable conditions.

CDHS Closely Associates With EC Markers and
Particularly HIF2«

We have shown that CDHS is overexpressed in GBM
and is specifically activated in GSCs. However, its bio-
logical role in GBM is unclear. To address this issue,
we used the ARACNe algorithm to assemble a genome-
wide repertoire of CDHS-specific transcriptional inter-
actions based on the mutual information between
pairwise genes.”’”*®* As noted earlier, to exclude
biases that may arise from using only 1 dataset, we
used 4 datasets from independent groups to deduce can-
didate genes interacting with CDHS5: The Cancer
Genome Atlas,”®?° the unified validation database
from Verhaak et al,”” a high-grade glioma dataset
from Gravendeel et al,> and a GBM dataset from Lee
etal.*" A threshold of 10~ was used to obtain candidate
genes that interacted with CDHS directly or indirectly.
Next, we performed a data processing inequality with
a tolerance of 20% to screen directly interacting genes
(DIGs) of CDHS (ie, genes that potentially interacted
with CDHS directly) by removing indirectly interacting
genes.”” As a result, 4 sets of DIGs of CDHS were ob-
tained from the 4 datasets. We then identified 5 genes
that overlapped in all 4 DIG sets, including G protein-
coupled receptor (GPR)116, kinase insert domain recep-
tor (KDR; vascular endothelial growth factor receptor
[VEGFR]2), CD34, transforming growth factor—33,
and endothelial Per-Arnt-Sim domain-containing protein
1 (EPAS1; HIF2«), and 9 genes that overlapped in 3 of
the DIG sets, such as platelet endothelial cell adhesion
molecule-1 (PECAM1; CD31) and von Willebrand
factor (VWF; Fig. SA). These genes were the most reli-
able of those that may interact directly with CDHS
and regulate or be regulated by CDHS. Strikingly,
most of these genes were EC markers or involved in an-
giogenesis, including CD34, CD31, KDR, VWF, collagen
type IV alpha 1, GPR116, myosin-1B,*’ erythroblast
transformation-specific related gene (ERG),*** and
EPAS1 (HIF2a),* corroborating the results of the bioin-
formatics analysis (Fig. 5SA). Notably, HIF2a genes,
which are critical for hypoxia-induced phenotypes and im-
portant for the tumorigenic potential of GSCs,'" were
among the most reliable DIGs. In fact, it has been reported
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Fig. 3. Differential expression of CDH5 in GSCs, non-GSCs, and normal NSCs. (A, B) CDH5 expression in normal NSCs, serum-cultured GBM
cell lines, non-GSCs, and GSCs. CDH5 is specifically expressed in GSCs compared with normal NSCs and non-GSCs. (C) Representative
Western blots showing that CDH5 is detected in GSCs but not in NSCs and U87. *P < .05.

that HIF2a is also selectively expressed in ECs,*? further
confirming the results of our bioinformatics analysis.
Moreover, in mouse cell lines, it has been reported that
HIF2a regulates CDHS expression directly by binding to
the promoter of CDHS.** However, it remains to be clar-
ified whether HIF2a regulates CDHS in human glioma
cells. Considering the close relationship between hypoxia
and angiogenesis, these results imply that hypoxia regu-
lates CDHS directly during the process of hypoxia-
induced angiogenesis in human GBM.

To further confirm the relationship between CDHS
and HIFs, we detected HIF1a and HIF2a by gPCR anal-
ysis in the cohort of GBM samples. Correlation analysis
revealed that CDHS was significantly correlated with
both HIFla (R*=0.35, P <.05) and HIF2a (R*=
0.23, P < .05; Fig. 5B and C). Furthermore, quantifica-
tion of Western-blot results from 12 GBM samples re-
vealed that the protein levels of CDHS were
significantly correlated with those of both HIFla
(R?=0.59, P <.05) and HIF2a (R*=0.38, P <.05;
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Fig. 4. Flow cytometric analysis revealed that CDH5 was detected in GSC lines (A) (data of GSC11 are shown as representative), but not in
non-GSC cells (B) (data of U87 are shown as representative). In addition, the percentage of CDH5™ cells was increased under hypoxic
conditions in GSC11 (A) but not in U87 cells (B). (C—E) isolated CDH5™ cells produced xenograft tumors in the brains of nude mice
(data from GSC5 are shown as representative). (C) The purity of isolated CDH5% GSC5 cells revealed by flow cytometry. (D and E)
Human-specific nestin staining revealed that CDH5" cells produced tumors when injected into the brains of nude mice. (D) 40x; (E)

400 x; bar =500 wm in (D) and 50 pm in (E).

