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Abstract
Malignant glioblastoma (GBM) is a highly aggressive brain tumor with a dismal prognosis

and limited therapeutic options. Genomic profiling of GBM samples has identified four mo-

lecular subtypes (Proneural, Neural, Classical and Mesenchymal), which may arise from

different glioblastoma stem-like cell (GSC) populations. We previously showed that adher-

ent cultures of GSCs grown on laminin-coated plates (Ad-GSCs) and spheroid cultures of

GSCs (Sp-GSCs) had high expression of stem cell markers (CD133, Sox2 and Nestin), but

low expression of differentiation markers (βIII-tubulin and glial fibrillary acid protein). In the

present study, we characterized GBM tumors produced by subcutaneous and intracranial

injection of Ad-GSCs and Sp-GSCs isolated from a patient-derived xenoline. Although they

formed tumors with identical histological features, gene expression analysis revealed that

xenografts of Sp-GSCs had a Classical molecular subtype similar to that of bulk tumor cells.

In contrast xenografts of Ad-GSCs expressed a Mesenchymal gene signature. Adherent

GSC-derived xenografts had high STAT3 and ANGPTL4 expression, and enrichment for

stem cell markers, transcriptional networks and pro-angiogenic markers characteristic of

the Mesenchymal subtype. Examination of clinical samples from GBM patients showed that

STAT3 expression was directly correlated with ANGPTL4 expression, and that increased

expression of these genes correlated with poor patient survival and performance. A phar-

macological STAT3 inhibitor abrogated STAT3 binding to the ANGPTL4 promoter and ex-

hibited anticancer activity in vivo. Therefore, Ad-GSCs and Sp-GSCs produced

histologically identical tumors with different gene expression patterns, and a STAT3/

ANGPTL4 pathway is identified in glioblastoma that may serve as a target for therapeutic

intervention.

PLOS ONE | DOI:10.1371/journal.pone.0125838 May 8, 2015 1 / 22

a11111

OPEN ACCESS

Citation: Garner JM, Ellison DW, Finkelstein D,
Ganguly D, Du Z, Sims M, et al. (2015) Molecular
Heterogeneity in a Patient-Derived Glioblastoma
Xenoline Is Regulated by Different Cancer Stem Cell
Populations. PLoS ONE 10(5): e0125838.
doi:10.1371/journal.pone.0125838

Academic Editor: Ilya Ulasov, Swedish
Neuroscience Institute, UNITED STATES

Received: December 18, 2014

Accepted: March 25, 2015

Published: May 8, 2015

Copyright: © 2015 Garner et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All microarray files are
available from the GEO database (accession
number: GSE65576).

Funding: This work was supported in part by grants
from the National Institutes of Health CA133322 (L.M.
P. and A.M.D.), the Department of Defense
W81XWH-11-1-0533 (L.M.P.), the Cancer Center
Support Grant 21766 from the National Cancer
Institute and the Assisi Foundation of Memphis (A.M.
D.), by the Muirhead Chair Endowment (L.M.P.) of the
UTHSC and by the American Lebanese Syrian
Associated Charities (D.W.E., A.M.D.). The funders

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0125838&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Introduction
Brain tumors represent an important cause of cancer-related morbidity and mortality in the
United States, with malignant gliomas being among the most aggressive and difficult to treat
[1]. Although they rarely metastasize, malignant gliomas are locally invasive, highly vascular
tumors with extensive areas of necrosis and hypoxia. The prognosis for patients with glioma is
poor. Most patients with glioblastoma multiforme (GBM), the most severe grade of glioma
(WHO grade IV) and the most common glioma subtype in adults, die within 2 years of diagno-
sis, and patient survival has remained dismally low for decades [1]. Surgical resection of GBM
remains the primary treatment modality. Present adjuvant therapies, including chemotherapy
and radiation therapy, only provide slight improvement in the disease course and outcome [2].
Patients with recurrent GBM have an even bleaker prognosis [3].

Glioblastoma tumors are a heterogeneous mixture of cellular and molecular subtypes,
which may underlie the inability of conventional and targeted therapies to significantly impact
patient outcomes. Genomic profiling has identified four molecular subtypes of glioblastoma:
Proneural, Neural, Classical and Mesenchymal [4]. The Proneural subtype is associated with
PDGFRA abnormalities, IDH1 and TP53 mutations, and is usually found in younger patients.
Most gliomas are classified as Proneural due to their oligodrendrocytic signature [5–7]. The
gene expression of the Neural class of glioma most closely resembles normal brain tissue, and
has a strong enrichment for genes differentially expressed by neurons. The Classical glioma
subtype has an astrocytic signature; EGFR amplification is commonly observed in this tumor
type as well as high expression of Nestin (a neural precursor and stem cell marker), and Notch
and Sonic hedgehog signaling pathways. Gliomas classified as Mesenchymal exhibit higher ex-
pression of mesenchymal markers, MET and CHI3L1, and genes in the NF-κB pathway, such
as TRADD, RELB and TNFSF1A, as well as deletion of NF1 [8, 9]. Tumors with a Mesenchy-
mal gene signature tend to be more aggressive, highly resistant to therapy, lead to a higher rate
of relapse and have worse overall outcomes than tumors of the Classical, Proneural and Neural
subtype [8]. Therefore, a more detailed molecular understanding of the Mesenchymal subtype
in GBM is crucial to improve therapeutic design and patient outcome.

The tumorigenic process in glioblastoma is apparently initiated and sustained by a rare sub-
population of GBM stem-like cells (GSCs) [10–12]. As is the case with normal stem cells, GSCs
can self-renew and undergo differentiation, but they have high tumor-initiating capacity and
therapeutic resistance [13]. These stem-like cells are usually isolated based on their ability to
grow as multicellular, nonadherent spheres from single cell suspensions [14, 15], which we de-
note as spheroid GBM stem-like cells (Sp-GSCs). However, expansion of Sp-GSCs is technical-
ly challenging, and as spheres enlarge differentiated progeny appear and dying cells
accumulate within the sphere’s core. As an alternative approach, adherent GSCs isolated from
GBM (Ad-GSCs) and grown in chemically defined medium on laminin-coated tissue culture
flasks display stem cell properties and initiate high-grade gliomas following xenotransplanta-
tion [16].

