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Abstract

Glioblastoma (GBM) contains a self-renewing, tumorigenic cancer stem cell (CSC) population
which contributes to tumor propagation and therapeutic resistance. While the tumor
microenvironment is essential to CSC self-renewal, the mechanisms by which CSCs sense and
respond to microenvironmental conditions are poorly understood. Scavenger receptors are a broad
class of membrane receptors that are well characterized on immune cells and instrumental in
sensing apoptotic cellular debris and modified lipids. Here we provide evidence that CSCs
selectively utilize the scavenger receptor CD36 to promote their maintenance using patient-
derived CSCs and in vivo xenograft models. We detected CD36 expression in GBM cells in
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addition to previously described cell types including endothelial cells, macrophages and microglia.
CD36 was enriched in CSCs and was able to functionally distinguish self-renewing cells. CD36
was co-expressed with integrin alpha 6 and CD133, previously described CSC markers, and CD36
reduction resulted in concomitant loss of integrin alpha 6 expression, self-renewal and tumor
initiation capacity. We confirmed that oxidized phospholipids, ligands of CD36, were present in
GBM and found that the proliferation of CSCs, but not non-CSCs, increased with exposure to
oxidized low-density lipoprotein. CD36 was an informative biomarker of malignancy and
negatively correlated to patient prognosis. These results provide a paradigm for CSCs to thrive by
the selective enhanced expression of scavenger receptors, providing survival and metabolic
advantages.

Keywords
cancer stem cells; glioma; stem cell-microenvironment interactions; self-renewal

Introduction

Survival rates for glioblastoma (GBM) patients have not seen major improvement over the
last 30 years, with median survival remaining between 12—-18 months following diagnosis
[1, 2]. Current treatment regimens are palliative in nature, involving surgical resection,
radiation, and chemotherapy. Despite these aggressive measures tumor recurrence is
frequently observed. GBM is characterized by a high degree of cellular heterogeneity and an
increased propensity for invasion, which are barriers to the effective treatment of these
tumors. GBMs contain a self-renewing cancer stem cell (CSC) population that drives tumor
progression and contributes to therapeutic resistance [3-8]. CSCs have been described in
multiple advanced cancers such as leukemia [9], breast [10], colon [11], and prostate [12],
and efforts are underway to determine the molecular mechanisms of CSC regulation and
their role in both tumor progression and therapeutic resistance.

Normal and neoplastic stem populations rely on interactions with their surrounding
microenvironment or niche to control the balance between self-renewal and differentiation,
[13, 14]. Niche interactions such as cell-soluble ligand, cell-cell, and cell-extracellular
matrix (ECM) communication have been demonstrated to promote CSC maintenance and
tumor progression [15]. In contrast to the normal brain, GBM contains regions of increased
necrosis and apoptosis leading to the release of cellular debris [16] and activation of
numerous inflammatory pathways [17]. The consequence of this environment on CSC
function has yet to be fully elucidated. Recent work has demonstrated the regulation of
normal neural progenitor cell (NPC) populations by apoptotic cellular debris, in which the
phagocytic activity of these cells played a central role [18].

Scavenger receptors are a key mechanism by which cells recognize, phagocytose and clear
damage and debris through broad pattern recognition [19]. These receptors are well
characterized on immune cells and play a role in a variety of pathological conditions
including atherosclerosis, thrombosis, and Alzheimer’s disease [20]. Scavenger receptors are
also expressed by non-immune cells and play a role in lipid metabolism. CD36 is a
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scavenger receptor expressed on multiple cell types in the brain including microglia,
endothelial cells, astrocytes, and neurons [21]. CD36 is responsible for immune activation in
this setting as well as debris removal [22]. CD36 inhibits vascular growth in GBM via
interaction with vasculostatin, an extracellular cleavage product of G protein-coupled
receptor brain angiogenesis inhibitor I, leading to induction of endothelial cell apoptosis [23,
24]. These anti-angiogenic and pro-apoptotic effects in endothelial cells were also observed
with thrombospondin-1, an additional ligand of CD36 [25, 26]. These studies demonstrate
that scavenger receptors play a role in multiple cell types in the brain and recognize a variety
of ligands present within the tumor microenvironment. However, the function of scavenger
receptors such as CD36 on CSCs has yet to be elucidated. Given GBM is characterized by
increased regions of cellular debris release, we considered whether CSCs possessed
scavenger receptor function and evaluated surface expression and functional importance of
CD36 in this context.