Fig. 5D-F). These results imply potential interactions
between CDHS and HIFs.

CDHS Is Upregulated in GSCs Under Hypoxic
Conditions

Bioinformatics analysis and correlation results imply
direct interaction between CDHJS5 and HIFs. In addition,
hypoxia is an important factor for the GSC niche and
can promote the tumorigenic capacity and clonogenicity
of GSCs.'%!*3 Therefore, we next investigated whether
CDHS is regulated by hypoxia and contributes to
hypoxia-induced angiogenesis.
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Two GSC lines, 2 non-GSC lines (a serum-cultured
primary cell line and the U87 cell line), and normal
NSCs were cultured under hypoxic (1% O,) or nor-
moxic (20% O,) conditions for 24 h. Interestingly,
under hypoxic conditions, CDH5 mRNA showed a
2.6- to 17.0-fold increase in GSCs (7.4 4+ 6.1)
(Fig. 6A), whereas a perceivable increase of CDHS was
not observed in NSCs and serum-cultured U87 cells.
Western blot and flow cytometric analysis further con-
firmed that CDHS was increased in GSCs during
hypoxia but was not detected in non-GSCs or NSCs
under either normoxic or hypoxic conditions (Figs 4
and 6B). These results suggest that CDHS is specifically
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Fig. 5. Bioinformatics analysis from 4 datasets revealed putative DIGs for CDH5. (A) There are 5 DIGs overlapped in all of the 4 datasets and
9 in 3 of the datasets, representing the most reliable DIGs that may interact directly with CDH5 in GBMs. (B and C) Correlation analysis of
CDH5, HIF1«, and HIF2a expression in GBM samples by qPCR demonstrated that CDHS5 is significantly correlated with HIF1a and HIF2«
(P <.05). (D) Immunoblots of 12 human primary GBM lysates probed with antibodies to HIF1a, HIF2a, CDH5, and GAPDH (loading
control). (E and F) The intensities of the HIF1a, HIF2«a, and CDH5 signals relative to GAPDH were quantified by densitometry, and
correlation analysis revealed that CDH5 is significantly correlated with HIF1a and HIF2a in protein level (P < .05).

activated in GSCs and increased during hypoxia. In ad-
dition, although hypoxia increased CDHS expression
in GSCs, it had undetectable effects on non-GSCs and
NSCs that expressed low or undetectable levels of
CDHS under normoxic conditions.

CDHS Is Regulated by HIF1a and HIF2«

Because HIFla and HIF2a play a central role in the
hypoxia-induced responses of GSCs,'>*~* we ex-
plored whether the increased CDHS level under a
hypoxic condition is regulated by HIFs. HIFla and

HIF2a were knocked down by lentivirus shRNA in
U87 and 2 GSC cell lines, followed by selection with pu-
romycin. The efficiencies of HIF1a and HIF2a knock-
downs were detected by qPCR and are shown in
Supplementary Fig. S2A and B. Quantitative PCR anal-
ysis indicated that knockdown of either HIF1a or HIF2«
almost completely abolished CDHS expression in the 2
GSC lines (CDHS levels were repressed by 86 % —93%;
Fig. 7A). However, no significant change in CDHS ex-
pression was detected in U87 cells, possibly due to the
low expression of CDHS in the parent cell line
(Fig. 7A). To further confirm the regulation of CDH35
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Fig. 6. CDH5 is increased under hypoxia in GSCs. (A) Fold-increase of CDH5 mRNA levels in NSCs, U87, and GSCs after exposure to
hypoxia for 24 h. (B) Representative Western blots exhibiting CDH5 were increased under 1% O, hypoxic conditions for 24 h in GSC

cells, but not in NSCs and U87.

by HIFs, GSCs transfected with HIF1a, HIF2a, or non-
targeting control shRNA were cultured under 20% or
1% O, conditions for 24 h, and their changes of
CDHS expression were detected by qPCR. Compared
with nontargeting controls, knockdown of HIFla or
HIF2a in GSCs significantly inhibited the increase of
CDHS expression under hypoxic conditions (Fig. 7B).
Consistently, HIFla or HIF2a knockdown had unde-
tectable effects on CDHS5 expression in U87 cells
under hypoxic conditions (Fig. 7B). These data indicate
that HIFs play an important role in the regulation of
CDHS expression in GSCs under hypoxic conditions.