In the present report, Ad-GSCs and Sp-GSCs were isolated from a GBM patient-derived
xenoline (PDX) that has the Classical gene signature. When injected subcutaneously into the
flanks or orthotopically into the brains of immunocompromised mice, Ad-GSCs and Sp-GSCs
were found to have markedly enhanced tumor-initiating activity (TIA) as compared to bulk
tumor cells, and form tumors that display identical histological features. Of note, while both
GSC populations in vitro have a mesenchymal gene signature, Sp-GSCs produce tumors with a
Classical gene signature; thus they recapitulate the molecular properties of the original GBM
PDX. In contrast, Ad-GSCs produce tumors with a mesenchymal gene signature. Besides upre-
gulated expression of many genes typical of the mesenchymal subclass, tumors produced from
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Ad-GSCs showed upregulated expression of STAT3 and angiopoietin like-4 (ANGPTL4).
STAT3 is an important transcription factor that plays a significant role in oncogenesis.
ANGPTL4 has been reported to act not only as a tumor suppressor [17], but also as an enhanc-
er of tumor metastasis and angiogenesis [18]. Most interestingly, a pharmacological STAT3 in-
hibitor blocked STAT3 binding to the ANGPTL4 promoter, and in vivo antitumor activity in
Ad-GSC xenografts.

Materials and Methods

Cell culture
The human GBM6 patient-derived xenograft (PDX) of adult glioblastoma tissue was provided
by Dr. C. David James, (Department of Neurological Surgery, University of California, San
Francisco) [19], and continuously maintained as subcutaneous xenografts in five-week-old
male NOD.Cg Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (Jackson Laboratory, Bar Harbor, ME). Cell
cultures of the GBM6 PDX were derived from minced, freshly harvested tumor tissue. Short-
term GBM6 cultures of differentiated bulk tumor cells were grown as adherent monolayers for
2 to 5 passages in DMEM (Cellgro, Herndon, VA) supplemented with 10% heat-inactivated
fetal bovine serum (Hyclone Labs, Thermo Scientific, Rockford, IL), 100 units/mL penicillin
and 100 μg/mL streptomycin. Ad-GSCs and Sp-GSCs were maintained in NeuroBasal-A medi-
um (Invitrogen, Carlsbad, CA) containing 2% B27 supplement, 2 mM L-glutamine, 100 units/
mL penicillin, 100 μg/mL streptomycin, EGF (20 ng/ml), and basic FGF (40 ng/ml). For isola-
tion of Ad-GSCs, culture flasks were coated with 100 μg/mL poly D-lysine (Sigma-Aldrich,
St. Louis, MO) for 1 hr followed by coating with 10 μg/mL laminin (Gibco, Life Technologies
Inc., Grand Island NY) for 2 hr prior to use. Ad-GSCs were plated into 75 cm2 flasks, grown to
confluence, dissociated with HyQTase (Thermo Scientific, Scientific, Rockford, IL), and split at
a 1:3 ratio. For isolation of Sp-GSCs, glioma cells were dissociated with HyQtase and plated
into ultra-low adhesion flasks.

Subcutaneous xenografts
Animal experiments were performed in accordance with a study protocol approved by the Insti-
tutional Animal Care and Use Committee of the University of Tennessee Health Science Center.
Glioblastoma xenografts were established in five-week-old male NOD.Cg-Prkdcscid Il2rgtm1Wjl/
SzJ (NSG) mice (Jackson Laboratory, Bar Harbor, ME) by direct flank injection of cells (1×106)
transduced with luciferase lentivirus constructs [20]. Tumors were measured twice weekly with
a handheld caliper. For bioluminescence imaging, mice were injected intraperitoneally with d-
luciferin (the luciferase substrate), imaged on the IVIS in vivo imaging system (Caliper Life Sci-
ences, Hopkinton, MA), and photonic emissions assessed using Living image software. To de-
termine the effect of STAT3 inhibition, once detectable tumors were determined by caliper
measurement (usually within 2-weeks of cell injection), WP1066 (40 mg/kg) in DMSO/Polyeth-
ylene glycol was delivered every other day by intratumoral injection. This dose of WP1066 has
been used previously in preclinical in vivo studies [21–23].

Orthotopic injections
Animal studies were performed under established guidelines and supervision of the St. Jude
Children’s Research Hospital’s Institutional Animal Care and Use Committee, as required by
the United States Animal Welfare Act and the National Institutes of Health’s policy to ensure
proper care and use of laboratory animals for research. Anesthetized (ketamine/xylazine)
CB17 SCID mice were placed on stereotactic equipment where the scalp was prepped using
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alcohol and iodine swabs and artificial tear gel applied to the eyes. Following scalp excision, a
rectangular cranial window was carved out and the dura was completely removed from the
surface of the brain, and 1x106 cells suspended in 10 uL of medium were injected approxi-
mately 2.5 mm deep in the right motor cortex. The excision site was closed with skin glue, and
all animals were monitored closely 24 hrs post-operatively. Tumor tissue was harvested by
gross inspection of the site of injection, which was easily visualized utilizing a cranial window.
Once this area was identified, careful dissection allowed subtotal removal of tumor tissue
alone; however, no further testing was performed to assure no mouse cells were included in
the specimen.

Gene expression analysis
Total RNA was isolated by treating tissue homogenates with Trizol followed by isolation with
the RNeasy Mini kit (Qiagen Inc., Valencia, CA). Samples were submitted for complete mRNA
expression profiling to the UTHSC Center of Genomics and Bioinformatics (Memphis, TN)
for labeling and hybridization to Human-HT12 BeadChips (Illumina Inc.). The microarray
data have been deposited in NCBI's Gene Expression Omnibus and are accessible through
GEO Series accession number GSE65576 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE65576). Gene expression was also measured on the nCounter Analysis System (Nano-
string Technologies, Seattle, WA) using a panel of 230 human cancer-related genes. In brief,
total RNA was mixed with pairs of capture and reporter probes, hybridized on the nCounter
Prep Station, and purified complexes were measured on the nCounter digital analyzer. To ac-
count for differences in hybridization and purification, data were normalized to the average
counts for all control spikes in each sample and analyzed with nSolver software. Gene expres-
sion patterns were quality controlled by Principal Component Analysis (PCA). Genes were sta-
tistically tested by unequal variance t tests. The false discovery rate (FDR) was calculated to
control for multiple comparisons using Partek Genomics Suite 6.6. Results were visualized
using STATA/MP 11.2. In addition, 3–5 (10 μm) curls were cut from 24 glioblastoma patient
biopsy specimens (UTHSC Tissue Services Core), RNA isolated using the RecoverAll Total
Nucleic Acid Isolation Kit (Ambion), and gene expression was determined by quantitative
RT-PCR.

Ingenuity Pathway Analysis (IPA)
IPA (Qiagen Inc., Valencia, CA) was used to identify canonical signaling pathways and func-
tional pathways as well as to produce networks of related genes derived from genes changed in
the analyzed comparisons. Here, the rank-product-generated gene lists using a 5% FDR were
uploaded into the IPA server as input data. IPA uses pathway libraries derived from the scien-
tific literature. Statistics for functional analysis were carried out by Fischer’s exact test.