Materials and Methods

GBM tissue

Animals

Human GBM and normal brain tissues were obtained following written informed consent
and Institutional Review Board (IRB) approval from the Cleveland Clinic and University
Hospitals Seidman Cancer Center at Case Western Reserve University. Previously
established GBM xenografts were obtained from Duke University and the Mayo Clinic.
Tissues were minced and digested with papain (Worthington) as previously described [27]
and dissociated cells allowed to recover overnight prior to use. GBM cells were maintained
using subcutaneous xenografts as previously described [8, 27-30]. Relevant details for each
specimen used are provided in Supplemental Table 1.

All experiments utilizing mice were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Cleveland Clinic Foundation (protocol 2012-0752). Mice were
housed in a fully AALAC accredited facility in accordance with all federal and local
regulations. Female immunocompromised Nu/Nu mice, aged 4 weeks, were purchased from
Charles River Laboratories. Following quarantine, mice were utilized for experiments at 6-8
weeks of age and maintained on sulfamethoxazole/trimethoprim supplemented water. CD36
null and wild type mice generated as previously described [31].

CSC isolation and culture

Following overnight recovery from papain digestion, dissociated xenograft GBM cells were
magnetically sorted based on CD133 expression using magnetic beads (Miltenyi). This
approach has previously been validated to show difference in tumorigenic potential between
CD133 positive and negative fractions [8, 27-30]. After CD133 magnetic bead enrichment,
CSC marker expression was evaluated by immunoblotting with CSC markers (Sox 2, Olig
2). CD133 positive CSCs were maintained in Neurobasal media (Life technologies)
supplemented with penicillin/streptomycin (50 U/ml final concentration), L-glutamine (2
mM), B27 (Life Technologies), sodium pyruvate (1 mM), epidermal growth factor (EGF 20
ng/ml, R&D Systems) and fibroblast growth factor (FGF 20 ng/ml, R&D Systems). CD133
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negative non-CSCs were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (50 U/ml).
Cells were maintained at 37°C in 5% CO,. For the induction of differentiation, CSCs were
cultured in DMEM medium containing 10% FBS.

Flow cytometry and limiting dilution analysis

Cell sorting and analysis were performed using the BD FACS ARIA 1l Flow Cytometer.
Primarily conjugated antibodies were utilized at recommended dilutions; CD36 (Beckman
Coulter), CD105 (BD Biosciences), Ibal (Abcam), and integrin a6 (BD Biosciences).
Limiting dilution analysis was carried out, following 14 days incubation, in a 96 well format
with 24 wells of each dilution; 1, 5, 10 and 20 cells/well. Limiting dilution plots and stem
cell frequencies were calculated using an online tool available through the Walter and Eliza
Hall Institute of Medical Research (http://bioinf.wehi.edu.au/software/elda/index.html).

Immunofluorescence analysis

Human GBM and normal brain tissue samples were snap frozen. Intracranial xenografts
were fixed in 4% paraformaldehyde, incubated overnight in 30% sucrose and embedded in
OCT. Samples were sectioned at a thickness of 10um. Blood vessels were visualized by Von
Willebrand Factor (Abcam) staining. Sections were additionally stained for CD36 (Novus),
integrin a6 (Millipore), CD133 (Miltenyi), and/or Ibal (Wako). Age-matched wild-type and
CD36 knockout mouse brains were prepared in a similar manner as described above and
stained with antibodies against proliferating cell nuclear antigen (Abcam) and phospho
histone H3 (Millipore). Analysis between wild-type and CD36 knockout mice was done
based on 3 different anatomical regions from 3 separate mice. For all immunofluorescence
analysis, nuclei were counterstained using 4',6-diamidino-2-phenylindole (Dapi) and images
were taken using a Leica SP-5 confocal microscope as previously described [27].