HIFs Directly Interact With the CDHS Promoter
in GSCs

It has been reported that HIF2a binds to CDHS promot-
er in mice.** We also showed that CDHS is regulated by
HIFs. Together with the bioinformatics results, it is pos-
sible that HIFs directly regulate CDHS in GSCs. The
—2341/4561 promoter region of the CDHS gene con-
tains several putative HREs (5-RCGTG-3'),*** includ-
ing 5 single sites (HRE6, —1981; HRES, —1691;
HRE3, —875; HRE2, +65; HRE1, +261; Fig. 7C)
and 1 head-to-head tandem (HRE4, —1583/—1588;
Fig. 7C), suggesting that the gene may be regulated by
HIFs. To confirm this hypothesis, we performed ChIP
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to investigate whether HIFs directly interact with the
CDHS5 promoter in GSCs. Primers were designed
across the putative HRE sequence in 4 CDHS promoter
regions spanning the first and second HREs
(HRE1,2-CDHS5), the third HRE (HRE3-CDHS), the
fourth and fifth HREs (HRE4,5-CDHS), and the sixth
HRE (HRE6-CDHS). Then, PCR was performed with
nuclear extracts from GSCS cells after immunoprecipita-
tion with anti-HIF antibodies. As a result, HIF2a bound
to HRE4,5-CDHS5 and HRE1,2-CDHS strongly but did
not bind to HRE3-CDHS5 or HRE6-CDHS (Fig. 7D).
HIFla bound to HRE4,5-CDHS and weakly bound to
HRE1,2-CDHS, while no signals were detected in the
other regions (Fig. 7D). These results demonstrate that
both HIFla and HIF2a interact with the human
CDHS promoter, which is at least partly attributed to
regulation of CDHS expression by HIFs in GSCs.

CDHS Contributes to Hypoxia-Induced Tubular
Vasculogenic Mimicry of GSCs

Because CDHS is a critical regulator of vascular forma-
tion, we analyzed whether CDHS5 is involved in
GSC-derived vasculogenic mimicry. In addition, consid-
ering that hypoxia regulates both the expression of
CDHS and the vasculogenic mimicry of GSCs, we exam-
ined the effect of CDHS on the vasculogenic mimicry of
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Fig. 7. CDH5 expression is regulated by HIFs in GSCs. (A) CDH5 expression was reduced in GSCs, while not significantly altered in U87, after
HIF1a or HIF2a knockdown. *P < .05 compared with nontargeting scramble control; P < .05 compared with HIF1a knockdown. (B)
Fold-increase of CDH5 under hypoxia demonstrated that CDH5 upregulation was compromised in U87 and GSCs under hypoxia after
HIF1a or HIF2a were knocked down in these cells. *P < .05, compared with the nontargeting scramble control; P < .05 compared with
HIF1a knockdown. Quantitative PCR data were normalized to B-actin; “Control” indicates parent cell line; “scramble” indicates GSCs
treated with nontargeting scrambled shRNA. (C) Localization of putative HREs in the —2341/+561 CDH5 gene promoter. Schematic
representation of the —2341/4-561 region of the CDH5 gene. Putative HREs are represented by circled numbers and their sequence is
displayed. (D) ChIP using HIF1a or HIF2a antibody and 2 different primer sets spanning different regions in the CDH5 promoter. 1gG,

immunoglobulin G.

GSCs under a hypoxic condition in parallel. Three-di-
mensional Matrigel tube formation assays were per-
formed, and the tube area, expressed as the total
number of pixels, was measured to determine the vascu-
logenic capacity of GSCs. First, 3D Matrigel tube forma-
tion assays using the GSC lines revealed that GSCS,
GSC9, and GSC11 cells exhibited various degrees of
tube formation in vitro. Then, CDHS was knocked
down by shRNA in GSCS5 cells to further explore the
effects of CDHS5 on vasculogenic mimicry. The efficiency
of CDHS knockdown in GSCS5 cells detected by qPCR
was about 83%. GSCS5 cells treated with CDHS-
shRNA or nonspecific scrambled shRNA were cultured
in the Matrigel tube formation system under 20% or
1% O, conditions for 24 h. Under the normoxic condi-
tion, the tube area per field in control GSCS5 cells