Histopathology
Tumor tissue produced by injection of bulk tumor cells, Ad-GSCs and Sp-GSCs (four separate
tumors for each condition) were fixed in 10% neutral buffered formalin for 24 hours, embed-
ded in paraffin wax, and sectioned at 5 μm thickness. For each sample, sections were stained
using a standard hematoxylin and eosin (H&E) method, or by immunohistochemistry using
antibodies to neural markers: GFAP, S100, OLIG2, MAP2 and synaptophysin. Representative
images of each sample/stain combination were captured at 20x original magnification on a
Nikon S1 digital camera.
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Quantitative RT-PCR
Gene expression of RNA used for microarray analysis was measured by q-PCR on an iCyclerIQ
(Bio-Rad Laboratories, Richmond, CA) using an iScript One-Step RT-PCR kit with SYBR
Green (Bio-Rad Laboratories, Richmond, CA). Reaction parameters were as follows: cDNA
synthesis at 50°C for 20 min, transcriptase inactivation at 95°C for 5 min, PCR cycling at 95°C
for 10 sec, and 60°C for 30 sec for 40 cycles. The following primers were used for RT-PCR: β-
actin 5’-AGAAGGAGATCACTGCCCTG-30 (forward), 5’-CACATCTGCTGGAAGGTGGA-30

(reverse); CHI31 5’-GTGAAGGCGTCTCAAACAGG-3’ (forward), 5’-GAAGCGGTCAAGGG
CATCT-3’ (reverse); TRADD 5’-GCTGTTTGAGTTGCATCCTAGC-3’ (forward), 5’-
CCGCACTTCAGATTTCGCA-3’ (reverse); NF1 5’-AGATGAAACGATGCTGGTCAAA-3’
(forward), 5-CCTGTAACCTGGTAGAAATGCGA-3’ (reverse); RelB 5’-CAGCCTCGTGGGG
AAAGAC-3’ (forward), 5’-GCCCAGGTTGTTAAAACTGTGC-3’ (reverse); CASP4 5’-
TTTCTGCTCTTCAACGCCACA-3’ (forward), 5’-AGCTTTGGCCCTTGGAGTTTC-3’ (re-
verse); FGFR3 5’-TGCGTCGTGGAGAACAAGTTT-3’ (forward), 5’-GCACGGTAACGTAG
GGTGTG-3’ (reverse); PDGFA 5’-GCAAGACCAGGACGGTCATTT-3’ (forward), 5’-
GGCACTTGACACTGCTCGT-3’ (reverse); EGFR 5’-CTACGGGCCAGGAAATGAGAG-3’
(forward), 5’-TGACGGCAGAAGAGAAGGGA-3’ (reverse); AKT2 5’-ACCACAGTCATCGA
GAGGACC-3’ (forward), 5’-GGAGCCACACTTGTAGTCCA-3’ (reverse); Nestin 5’-
GGCGCACCTCAAGATGTCC-3’ (forward), 5’- CTTGGGGTCCTGAAAGCTG-3’ (reverse).

TCGA data analysis
To examine the relationship between STAT3 and ANGPTL4 expression in human GBM brain
tissue, we queried the TCGA data portal for all low-grade glioma and GBM samples with gene
expression (BI_HT_HG-U113A Array Data Set) data available as well as accompanying clini-
cal data. The data set was filtered for samples having expression data for STAT3, ANGPTL4
and clinical data, yielding a final set of 466 individual low-grade glioma samples and 328 inde-
pendent GBM patient samples. Statistical analysis was performed using Graphpad Prism.

Apoptosis assay
The induction of apoptosis was monitored by flow cytometry (Accuri Model 6C) using the
Annexin V-FITC apoptosis detection kit (BD Pharmingen, San Diego, CA), according to the
manufacturer's instructions.

Chromatin immunoprecipitation
Chromatin Immunoprecipitation (ChIP) was carried out using the ChIP-I Express Enzymatic
kit (Active Motif, Carlsbad, CA) according to the manufacturer's instructions. In brief, chro-
matin from cells was cross-linked with 1% formaldehyde (10 min at 22°C), sheared to an aver-
age size of ~200 bp, and then immunoprecipitated with anti-STAT3 (Santa Cruz
Biotechnology). ChIP-PCR primers were designed to amplify a proximal promoter region con-
taining a putative STAT3 (-1369 to -1348) binding site in the ANPTL4 promoter. The primers
used were 5’- CATTAAAGACCCTGGCGGTA -3’ (forward), 5’- GGATCACAGTCGTGTGA
GGA -3’ (reverse).

Statistical analysis
At least three independent experiments were performed in duplicate, and data are presented as
means ± sd. ANOVA and post-hoc least significant difference analysis or Student t tests were
performed. p values< 0.05 (�) were considered statistically significant.
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Results

Differences in the molecular signatures of GSCs grown in vitro and as
subcutaneous xenografts
Glioblastoma is characterized by extensive heterogeneity at the cellular and molecular levels
[24], which may reflect the presence of different cancer stem cell populations. In a previous
study, we isolated Ad-GSCs and Sp-GSCs from the GBM6 PDX, and showed that both popula-
tions had high expression of stem cell markers, such as CD133, Sox2 and Nestin, but low ex-
pression of differentiation markers such as βIII-tubulin and glial fibrillary acid protein as
compared to bulk tumor cells [25]. Both populations maintain high CD133 expression (>85%)
by flow cytometric analysis even when they were maintained in serum-containing media for a
week, which provides strong evidence that these GSCs represent a “true” stem cell population
and that “stemness” is not an artifact of the media (serum versus growth factors). Both popula-
tions had high constitutive STAT3 and NF-κB activation, which resulted in upregulation of the
Notch pathway. To more fully characterize the molecular signatures of these GSC populations,
RNA was prepared from biological replicates of GBM6 cells grown as either short term cultures
of differentiated bulk tumor cells, Ad-GSCs, or Sp-GSCs, and whole genome expression profil-
ing was performed on HT-12 expression Bead-Chips by the UTHSC Center of Genomics and
Bioinformatics. Hierarchical clustering was used to assess the differential expression of ~840
GBM subtype predictor genes [4]. As shown in Fig 1A, a heatmap of the variation in expression
of these predictor genes showed that cells grown in vitro under both GSC conditions exhibited
very similar expression profiles, which was markedly different from the expression profile of
the highly differentiated bulk tumor cells grown in serum-containing medium. Consistent with
our previous findings [25], high Nestin, Sox2 and CD133 expression was found in both GSC
populations, while βIII-tubulin and glial fibrillary acid protein was expressed at relatively low
levels. Thus, although the two GSC populations were grown under different culture conditions
(adherent versus suspension culture), their gene expression profiles were very similar. We then
compared the mathematical variance among the various data samples by PCA, which is an un-
supervised analytical method similar to factor analysis that is sensitive to all causes of variabili-
ty within the data. Visualization of the first three components allows for quality control and
the relative assessment of the variability of replicates. This PCA visualization also allows the as-
sessment of the categorical factors of interest by demonstrating whether the data naturally ag-
gregates by these factors or by an unknown or systematic factor like batch. When gene
expression of the GSC populations and bulk tumor cells grown in vitro were subjected to PCA
analysis, the gene expression profiles in the two different GSC cultures were also found to be
relatively similar, while that of bulk tumor cells grown in vitro was markedly different (Fig 1B).