Immunoblotting analysis

Whole cell lysates were collected using a 1% Brij 010, 5mM MgCl,, 25mM Hepes, 150mM
NaCl 2.5mM lodoacetamide, pH 7.0 lysis buffer supplemented with protease and
phosphatase inhibitor cocktails (Sigma). CSCs and non-CSCs were analyzed by
immunoblotting analysis for CD36 (Novus), Sox2 (R&D Systems), total INK (Cell
Signaling), phospho-JNK (Thr183/Tyr185, Cell Signaling), total Akt (Cell Signaling),
phospho-Akt (Ser473, Cell Signaling), total Stat3 (Cell Signaling), and phospho-Stat3
(Ser727, Cell Signaling). Actin (Santa Cruz) was used as a loading control. For
differentiation assay, CSCs were differentiated over 7 days and cell lysates collected at 0, 1,
3,5, and 7 days. Differentiated samples were analyzed by immunoblotting analysis for
CD36, Olig2 (Millipore), GFAP (Invitrogen) and Actin.

CD36 knockdown and inhibition

CD36 inhibition was accomplished by siRNA in CSCs. Pooled CD36 (Santa Cruz) and
control (Santa Cruz) siRNA knockdown (KD) constructs were applied to 200,000 cells in
500 ul antibiotic free complete neurobasal media. Per well, 100 pmol of siRNA construct
was pre-incubated with lipofectamine 2000 in 100l optimem media without serum.
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Following pre-incubation, siRNA-lipofectamine solutions were added to the appropriate
wells and incubated for 4 hours. Following incubations cells were washed and cultured for
48 hours in complete neurobasal media. Knockdown was confirmed by immunaoblotting blot
analysis, with additional evaluation of integrin a6 expression. CD36 knockdown was also
achieved by shRNA using the Mission shRNA system (Sigma) as previously described [27].
CD36 constructs were generated against different parts of the gene (KD 1 —
TRCNO0000056998; KD 3 - TRCN0000057000; KD 4 - TRCN0000057001) and applied in a
similar fashion to the siRNA treatment. Limiting dilution analysis and tumor implantation
were performed as previously described [27] and compared to a non-targeting control.

Lipoprotein preparation

LDL and oxLDL were prepared as previously described [32] and added to cells at a
concentration of 50 pg/ml. Cell growth was evaluated using the Cell Titer Glo assay
(Promega) and normalized to a time O loading control.

2-methylthio-1,4-naphthoquinone (MTN) synthesis and validation

MTN was synthesized from 1,4-naphthoquinone as previously described [33]. The crude
material was purified by flash chromatography [34] eluting with 20% v/v ethyl acetate in
hexane, and crystallized out of the column fractions. Upon drying under high vacuum this
crystalline material gave 1H NMR and MS data in agreement with those published in the
literature [35, 36]. To validate MTN inhibition of CD36, macrophages from C57BL/6 wild-
type and CD36-null mice were isolated four days after IP injection with 4% thioglycollate
and cultured in RPMI/10% FBS. Cells were plated onto coverslips in 12-well dishes,
500,000 cells/well. Two days later, cells were washed with warmed PBS and stained for 20
minutes at 37°C with 2 uM CellTracker Green CMFDA (Invitrogen). After washing with
warm PBS, coverslips were moved to wells containing warm RPMI/10% FBS +/- vehicle
(DMSO) or MTN at the indicated concentrations for 30 minutes at 37° C. Following
pretreatment, coverslips were then moved to wells with RPMI/10%FBS +/- vehicle or
MTN, along with Dil-oxLDL at 25 pg/ml. After allowing 2 hours for uptake at 37°C,
coverslips were washed thoroughly, fixed with 3% paraformaldehyde (Electron Microscopy
Sciences) for 20 minutes and stained with 300 nM DAPI (Invitrogen) for 3 minutes, before
mounting Aqua Poly Mount (Polysciences, Inc.). Cells were viewed using a Leica SP-5
confocal microscope (Leica Microsystems). For each assay, at least three fields per coverslip
were imaged and used for quantifying the effect of MTN at each concentration. Data from
three independent assays were combined to determine the amount of uptake for each
condition. Co-localization of the red fluorescent oxLDL particles within the CellTracker
Green-stained cytoplasms allowed internalized particles to be distinguished from those
adhering to the cell surface. Using Image Pro software, the mean Dil fluorescent intensity
for each cell was determined and averaged with all other cells in that field and expressed as
a percent of the mean Dil fluorescent of vehicle (DMSO)-treated WT control samples. Self-
renewal was assessed by limiting dilution analysis and CSC signaling was evaluated by
immunoblotting with CSC signaling pathway antibodies (Sox 2, total and phospho-Akt, total
and phospho-Stat 3). Cell death was evaluated using the Caspase 3/7 activity assay
(Promega) and normalized to a loading control measured using the Cell Titer Glo assay.