treated with nonspecific scrambled shRNA was 8.2 +
1.4 x 10, which was significantly decreased after
CDHS5 knockdown (3.5 + 0.9 x 10°, P =.026, Tukey
HSD; Fig. 8A and B). The tube area per field of GSCS
cells was increased under hypoxic conditions (16.3 4+
2.3x10°, P=.001), consistent with previous
reports.'® Interestingly, the tube area per field of GSCS
cells treated with CDHS5-shRNA during hypoxia was
4.8 4+ 1.3 x 10%, less than that of control GSC5 cells
under either normoxic (P = .111) or hypoxic conditions
(P < .001; Fig. 8A and B). In addition, the fold increase
of the tube area per field for control GSCs during
hypoxia was 2.0 4+ 0.3, which was decreased to 1.4 +
0.4 after CDHS5 knockdown (P =.083). These data
suggest that CDHS5 contributes to vasculogenic mimicry
of GSCs, especially under hypoxic conditions.
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Fig. 8. CDH5 contributes to vasculogenic mimicry of GSC under hypoxia. (A) Effects of CDH5 knockdown and hypoxia on the capacity of
vasculogenic mimicry of GSC5. (B) Tube area, taken from 3 random fields and expressed as total number of pixels, was used to compare the
capacity of vasculogenic mimicry of GSC5 after CDH5 knockdown or under hypoxia conditions. *P < .05, **P < .001.

Discussion

GBM consists of highly vascularized tumors, and endo-
thelial proliferation is one of the major hallmarks of this
disease. In addition to providing oxygen and nutrition
for tumor growth, the vasculature in GBM tumors also
forms a special vascular niche for GSCs. Therefore, the
use of anti-angiogenic agents is an important therapeutic
strategy for tumor treatment. A major stimulator of an-
giogenesis in tumors is hypoxia. It has been shown that
hypoxia induces angiogenesis via multiple mechanisms.
Hypoxia regulates multiple steps involved in angiogene-
sis, including vascular permeability, endothelial sprout-
ing, degradation of the extracellular matrix, and EC
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proliferation and migration, by regulating a cohort of
molecules important for angiogenesis, including VEGF,
Flt-1, KDR, angiopoietin-2, and matrix metalloprotei-
nase 2.°° Nevertheless, the mechanisms underlying
hypoxia-induced angiogenesis in GBM are not fully
understood.

In recent years, GSCs have been reported to be the
primary driving force of GBM growth and relapse. It
has been well established that GSCs are enriched in vas-
cular and perinecrotic/hypoxic niches in which hypoxia
is a critical component of the microenvironment.®~'" In
fact, hypoxia may promote cell reprogramming into
more primitive cell types for many kinds of cells, includ-
ing NSCs®! and, importantly, cancer stem cells.’*3 In



addition, hypoxia contributes to the aggressiveness and
therapeutic resistances of cancers.”*”> Hypoxia influ-
ences many key processes of cells by coordinated regula-
tion of the expression of a large number of genes. HIF
transcription factors, including HIFla and HIF2aq,
which are regulated by oxygen levels, play central roles
in the hypoxia-induced responses of these cells.*®¢>”

Despite the importance of GSCs in GBM tumorigen-
esis, the intrinsic biological nature of GSCs is largely
unknown. The importance of hypoxia to both angiogen-
esis and GSC maintenance indicates a potential relation-
ship between GSCs and angiogenesis. In fact, recent
studies have demonstrated that a proportion of
CD133" GSCs have the potential to transdifferentiate
into vascular cells, and the process is regulated by
hypoxia. However, the detailed relationships between
GSCs and ECs and the mechanisms of transdifferentia-
tion of GSCs into ECs are still unclear.

One of the specific markers for ECs is CDHS
(VE-cadherin/CD144). CDHS plays a pivotal role in vas-
cular integrity and permeability and controls EC assem-
bly into tubular structures.’’** CDHS promotes cell
survival and inhibits proliferation by interacting with
B-catenin, phosphoinositide-3 kinase, and VEGFR-2
and modulating their signaling. Inactivation of the
CDHS gene is embryonically lethal in mice because of im-
paired vascular remodeling and maturation.”’ CDHS is
also important for tumor angiogenesis, and blocking
the CDHS5 function with monoclonal antibodies in
mouse tumor models leads to inhibition of tumor angio-
genesis and growth.”>** Interestingly, CDHS is ex-
pressed in tumor cells in addition to ECs and promotes
tumor progression via the transforming growth factor—
B signaling pathway,’® implicating CDHS in important
roles for tumor cells.