We then performed whole genome expression analysis on tumors produced from the differ-
ent GBM cell populations. In brief, bulk tumor cells, Ad-GSCs and Sp-GSCs (1 x 106 cells)
were injected into the flanks of immunocompromised NSG mice, and once reaching a volume
of ~200 mm3, tumors were excised, RNA was prepared and subjected to microarray analysis.
In contrast to the in vitro findings, tumors produced from Ad-GSCs and Sp-GSCs had marked-
ly different expression profiles as evidenced by the heatmaps of the gene expression profiles
(Fig 1A) as well as PCA of the average gene expression (Fig 1B). The tumor xenografts of the
differentiated bulk tumor cells and Sp-GSCs were extremely similar, which is consistent with
the finding that Sp-GSCs repopulate the GBM tumors with gene expression profiles nearly
identical to that of bulk tumor cells [26]. Therefore, while the gene expression of Sp-GSCs and
Ad-GSCs grown in vitro are highly similar, the in vivomolecular signature of the tumor tissue
is quite different. These results suggest that distinct stem cell populations exist in GBM and
promote tumor heterogeneity.
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Fig 1. Microarray analysis of gene expression in GBM6 cells and tumor xenografts. RNA was prepared
from GBM6 bulk tumor cells, Ad-GSC, and Sp-GSC cultures as well as from subcutaneous tumor xenografts
of these injected cells. Biological duplicates were run for each sample and data were collected and analyzed.
A. Gene expression was measured by Illumina array and genes reported in the TCGA database were
analyzed. B. The PCA plot represents the comparison of gene signatures from each condition.

doi:10.1371/journal.pone.0125838.g001
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Ad-GSC and Sp-GSC xenografts express distinct molecular profiles
To determine if the molecular profiles of Ad-GSCs and Sp-GSCs corresponded to any of the
four molecular subtypes of glioblastoma we compared the expression of the ~840 GBM predic-
tor genes in our cell and tissue samples to that of 202 glioblastoma tumor tissue in the TCGA
database, which represent Classical (white spheres), Neural (black spheres), Proneural (blue
spheres) and Mesenchymal (grey spheres) subclasses. Fig 2A shows, as expected, that the GBM
tumor samples form four relatively distinct groups as previously shown [4], but there is some
overlap in the expression patterns among these four subclasses. The gene expression profiles of
Ad-GSCs (red spheres) and Sp-GSCs (yellow spheres) grown in vitro resemble that of the Mes-
enchymal GBM subclass. In contrast the expression profile of bulk GBM6 tumor cells grown
in vitro (orange spheres) is associated with the Classical GBM subtype, which is consistent with
what was previously found (Y. Gillespie, personal communication). We next examined the pat-
tern of gene expression in flank tumors of these cells. Most interestingly, tumors that arose
from Ad-GSCs expressed a Mesenchymal gene signature, which resembles that of Ad-GSCs
grown in vitro. In contrast, tumors that arose in mice injected with Sp-GSCs had a Classical
subtype signature, which closely resembles the gene signature of tumors derived from bulk
tumor cells. Thus, Sp-GSCs and Ad-GSCs have similar molecular properties (Mesenchymal
subclass) in vitro, which are distinct from that of bulk tumor cells grown (Classical subclass)
in vitro. When injected into mice, these GSCs form molecularly distinct tumors. Ad-GSCs
maintain a Mesenchymal gene signature in vitro and in vivo, while Sp-GSCs repopulate the
tumor with a Classical gene signature, similar to that of bulk tumor cells.

To further characterize gene expression in the Ad-GSCs and Sp-GSCs tumor xenografts, we
examined the expression of genes previously defined to be characteristic of the Classical
(FGFR3, PDFA, EGFR, AKT-2 and Nestin) and Mesenchymal (CHI3L1, TRADD, NF1, RelB
and CASP4) glioblastoma subtypes [4]. RNA was extracted and pooled from three individual
subcutaneous xenografts derived from bulk tumor cells, Ad-GSCs or Sp-GSCs, and the expres-
sion of these marker genes was determined by qPCR. Fig 2B shows that expression of Mesen-
chymal markers CHI3L1, TRADD and RelB is significantly elevated in Ad-GSCs xenografts as
compared to tumor xenografts of bulk tumor cells and Sp-GSCs. In contrast, the tumor sup-
pressor NF1, which is downregulated in Mesenchymal glioblastoma, is expressed at relatively
low levels in tumor tissue from Ad-GSCs as compared to tumors derived from Sp-GSCs and
bulk tumor cells. The Mesenchymal marker, CHI3L1, in combination with astrocytic markers
is indicative of an epithelial-to-mesenchymal transition that has been linked to aggressive, de-
differentiated tumors [27]. Genes in the TNF and NF-κB pathways, such as TRADD and RelB,
are highly expressed in the Mesenchymal subtype as well, potentially as a consequence of in-
creased necrosis and associated inflammatory infiltrates [28]. In addition, the Classical marker
genes FGFR3, PDGFA, EGFR and Nestin are all expressed at relatively high levels in tumor xe-
nografts of bulk tumor cells and Sp-GSCs, as compared to xenografts of Ad-GSCs, which is
consistent with the PCA analysis classification of the tumors as the Classical subtype. In con-
trast, EGFR and Nestin are expressed at extremely low levels in Ad-GSC tumor xenografts,
which is consistent with their classification as Mesenchymal tumors. Significant EGFR amplifi-
cation is observed in 97% of Classical glioblastomas in the TCGA database but infrequently in
other subtypes. The GBM6 xenograft is derived from a patient with overexpression of the VIII
mutant of EGFR, and our finding of high EGFR expression in bulk tumor cells and in tumors
derived from them is consistent with EGFR overexpression. However, it is extremely interest-
ing that the tumors from Ad-GSCs express relatively low EGFR levels providing additional evi-
dence that Ad-GSCs are a distinct GSC population. Based on these findings on differential
marker gene expression in GSC xenografts, we then examined the expression of the
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Fig 2. Molecular classification of gene expression in GBM6 cells and tumor xenografts. A. Array
analysis was performed and compared to glioblastoma molecular subclasses; PCAmap depicts the
classical, mesenchymal, neural, and proneural gene signatures and the gene signature of GBM6 cells and
tumor tissue derived from bulk tumor cells, Ad-GSCs and Sp-GSCs. B. and C. RNA was isolated from three
individual tumors derived from GBM6 bulk tumor cells, Ad-GSCs and Sp-GSCs (B), and from these cells
grown in vitro (C.) to determine gene expression of molecular markers of the Mesenchymal (CHI3L1,
TRADD, NF1, RelB and CASP4) and Classical (FGFR3, PDGFA, EGFR, AKT2 and Nestin) subclass of
glioblastoma by qPCR and normalized to actin expression (n = 3). Error bars, S.D. * p < 0.05, ** p < 0.01,
*** p < 0.001.