Stem Cells. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hale et al.

Page 6

Tumor implantation

Intracranial tumor implantation was performed as previously described [27]. Briefly, 100
luciferase bearing CSCs were implanted into the brain of 4-6 week old Nu/Nu mice in 20 pl
of media devoid of growth factors. CSCs were pretreated with control or CD36 siRNA.
Mice were monitored daily for the development of neurological signs, at which point they
were sacrificed. Tumor formation was monitored by intraperitoneal injection of 3 mg
luciferin in 100 ul sterile phosphate buffered saline (PBS) followed by in vivo VIS imaging.

Bioinformatics analysis

Human expression of CD36 was determined using the human protein atlas
(www.proteinatlas.org). The correlation of CD36 with brain tumor expression versus other
tumor types, normal versus GBM, NPCs versus GBM, and relationship of CD36 to glioma
and GBM patient survival were analyzed using the Oncomine microarray database
(Oncomine, Compendia Bioscience, Ann Arbor, Ml (http://www.oncomine.org) [37]. The
dataset utilized is indicated in the text, figure legends, and directly on the figures. For the
evaluation of lipid metabolism, the Murat dataset was used for 5-year survival. High and
low groups were determined by patients with expression level above or below 1 standard
deviation.

Tissue microarray analysis

Immunohistochemical staining was done for CD36 (Novus) expression on archival
deidentified formalin-fixed, paraffin embedded (FFPE) GBM tissue microarrays (TMAS)
constructed at the University of Kentucky Markey Biospecimen and Tissue Procurement
Shared Resource Facility. Survival data was obtained on each case from the Kentucky
Cancer Registry. University of Kentucky institutional review board approval was obtained
prior to tissue collection. A total of 44 GBMs were included in the TMAs; each case was
sampled by three 2 mm cores apiece, with each core located on a separate TMA block.
Slides were digitized by an Aperio ScanScope XT slide scanner and analyzed using Aperio
Spectrum Version 11.2.0.780 software (Aperio, Vista, CA). CD36 expression was analyzed
using a positive pixel algorithm that analyzed a region of interest and evaluated each pixel
within a cell, providing a staining intensity score of 0 to 3+, which were then summed up
and expressed as a percent of positive cells over total cells. Visual light microscopic
examination was then done to corroborate the results. Only cells that showed strong
expression for CD36 were included in subsequent analyses. The cut-off for CD36 high
versus low was set by evaluating the staining intensity across all specimens. Data from the 3
cores per case were averaged together to produce a final result for that case.

Statistical analysis

Reported values are mean values +/- standard deviation from studies done using least three
replicates. Unless otherwise stated, one-way ANOVA was used to calculate statistical
significance; p values are detailed in the text and figure legends. In vivo survival analysis
was calculated by log-rank analysis.
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Results
CD36 is expressed by GBM cells