Here, we first demonstrated that CDHS5, a specific EC
marker, is expressed in GBM tumor cells in addition to
ECs. These results indicate that during transformation,
a proportion of GBM cells also acquire a differentiation
potential for cell types other than neural cells.
Interestingly, we showed that CDHS3 is specifically acti-
vated in GSCs but not in normal NSCs and non-GSCs.
Therefore, it appears that the potential for transdifferen-
tiation into ECs is specifically activated in GSCs, and this
potential is intensively regulated by hypoxia conditions.
Because GSCs reside in a hypoxic niche, it is reasonable
to assume that hypoxia not only maintains the GSC
state, but also elicits their transdifferentiation potentials.
We further demonstrated that hypoxia-induced transdif-
ferentiation of GSCs requires CDHS expression that is
regulated by HIFs. Surprisingly, knockdown of either
HIFla or HIF2a downregulated about 90% of CDHS
levels in GSCs, implying that both HIF1a and HIF2«
are needed for CDHS5 expression in GSCs. This notion
is consistent with the fact that CDHS is weakly or not
expressed in NSCs and non-GSCs because it has been re-
ported that HIF2«a is specifically expressed in GSCs
rather than NSCs and non-GSCs.'® Importantly,
CDHS expression is a potential independent prognostic
factor for GBM, in which CDHS expression may reflect
the process of angiogenesis in GBM involving CDHS
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induction or the existence of CDHS" GSCs that
acquire the potential to transdifferentiate into ECs.

It has been reported that normal NSCs can also trans-
differentiate into ECs under certain conditions.’”
However, CDHS5 was weakly or not expressed in
normal NSCs in the present study, implying that the ca-
pacity of NSCs to transdifferentiate into ECs is condi-
tionally limited and can be activated only under
certain conditions. However, this capacity is enforced
in GSCs even in a “normal” tumor environment. One
explanation is that CDHS expression depends highly
on both HIFla and HIF2a, but HIF2a is weakly or
not expressed in NSCs. The low expression of CDHS
in non-GSCs possibly reflects the diminished multipo-
tency of these cells under differentiation conditions in
cultures containing serum medium. Because complicated
genetic and epigenetic alterations affect the states of
GSCs, it is possible that the culture system for GSCs,
which contains epidermal growth factor and basic fibro-
blast growth factor, may have a major effect on CDHS
expression. We found that both HIF2a and HIFla
bind to the CDHS promoter, which is inconsistent
with previous results, possibly due to the different cofac-
tors of HIFs and the epigenetic contexts in these 2 differ-
ent cell types. Different cofactors and epigenetic states
may influence the affinity of transcriptional factors for
their target genes.®®®! The dependence of CDHS expres-
sion on both HIFs in GSCs implies that a transcriptional
complex regulating CDHS involves both HIFla and
HIF2a. It is possible that, like tumor stem cells, GSCs
acquire an aberrant genetic and epigenetic background
in which the program for EC differentiation can be acti-
vated and involves HIF2a and CDHS expression. Such a
differentiation program is compatible with the trans-
formed states of GSCs, which confer upon them
the ability to function as both tumor cells and
ECs. Nonetheless, the detailed mechanisms controlling
CDHS expression in GSCs remain to be further explored.

An important result in this study was obtained in the
bioinformatics analysis. Using 4 independent glioma data-
sets, we identified the most reliable (but not all) genes that
may interact directly with CDHS5, including several genes,
such as ERG and EPAS1 (HIF2a), that have been con-
firmed by other studies. Notably, most of the remaining
genes were EC markers or closely related to vasculogene-
sis. We also analyzed the other genes and found that all
of them are closely related to ECs (data not shown).
These results corroborate the results of the bioinformatics
analysis, especially using more than 1 independent dataset.
If the genes that interact directly with CDHS and are
closely related to CDHS are treated as useful genes, then
the reliable rate is almost 100% when considering the
overlapped genes in all of the datasets.

We revealed novel features of GSCs that specifically
express the EC marker CDHS that is regulated by
HIFs under hypoxic conditions. Therefore, neoangio-
genesis may occur in glioma cells where tumor cells are
overgrowing but blood vessels are lacking. Given the
critical role of CDHS in angiogenesis, it is possible
that induction of CDHS may be an important process
during hypoxia-induced angiogenesis. However, the
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mechanisms of GSC transdifferentiation into ECs and
how CDHS expression is activated in GSCs are unclear.
In addition, the exact roles of CDHS during transdiffer-
entiation of GSCs into ECs remain to be elucidated.
Further study of these issues will provide a better under-
standing of the regulation mechanisms of the GSC state
and thus provide potential therapeutic strategies to

target GSCs.

Supplementary Material

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