doi:10.1371/journal.pone.0125838.g002
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Mesenchymal and Classical marker genes in bulk tumor cells, Ad-GSCs and Sp-GSCs grown
in vitro. As shown in Fig 2C, the expression of the Classical marker genes FGF3, PDGFA,
EGFR and AKT2 is markedly downregulated in both GSC populations relative to bulk tumor
cells grown in vitro. In addition, there is elevated expression of the Mesenchymal marker genes
TRADD, NF1 and RelB in both Ad-GSC and Sp-GSC populations grown in vitro. Overall our
studies indicate that Ad-GSCs are a molecularly distinct GSC subpopulation from that of Sp-
GSCs. The Ad-GSCs exhibit a Mesenchymal gene signature in vitro, and promote the forma-
tion of Mesenchymal tumors in vivo.

Histopathology of Sp-GSC and Ad-GSC xenografts
An important characteristic of GBM is marked morphologic heterogeneity within the tumor it-
self, as well as among different GBM tumors. The molecular heterogeneity observed in our glio-
blastoma xenografts of bulk tumor cells, Ad-GSCs and Sp-GSCs led us to examine the
histopathology of these tumors. Four individual subcutaneous tumors derived from each cell
culture condition were formalin-fixed, paraffin-embedded, and sectioned. Each sample was
H&E stained, and immunohistochemistry was performed to measure immunoreactivity with
antibodies for the following neural markers: GFAP, S100, OLIG2, MAP2 and synaptophysin.
As shown in Fig 3A, the Classical GBM tumors of bulk tumor cells and Sp-GSCs xenografts,
and the Mesenchymal tumors of Ad-GSC xenografts were all determined to be high-grade glio-
mas and were morphologically indistinguishable. Tumor cells with a high nuclear:cytoplasmic
ratio and little nuclear pleomorphism showed the morphology of relatively undifferentiated
high-grade gliomas. Immunohistochemistry of the tumor tissue demonstrated a uniform phe-
notype among the different tumor xenografts (Fig 3B). There was strong immunoreactivity for
GFAP and OLIG2 in many tumor cells, while all tumor cells expressed S-100 and MAP-2.
There was no immunoreactivity for synaptophysin. Across the range of neural tumors, GFAP,
OLIG-2 and MAP-2 are generally expressed by gliomas, while the neuronal marker synapto-
physin is not [29–32]. These findings reveal the similarity at the microscopic level between the
molecularly distinct xenografts of the bulk tumor cells, Sp-GSCs and Ad-GSCs.

Adherent GSCs promote the formation of intracranial tumors with a
Mesenchymal signature
In order to investigate the role of the tumor microenvironment on gene expression in GBM,
we also performed intracranial injection of GSCs. The human GBM orthotopic mouse model
results in invasive growth in mice and allows quantitation of intracranial tumor growth [33].
We first compared the tumor initiating activity of luciferase-expressing GBM6 cells grown as
short-term bulk tumor cells, Ad-GSCs or Sp-GSCs by bioluminescence imaging. Fig 4A shows
that both Ad-GSCs and Sp-GSCs formed intracranial tumors more rapidly than bulk tumor
cells (within 25 days as compared to 35 days, respectively). Moreover, animal survival was sig-
nificantly (p<0.001) shorter with the more aggressive tumors (Fig 4B). This finding is consis-
tent with our previous studies that revealed Ad-GSCs were more potent in inducing
subcutaneous tumors when compared to bulk GBM tumor cells [25].

We next determined the histology of the different intracranial xenografts. As shown in
Fig 5A, the intracranial glioblastoma tumors derived from bulk tumor cells, Ad-GSCs and Sp-
GSCs were all determined to be high-grade glioma and exhibited no distinction in H&E stain-
ing. All of the tissue displayed characteristics of glioblastoma, such as hypercellularity, atypical
nuclei, pseudopalisading necrosis and microvascular proliferation [34]. The traditional glioblas-
toma prognostic markers GFAP, S100, OLIG2, MAP2 and SYN were also analyzed and found
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to be indistinguishable among the intracranial glioblastoma xenografts (Fig 5B). Thus, the in-
tracranial and subcutaneous tumor xenografts were indistinguishable histologically.

To further characterize the intracranial glioblastoma xenografts, we also examined the ex-
pression of genes typical of the Classical and Mesenchymal GBM subtypes. RNA was extracted
from three individual intracranial tumors derived from bulk tumor cells, Ad-GSCs or Sp-
GSCs. As shown in Fig 4C, expression of the Mesenchymal markers CHI3L1, TRADD and
RelB was significantly elevated in intracranial tumors derived from Ad-GSCs compared to the
other xenografts, while NF1 was decreased. These results are similar to our findings with sub-
cutaneous tumors (Fig 2B). In addition, we found that the Classical markers FGFR3, PDGFA,
EGFR, AKT-2 and Nestin are highly expressed in intracranial tumor tissue derived from bulk

Fig 3. Pathologic analysis of subcutaneous GBM6 tumor xenografts.GBM6 bulk tumor cells, Ad-GSCs, and Sp-GSCs were injected subcutaneously
and allowed to grow to a diameter of ~400mm3. Tumors were harvested and paraffin embedded for histology. A. H&E staining and B. Immunoreactivity for
GFAP, S100, OLIG2 and MAP2. (All photomicrographs taken at 200x).

doi:10.1371/journal.pone.0125838.g003
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Fig 4. Characterization of GBM6 tumor xenografts. A. CB17 SCID mice were injected with 1x106 luciferase-tagged GBM6 cells grown as bulk tumor cells,
Ad-GSCs, or Sp-GSCs, and tumor burden was measured by bioluminescence twice a week (n = 10 per group), and (B) Kaplan-Meier analysis of survival
data (n = 8) was performed. C. RNA isolated from intracranial tumors was subjected to qPCR as indicated and normalized to actin expression (n = 3). Error
bars, S.D. * p < 0.05, ** p < 0.01, *** p < 0.001.

doi:10.1371/journal.pone.0125838.g004
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tumor cells and Sp-GSCs, while there is lower expression in Ad-GSC intracranial tumors.
These orthotopic studies support our finding that Ad-GSCs represent a different tumor initiat-
ing subpopulation than Sp-GSCs. The adherent glioblastoma GSCs exhibit a Mesenchymal
gene signature and produce tumors of the Mesenchymal glioblastoma subtype in vivo.