CD36 has previously been described in the regulation of endothelial cell function in multiple
cancer types including breast [38], colorectal [39], melanoma [40], and GBM [23, 24].
CD36 has also been characterized on microglia [41, 42]. To evaluate if CD36 expression
extended beyond these cell types, we evaluated patient-derived tissues from non-neoplastic
(derived from epileptic brain, NM13) and GBM (CCF1374, CCF2309) specimens. Using
immunofluorescence, we were able to detect CD36 protein (green) in each condition (Fig.
1A, B). CD36 protein was expressed at higher levels in GBM and we observed expression in
the perivascular compartment (as indicated by co-localization with VVon Willebrand Factor
(VWEF) staining on endothelial cells in red, Fig. 1A). We were also able to detect a
population of GBM cells that expressed CD36 but were absent for VWF staining (Fig. 1A,
yellow arrows and inset). We evaluated CD36 co-expression in microglia/macrophages
using the microglia/macrophage specific marker Ibal (red) [43]; and found while CD36 was
co-expressed on a fraction of microglia/macrophages, there were also CD36 positive cells
negative for microglia/macrophage marker expression (Fig. 1B, yellow arrows and inset).
These expression patterns were also confirmed in GBM intracranial xenograft models where
CD36 positive cells were detected in the absence of markers for endothelial cells (Fig. 1C)
and microglia/macrophages (Fig. 1D). To confirm the non-endothelial and non-microglial/
macrophage cell identity of these GBM cells, we evaluated CD36 expression in patient-
derived xenograft tumors (T3832, T387, T3691, GBM10) by flow cytometry and found that
an individual population of CD36 expressing GBM cells were absent for both endothelial
cell (CD105, Fig. 2A) and microglial/macrophage specific (Ibal, Fig. 2B) marker expression
(red population). We expanded our analysis to 5 primary patient-derived tumors (CW1563,
CW1553, CW1552, CCF2517, CCF2857) and 9 patient-derived GBM xenografts (T4121,
T3691, T387, T3832, T4302, GBM10, GBM12, GBM14, GBM59) and observed consistent
CD36 protein expression, detected in 2.3-16.4% of total cells across tumors (Fig. 2C).
Taken together, these data demonstrate that CD36 is expressed by a fraction of GBM cells
that lack phenotypic surface markers indicative of endothelial cells or microglia/
macrophages.

CD36 expression is elevated in CSCs

Our staining data indicated that CD36 was present in the perivascular compartment, a
known CSC niche [44]. To more clearly define the identity of CD36 positive GBM cells, we
compared protein levels of CD36 between enriched CSCs and non-CSCs. Immunoblotting
analysis across multiple patient-derived xenografts (T3832, T387, T3691, GBM10) revealed
that CSCs expressed more CD36 as compared with hon-CSCs from the same tumor (Fig.
3A). CD36 was observed at its predicted molecular weight of 56 kDa, which indicates a
deglycosylated form in GBM cells. CD36 has been observed at 88 kDa due to heavy
glycosylation in multiple cell types [45], we confirmed our antibody could detect the 56 kDa
form following deglycosylation of adipose tissue lysates (data not shown). The degree of
CSC enrichment was confirmed by the CSC marker Sox2. Differences in JINK pathway, a
key downstream CD36 signaling node [46], were also observed by elevated JINK
phosphorylation in CSCs as compared to non-CSCs (Fig. 3A). With elevated expression of
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CD36 in CSCs, we next wanted to examine if expression was associated with cellular
differentiation status. CSCs were enriched from multiple patient-derived xenografts (T3832,
GBM10) and subjected to a 7 day differentiation paradigm using media containing 10%
serum. To confirm that CSC expression decreased and differentiation marker expression
increased over the differentiation time course, Olig2 and GFAP were used as markers of
CSCs and astrocytic differentiation, respectively (Fig. 3B). In this paradigm, we observed a
decrease in CD36 expression with increased differentiation (Fig. 3B). These data confirm
the increased protein level of CD36 in CSCs and support our in vivo observation of CD36
enrichment in the perivascular niche.

To determine if CD36 expression was elevated in CSCs or shared by normal neural
progenitor cells (NPCs), we evaluated CD36 expression in human and mouse tissues. Using
the human protein atlas to determine the expression of CD36 in the human brain, we did not
observe any positive staining in adult neurogenic niches, subventricular zone (SVZ) or
subgranular zone (SGZ) in the hippocampus (Supplemental Fig. 1A). To determine if CD36
plays a major role in adult neurogenesis, we evaluated the proliferation in the mouse SVZ
and SGZ using wild-type and age matched CD36 null mice. Using proliferating cell nuclear
antigen and phospho-histone H3 analysis (Supplemental Fig. 1B), we observed no difference
in proliferation in either the SVZ (Supplemental Fig. 1C) or SGZ (Supplemental Fig. 1D).
Taken together, these data suggest that elevated CD36 expression is limited to CSCs.