Upregulated expression of STAT3 and ANGPTL4 in Ad-GSC xenografts
To identify genes in oncogenic pathways differentially expressed in Ad-GSC xenografts, we per-
formed expression profiling using the human cancer-related panel on the nCounter Analysis
System (Nanostring Technologies, Seattle, WA). RNA was prepared from three individual

Fig 5. Pathologic analysis of orthotopic GBM6 tumor xenografts.GBM6 bulk tumor cells, Ad-GSCs and Sp-GSCs were orthotopically injected as
described in Fig 4, and tumor-bearing brains were paraffin embedded for histology. A. H&E staining and B. Immunoreactivity for GFAP, S100, OLIG2 and
MAP2. (All photomicrographs taken at 200x).

doi:10.1371/journal.pone.0125838.g005
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subcutaneous tumors from NSGmice injected with bulk tumor cells or Ad-GSCs. Fig 6A reveals
that, while individual biological replicates of tumor tissue showed little variation in gene expres-
sion, there were clear differences in the gene expression pattern in xenograft tumors of bulk
tumor cells as compared to Ad-GSCs. Genes downregulated (SPP1, ETV1, CCND2) or upregu-
lated (CDH1, NQO1, STAT3 and LYN) in the Ad-GSC-derived tumors that passed the Bonfer-
roni threshold are shown in Fig 6B by Volcano Plots. The differential expression of these genes
was validated by qPCR in three individual subcutaneous tumors derived from bulk tumor cells
and Ad-GSCs (Fig 6C). The enhanced expression of STAT3 in Ad-GSC derived tumors is of par-
ticular importance, since STAT3 has been reported to be an initiator and master regulator of
mesenchymal transformation in glioblastoma [35]. Thus, it is consistent that STAT3 is upregu-
lated in Ad-GSC xenograft tumors that have a Mesenchymal expression pattern [35]. Elevated
expression of CDH1, NQO1 and LYN has also been previously identified in glioblastoma, and is
believed to contribute to the growth and invasion of this aggressive brain tumor subtype [36–38].

Ingenuity Pathway Analysis revealed that genes involved in angiogenesis are significantly
enriched (P<0.05) in Ad-GSC tumor xenografts (Fig 6D). Fig 6E shows the qPCR validation of
several pro-angiogenic genes, such as ANGPTL4, IL8, CDKN2A and CXCL1, in Ad-GSC
tumor xenografts. Upregulation of ANGPTL4 expression was previously identified in an angio-
genic gene signature that correlates with the Mesenchymal subtype of glioblastoma [8]. The
chemokine IL-8 is expressed and secreted at high levels in glioblastoma both in vitro and in
vivo, and recent experiments suggest it is critical to glial tumor neovascularity and progression
[39]. CXCL1 is a chemokine implicated as an oncogenic factor in glioma, which is associated

Fig 6. Enrichment of pro-survival and pro-angiogenic genes in Ad-GSC tumor xenografts. A. RNA was prepared from three separate tumors
generated from GBM6 bulk tumor cells and Ad-GSCs, and Nanostring analysis was performed. B. Volcano plot depicting the genes that passed the
Bonferroni test. C. The RNA was used to validate the gene expression of SPP1, ETV1, CCND2, CDH1, NQO1, and LYN by qPCR (normalized to actin
expression). D. Ingenuity pathway analysis showing that genes upregulated in Ad-GSC tumor xenografts are involved in angiogenesis. E. qPCR validation of
pro-angiogenic genes (ANGPTL4, IL8, CDKN2A and CXCL1) upregulated in Ad-GSC tumor xenografts normalized to actin expression (n = 3). Error bars, S.
D. * p < 0.05, ** p < 0.01, *** p < 0.001.

doi:10.1371/journal.pone.0125838.g006
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with attenuated angiogenic activity through NF-κB regulation [40]. These pro-angiogenic
genes have been shown to contribute to the vascularization of highly aggressive glioblastoma
tumors and therefore are of therapeutic interest.

STAT3 and ANGPTL4 expression is associated with glioma grade and
patient survival in clinical specimens
We then analyzed whether the expression of STAT3 and ANGPTL4 was correlated with glioma
grade in the TCGA database. STAT3 and ANGPTL4 expression was examined in 10 normal
brain samples, 466 individual low-grade glioma patients and 328 individual high-grade (GBM)
patients. As shown in Fig 7A, both STAT3 and ANGPTL4 expression is significantly increased
in GBM samples when compared to normal tissue and low-grade gliomas.

We then determined whether the expression of STAT3 and ANGPTL4 correlates with pa-
tient survival. Brain biopsy specimens from 24 GBM patients were obtained from the UTHSC
tissue core, and RNA was isolated from FFPE tissue blocks to determine expression of STAT3
and ANGPTL4. As shown in Fig 7B, although there was significant patient-to-patient variabili-
ty as expected, there was a direct relationship between STAT3 and ANGPTL4 expression and
patient survival. A statistically significant increase in STAT3 and ANGPTL4 gene expression
was observed in GBM patients that survived less than one year compared to patients that sur-
vived longer than one-year. Interestingly, patients that exhibited highly elevated expression of
STAT3 also had highly elevated ANGPTL4 expression, while other patients were found to
coexpress low levels of both genes. Fig 7C shows that expression of STAT3 and ANGPTL4 are
directly correlated to one another.

STAT3 binds to the ANGPTL4 promoter and regulates ANGPTL4
expression
To characterize the functional importance of upregulated STAT3 expression, we examined the
effects of treatment with WP1066, which is a STAT3 inhibitor [25], on gene expression in Ad-
GSCs. As shown in Fig 8A, treatment with WP1066 decreased the expression of angiogenic
genes (ANGPTL4, VEGFR-1 and VEGFR-2), as well as expression of stem cell marker genes
(CD133, SOX2 and Nestin). Since STAT3 and ANGPTL4 expression are directly correlated in
GBM patient samples, and a STAT3 inhibitor suppressed ANGPTL4 expression in vitro, we
hypothesized that STAT3 may directly regulate ANGPTL4 expression. Examination of putative
transcription binding sites within the ANGPTL4 promoter revealed a proximal (-1369 to

Fig 7. Expression of STAT3 and ANGPTL4 in human GBM samples. A. Gene expression of STAT3 and ANGPTL4 in the TCGA database for normal
brain tissue (n = 10), low-grade glioma samples (n = 265) and high-grade (GBM) samples (n = 328). B. and C. RNA was extracted from 24 GBM patient
biopsies, and STAT3 and ANGPTL4 expression was measured by qPCR and normalized to actin expression (n = 3), and expression was correlated to short-
term and long-term survival (B) and (C) as well as to each other. Error bars, S.D. * p < 0.05, ** p < 0.01, *** p < 0.001.

doi:10.1371/journal.pone.0125838.g007
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-1348) STAT3 binding site. To determine whether STAT3 bound to this site we performed
ChIP analysis. As shown in 8B, significantly increased binding of STAT3 to the ANGPTL4 pro-
moter was observed in Ad-GSCs as compared to bulk tumor cells. In addition, the STAT3 in-
hibitor WP1066 decreased STAT3 binding to ANGPTL4 in Ad-GSCs. Taken together, these
results show that STAT3 regulates ANGPTL4 expression in Ad-GSCs by directly binding to its
promoter, and this interaction can be blocked with targeted STAT3 inhibitors. As an indepen-
dent approach to define whether there is upregulation of the STAT3/ANGPTL4 pathway in
GSCs, we flow-sorted single cells isolated from PDX tissue for the expression of CD133 and de-
termined STAT3 and ANGPTL4 expression by qPCR. As shown in Fig 8C, expression of
STAT3 and ANGPTL4 was markedly increased in CD133+ cells as compared to CD133- cells.

The in vivo antiglioma effects of STAT3 inhibition
We then examined the anticancer activity of the STAT3 inhibitor (WP1066) in vivo. NSG mice
were flank injected with Ad-GSCs (1 x106 cells) that express luciferase for noninvasive biolumi-
nescence live animal imaging, and imaged twice a week. Once palpable tumors were detected
(at ~ two weeks after tumor cell injection), WP1066 (40 mg/kg) was delivered intraperitoneally
every other day for two weeks. As shown in Fig 9A, the tumorigenicity of Ad-GSCs was
markedly suppressed by treatment with WP1066. The apparent increase in tumor size upon
treatment with WP1066 at 24 and 28 days is apparently due to tumor necrosis, because live ani-
mal imaging showed a marked decrease in bioluminescence during this time after treatment
(Fig 9B). In addition, immunoblotting of tumor tissue showed that high STAT3 activity in Ad-
GSC xenografts was evident by virtue of Y705-STAT3 phosphorylation, and that WP1066

Fig 8. The STAT3/ANGPTL4 pathway in GSCs. A. RNA was prepared from GBM6 Ad-GSCs treated with
WP1066 (50 μM) for 6 hrs, and the expression of ANGPTL4, VEGF-R1, VEGF-R2, CD133, SOX2 and Nestin
was quantified by qPCR and normalized to actin expression (n = 3). B. ChIP-enriched STAT3 binding to the
ANPTL4 promoter was analyzed by qPCR and normalized to input DNA, followed by subtraction of
nonspecific binding determined by control IgG. C. Single cells isolated from bulk GBM6 tumor cells were
incubated with anti-CD133 antibody, and data acquisition and analysis was performed on a three-laser LSR
(Becton-Dickinson) flow cytometer using CellQuest software. RNA isolated from CD133+ and CD133- cells
was subjected to qPCR as indicated and normalized to actin expression. Error bars, S.D. * p < 0.05,
** p < 0.01, *** p < 0.001.

doi:10.1371/journal.pone.0125838.g008

Distinct GSC Populations Regulate Glioblastoma Molecular Heterogeneity

PLOS ONE | DOI:10.1371/journal.pone.0125838 May 8, 2015 16 / 22



treatment of mice nearly abolished STAT3 activity (Fig 9C). These results demonstrate the an-
ticancer activity of this STAT3 inhibitor against the Ad-GSC subpopulation in vivo.

Discussion
The original name of glioblastoma multiforme is derived from the histopathologic description
of the varied morphologic features of this tumor and the presence of heterogeneous cell popu-
lations within a single tumor, in which lesions with a high degree of cellular and nuclear poly-
morphism and numerous giant cells coexist with areas of high cellular uniformity [41].
Genomic profiling of glioblastoma samples in the TCGA database has previously identified
four molecular subtypes (Classical, Neural, Proneural and Mesenchymal) based on robust gene
expression, which may result from different cancer stem cell populations driving tumorigenesis
[4]. We employed microarray analysis to molecularly characterize glioblastoma bulk tumor
cells, Ad-GSCs and Sp-GSCs, as well as tumor xenografts of each cell population, which re-
vealed that in vitro both Ad-GSCs and Sp-GSCs had similar molecular signatures that were
clearly distinct from that of bulk tumor cells. Moreover, these GSC populations in vitro ex-
pressed high levels of “classical” stem cells markers (Nestin, Sox2 and CD133) and low levels of
differentiation markers (βIII-tubulin and glial fibrillary acid protein) when compared to bulk
tumor cells. Both GSC populations have high tumor initiating activity in immunocompro-
mised mice by subcutanenous or intracranial injection, they form tumors comprised of the
multiple cell types found in GBM, and are histologically indistinguishable. Thus, both Ad-
GSCs and Sp-GSCs are “true” cancer stem cells, because they are able to self-renew and gener-
ate differentiated progeny that comprise the bulk tumor.

Xenografts of bulk tumor cells and Sp-GSCs by subcutaneous or intracranial injection were
identified to be of the Classical molecular subtype, while xenografts of Ad-GSCs were of the
Mesenchymal subtype. Nonetheless, these tumor xenografts were found to be all high-grade gli-
omas with no differences observed by H&E staining or marker expression (GFAP, S100, OLIG2,

Fig 9. The antiglioma effects of the STAT3 inhibitor WP1066.Mice were subcutaneously injected with 1x106 luciferase-tagged Ad-GSCs, and upon initial
detection of tumor, mice were treated with WP1066 (40 mg/kg) every other day. A. Tumor volume was determined with calipers (n = 5). B. Representative
bioluminescence images at Day 31. C. Lysates of tumor tissue at one week followingWP1066 treatment were immunoblotted for STAT3 and phospho-
STAT3 as indicated. Error bars, S.D. * p < 0.05, ** p < 0.01, *** p < 0.001.

doi:10.1371/journal.pone.0125838.g009
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MAP2 and SYN). These findings reveal at the microscopic level the similarity between the mo-
lecularly distinct xenografts derived from bulk tumor cells, Sp-GSCs and Ad-GSCs. We per-
formed intracranial injections of bulk tumor cells and GSCs to determine if the molecular
heterogeneity found in our high-grade glioma xenografts is maintained in the conventional
GBMmicroenvironment. The high tumor-initiating capacity of both Ad-GSCs and Sp-GSCs by
intracranial injection was comparable to our previous studies performed by subcutaneous injec-
tion [25], and both GSC subpopulations formed tumors more rapidly than bulk tumor cells.