Cell sorting for CD36 expression can be used to enrich for CSCs

Expanding on our observation of elevated CD36 in CSCs, we next asked whether cell
sorting for CD36 could enrich for functional CSCs based on in vitro self-renewal assays. A
hallmark of CSCs is their ability to self-renew, which is commonly determined by the ability
to form spheres in culture, a surrogate of self-renewal, proliferation, and survival. To
determine if CD36 could enrich for sphere formation, we sorted CD36 high and low
populations from multiple acutely dissociated xenografts (T3832, T387, T3691, GBM10)
using flow cytometry (Fig. 3C). We performed limiting dilution analyses and found that
CD36 high cells had a significantly elevated capacity to form spheres across multiple GBM
specimens (Fig. 3D). Stem cell frequencies were calculated using a limiting dilution
algorithm, and were consistently elevated in CD36 high versus CD36 low populations (Fig.
3E).

As CD36 was shown to be increased in CSCs, we explored the possibility that CD36 may
interact with previously described CSC receptors, such as integrin a6 [27], which is a co-
receptor for CD36 in platelets [47]. We evaluated CD36 in a patient-derived xenograft
(GBM10) using immunofluorescence and observed co-localization between CD36 (green)
and integrin a6 (red, Supplemental Fig. 2A). We also evaluated CD36 co-expression with
CD133 [6], another well-established CSC marker and observed similar co-localization
(Supplemental Fig. 2B). We confirmed this co-expression using flow cytometry from
multiple patient-derived xenografts (T3832, T387, T3691, GBM10) and observed a high
degree of overlap between CD36 and integrin a6 ranging from 71.6% — 98.1%
(Supplemental Fig. 2C) as well as with CD36 and CD133, with overlap ranging from 50.9%
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— 86.2% (Supplemental Fig. 2D). These results demonstrate CD36 is co-expressed with CSC
markers integrin a6 and CD133.

CD36 knockdown in CSCs decreases CSC maintenance signaling, self-renewal, and tumor

initiation

Given the observation that CD36 expression was associated with self-renewal and known
CSC markers, we next asked whether inhibition of CD36 would impact CSC status, namely
self-renewal and tumorigenic potential. Knockdown of CD36 was reliably accomplished by
SiRNA (Supplemental Fig. 3A) across multiple xenograft specimens (T3832, T387, T3691,
GBM10). Immunoblotting analysis was used to confirm CD36 knockdown (Fig. 4A), with
an accompanying reduction in integrin a6 expression observed upon treatment with CD36
siRNA. Evaluation of self-renewal revealed that CD36 knockdown attenuated sphere
formation and decreased stem cell frequency (Fig. 4B, C). Tumor initiation capacity was
also abrogated upon CD36 siRNA inhibition, evidenced by increased survival and reduced
tumor burden in the CD36 siRNA group as compared to the control siRNA group (Fig. 4D-
F). We confirmed the specificity of the CD36 siRNA knockdown using a ShRNA approach
(Supplemental Fig. 3A) and observed a decrease in key CSC maintenance signaling
pathways (Sox 2 [48], phospho-Akt [49], and phospho-Stat 3 [50]) as compared to the non-
targeting control (Supplemental Fig. 3B). Additionally, CD36 shRNA knockdown also
resulted in decreased self-renewal as assessed by sphere formation (Supplemental Fig. 3C).

To further evaluate CD36 inhibition of self-renewal, we utilized a specific small molecule
CD36 inhibitor, 2-methylthio-1,4-napthoquinone (MTN) [51] that was validated by
inhibition of oxidized low density lipoprotein (oxLDL) uptake in wild-type and CD36
deficient macrophages (Supplemental Fig. 4). Using this inhibitor, we found significantly
reduced sphere formation capacity and stem cell frequency (Fig. 5A, B). MTN treatment
over an 18 hour time course attenuated key CSC signaling pathways such as Sox 2,
phospho-Akt, and phospho-Stat 3 (Fig. 5C). MTN treatment over a 3 day time course also
induced apoptosis preferentially in CSC populations compared to non-CSCs, as evidenced
by increased Caspase 3/7 activity (Fig. 5C). Taken together, these results demonstrate that
CD36 is essential for CSC function both in vitro and in vivo.