An important finding is that Ad-GSCs and Sp-GSCs tumor xenografts displayed distinct dif-
ferences in their gene expression patterns. Both cancer stem cell populations (Ad-GSCs and Sp-
GSCs) expressed Mesenchymal molecular signatures when grown in vitro. In contrast Ad-GSC
tumor xenografts maintained a Mesenchymal glioblastoma gene signature, while tumors from
Sp-GSCs expressed a Classical molecular signature like that of bulk tumor cells. These results
were confirmed by qPCR of selective marker genes and GBM predictor genes [4]. For example,
the GBM6 xenograft is derived from a patient with overexpression of the EGFRVIII mutant,
and our finding of high EGFR expression in bulk tumor cells, and in tumors derived from them
is consistent with EGFR overexpression. EGFR amplification is observed in 97% of Classical
glioblastomas in the TCGA database but infrequently in other subtypes. However, it is extreme-
ly interesting that the Ad-GSC subpopulation and Ad-GSC tumor xenografts express relatively
low EGFR levels providing additional evidence that Ad-GSCs are a distinct GSC population.
The extensive heterogeneity at the cellular and molecular levels of glioblastoma that is replicated
in GSC tumor xenografts has great significance, because this heterogeneity poses significant ob-
stacles to the design of effective therapies [42]. Therefore, identification of a GSC subpopulation
that exhibits a Mesenchymal gene signature in vitro and promotes the initiation and progression
of the Mesenchymal glioblastoma subtype in vivo provides a valuable model of the human dis-
ease for future studies. Tumors with a Mesenchymal gene signature tend to be more aggressive,
highly resistant to therapy, lead to a higher rate of relapse and have worse overall outcomes than
other molecular subtypes of GBM [8]. In addition, while the expression of Mesenchymal marker
genes was significantly elevated in intracranial Ad-GSCs tumor xenografts, Classical marker
genes were highly expressed in intracranial xenografts of bulk tumor cells and Sp-GSCs. These
orthotopic studies provide additional evidence that Ad-GSCs are a different tumor-initiating
subpopulation than that of traditional Sp-GSCs. While both GSC subpopulations exhibit a Mes-
enchymal gene signature in vitro, Ad-GSCs maintain a Mesenchymal glioblastoma subtype
when injected in vivo (intracranially and subcutaneously). In contrast, Sp-GSCs repopulate the
tumor with a Classical gene signature similar to that of bulk tumor cells. Recent single cell analy-
sis of GBM xenografts show that multiple molecular subtypes exist within a tumor and that this
can even vary across individual cells [43]. Taken together, our results suggest that GSCs are not
monoclonal but rather are a mosaic of different GSC populations, which are capable of initiating
tumors with Mesenchymal and Classical gene signatures.

To identify novel potential therapeutic targets in the Ad-GSCMesenchymal tumors, we per-
formed a microarray analysis using a selective cancer-related gene panel and found a subset of
genes whose expression was markedly different between xenografts of bulk tumor cells and Ad-
GSCs. Most interestingly, STAT3 expression was elevated in the more aggressive Ad-GSC-de-
rived tumors. We previously found Ad-GSCs and Sp-GSCs grown in vitro exhibit constitutively
high STAT3 activity, which was not due to increased STAT3 gene expression or protein levels
[25]. Since STAT3 is an important regulator of genes involved in various steps of tumor progres-
sion, we employed IPA analysis to identify pathways that STAT3 could potentially regulate with-
in Ad-GSC xenografts to promote gliomagenesis, and found significant upregulation of several
genes involved in the angiogenic pathway, notably ANGPTL4. While EGFR reportedly induces
ANGPTL4 expression and promotes tumor angiogenesis in malignant gliomas [44], ANGPTL4
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activation apparently is independent of EGFR upregulation in Mesenchymal glioblastoma xeno-
grafts. STAT3 has been shown to activate ANGPTL4 directly or indirectly through transcrip-
tional regulation of VEGF and HIF-1 in various human cancers [45, 46], so we next examined
the relationship of STAT3 and ANGPTL4 expression in GBM to tumor grade and patient sur-
vival. High STAT3 and ANGPTL4 levels were observed in high-grade (GBM) samples in the
TCGA database when compared to normal brain and low-grade glioma. Consistent with our
findings, STAT3 is among the most frequently activated oncogenic proteins in multiple solid
tumor types, and is a predictor of poor prognosis in many malignancies including gliomas [47].
ANGPTL4 has been identified in hypoxia gene sets that predict poor outcome in multiple tumor
types. In a study of several epithelial tumor types, ANGPTL4 levels increased as tumors pro-
gressed from local to metastatic disease [48, 49]. In our studies, we found a strong correlation be-
tween poor patient survival with enhanced expression of STAT3 and ANGPTL4 in GBM
patients. Moreover, a direct correlation in expression levels of STAT3 and ANGPTL4 was found
within human GBM patient samples. We also found that STAT3 binds to the ANGPTL4 pro-
moter in Ad-GSCs and regulates ANGPTL4 expression. These results indicate that the co-ex-
pression of STAT3 and ANGPTL4 may have diagnostic and prognostic utility in GBM.

We then examined the anticancer effects of the STAT3 inhibitor WP1066 on GSCs in vitro
and in vivo. WP1066 is a JAK-2 kinase inhibitor that blocks STAT3 tyrosine phosphorylation,
and has proapoptotic and antiproliferative activity in a variety of cancers, including glioma [21,
50]. We found that WP1066 decreased the expression of pro-angiogenic genes, including
ANGPTL4, and ablated STAT3 binding to the ANGPTL4 promoter. WP1066 also inhibited
the expression of stem cell marker genes. Most importantly, WP1066 decreased the tumorige-
nicity of Ad-GSCs and led to marked tumor regression. WP1066 has been shown to signifi-
cantly inhibit growth of malignant glioma xenografts by blocking STAT3 activation and the
subsequent induction of proliferation-related genes [21]. In preliminary studies we have found
that high constitutive activation of STAT3 is observed in Ad-GSCs isolated from three addi-
tional GBM PDXs (Fig 10). Taken together, we have identified a significant relationship

Fig 10. Constitutive activation of STAT3 in Ad-GSCs isolated from various GBM PDXs. The expression
of STAT3 and pSTAT3 in nuclear extracts prepared from Ad-GSCs isolated from GBM6, GBMX12, GBMX16
and GBMX39 PDXs was determined by immunoblotting. Lamin expression served as a loading control.

doi:10.1371/journal.pone.0125838.g010
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between STAT3 and ANGPTL4 in GBM stem cells and their therapeutic value as biomarkers
in targeting the GSC subpopulation of Mesenchymal GBM.
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