CSCs respond to oxidized lipids

To further characterize the role of CD36 in the regulation of the CSC state, we sought to
interrogate natural ligands of CD36. It is well established that oxidized phospholipid
moieties, such as oxLDL, are CD36 ligands [32] and that these lipoproteins influence
cellular phenotypes in a variety of normal and pathological states. To determine if oxidized
phosphatidylcholine species were present in GBMs, we examined human GBM specimens
using a monoclonal antibody, E06, that has previously been shown to recognize oxidized
phosphatidylcholine containing epitopes that show cross reactivity with multiple structurally
specific oxidized phosphatidylcholine species that serve as ligands for scavenger receptor
CD36 [52]. Strong staining was observed throughout the tissue including CD36 positive
regions (Fig. 6A). To determine whether oxLDL could increase cell growth, we compared
its effect on CSCs and non-CSCs from multiple patient-derived xenografts (T3832,
GBM10). We found that oxLDL significantly increased CSC proliferation but not non-CSC
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proliferation in comparison to both control and LDL conditions (Fig. 6B). To determine if
this increase in proliferation was due, in part, to CD36, we evaluated control and CD36
knockdown in CSCs using the previously validated siRNA approach (Fig. 6C). There was
no significant difference in LDL induced growth between the two groups (p=0.2). A
decrease in proliferation in response to oxLDL was observed with CD36 siRNA treatment as
compared to the control siRNA condition (p=0.066). When compared to LDL, there was not
a significant increase in oxLDL mediated growth in the CD36 siRNA conditions as was
observed in the control siRNA conditions (p<0.05). Taken together, these data indicate that
oxLDL is present in GBM and drives CSC growth.

CD36 expression is indicative of GBM patient survival

Based on our observations that CD36 is expressed on CSCs and important for CSC
maintenance, we wanted to determine whether CD36 expression was a biomarker of
malignancy. Using datasets available in Oncomine, we first looked at a comparative analysis
of well-established cell lines from advanced cancers (inducing brain, breast, colon, and lung)
in the Bittner dataset [37] and found that CD36 expression was significantly elevated in
brain tumor cell lines (Fig. 7A). It is worth noting that cell lines were used in this analysis,
so these levels are independent of any endothelial cell expression which may be detected in
vivo. Using a similar approach, we also confirmed our observation that CD36 was elevated
in GBM versus non-neoplastic brain (Fig. 7B) and normal neural progenitor cells (NPCs,
Fig. 7C) in the Bredel [53] and Lee [54] datasets. To determine if CD36 expression levels
correlated with glioma and GBM patient survival, we interrogated the Liang dataset [55] and
found that high CD36 expression correlated with poorer patient prognosis in both glioma
(Fig. 7D) and GBM (Fig 7E). To confirm these results at the protein level, we utilized a well
annotated tissue microarray from the University of Kentucky and found GBM tumors could
be separated into CD36 high and low groups, with CD36 high tumors having a significantly
poorer prognosis (Fig. 7F, G). Taken together, these clinical data suggest that CD36
expression is a prognostic biomarker for patient survival.

Discussion

The tumor microenvironment contains key extrinsic factors essential to cell survival as well
as numerous non-neoplastic cell types including astrocytes, pericytes, microvascular
endothelial cells, and microglia that contribute to the pro-tumorigenic environment [56].
While current attention has been focused on identifying self-renewal mechanisms utilized by
tumor cells, limited information is available as to how cells communicate and sense changes
in the tumor microenvironment. Modulating tumor associated microglia and macrophages,
key components of the tumor microenvironment, has been recently proposed as an anti-
GBM therapy [57]. These cells have elevated expression of scavenger receptors, key
mediators of phagocytosis. Our data suggest that scavenger receptors and their associated
ligands may be an additional point of intervention. This presents an interesting hypothesis,
that the expression of scavenger receptors is an adaptive mechanism by which CSCs may
sense and respond to environments unfavorable to other cell types. Similar adaptive
mechanisms have been described for CSCs in conditions of limited oxygen [30], glucose
[58], and in response to acidic stress [59]. Based on previous work showing genetic deletion
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of CD36 resulted in reduced inflammation and deficit in a stroke model [22], additional
mechanistic studies are required to further define the cell type specific response to anti-
CD36 therapeutic approaches.

Our current work extends previous findings on an anti-angiogenic, pro-apoptotic role of
CD36 in endothelial cells in GBM [23-26] and in contrast to these previous findings,
demonstrates that CD36 plays a pro-tumorigenic role in CSCs. There are likely multiple
reasons for cell-type specific roles of CD36 including differential responses based on
different ligands, for which CD36 has several including modified lipoproteins, long chain
fatty acids, thrombospondins, p-amyloid, and vasculostatin [20]. While we demonstrate a
role for CD36 in CSC maintenance, it remains unclear if CD36 is serving as a driver or
passenger in GBM. Our observation that CD36 targeting decreases CSC maintenance
suggests an active role, however future studies are required to confirm that CD36 can
facilitate tumor progression. In the context of GBM, our findings on the CSC response to
oxLDL are of particular interest as oxidized lipoproteins have been found to be toxic to
neurons via increased oxidative stress, which also impact astrocytes and microglia [60, 61].
Interestingly, the deleterious effects of oxLDL can be inhibited by A20, in macrophages
[62], which is a GBM CSC maintenance factor [63] and may be an additional mechanism by
which CSCs are able to respond positively to oxLDL. Additionally, these lipoproteins and
other pro-apoptotic ligands are likely to be enriched in necrotic regions of the tumor.
Selective utilization may be a key CSC survival mechanism. These findings are also
interesting in the context of a recent study where high density lipoproteins were found to
have anti-cancer effects [64]. Differences in low and high density lipoproteins with respect
to cardioprotection may indeed be mirrored in a pro- and anti-cancer function. With
differences in metabolism reported between CSCs and non-CSC [65], the function of CD36
may be to serve as an entry point to fuel key metabolic process such as lipogenesis, which is
critical for GBM cell growth [66, 67].

A fundamental challenge to develop novel GBM therapies has been the identification of
specific, targetable pathways which are essential for CSCs while dispensible for normal cells
such as NPCs. Some signaling pathways, such as Notch, are essential to CSC maintenance
in a variety of advanced cancers including GBM [68], but are also crucial to NPC function
[69] and therefore do not represent an easily translatable therapeutic paradigm without a way
to selectively ablate CSCs. While strategies disrupting interactions in the CSC
microenvironment remain a viable therapeutic approach and warrant further investigation,
they require the identification of CSC-specific pathways. This issue is timely given that the
first generation of CSC targeted therapies are under clinical investigation [70-73]. Our
identification of scavenger receptor function in CSCs represents a new paradigm for CSC
maintenance and provides an exciting therapeutic target for follow up studies. Additionally,
the broad interest in regulating CD36 in a variety of disease states may accelerate the
translation of anti-CD36 therapies for GBM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Primary human specimens

Non-neoplastic brain (NM13)

Figure 1. CD36 is expressed in glioblastoma (GBM)
Immunofluorescence images of normal human brain and GBM tissues demonstrates that

CD36 (green) is expressed at higher levels in GBM and by vascular (von Willebrand Factor,
red, A) and non-vascular cells. CD36 is also expressed by macrophage/microglia (Ibal, red,
B) and non-macrophage/microglia in GBM. CD36 expression (green) was confirmed in
GBM intracranial xenograft (GBM10) and double labeling with vascular (von Willebrand
Factor, red, C) and macrophage/microglia (Ibal, red, D) markers indicates that single
positive CD36 cells were present in xenografts. Nuclei counterstained with 4’6-diamidino-2-
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phenylindole (dapi, blue), yellow arrows indicate magnified insets, and scale bars represent
20 um. Staining was performed on at least 3 different anatomical regions from 1 control and
4 GBM tissues as well as 2 separate GBM xenografts.
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Flow cytometry analysis of multiple patient-derived GBM xenografts (T3832, T387, T3691,
GBM10) demonstrate that a fraction of CD36 positive cells are negative for endothelial cell
(CD105, A) and macrophage/microglia (Ibal, B) markers. Red population indicates single
CD36 positive population. Summary graph (C) indicates relative CD36 expression levels in
primary GBM specimens and patient-derived GBM xenografts. Positive gates set relative to
isotype control. Double labeling of CD36 and CD105 or Ibal was performed in triplicate.
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CD36 expression analysis was performed once for primary specimens and at least in
triplicate for patient-derived xenografts. Summary graph indicates mean +/- standard
deviation.
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Figure 3. CD36 iselevated in cancer stem cells (CSCs), isreduced upon differentiation, and

enrichesfor self-renewal

Immunoblotting analysis (A) of enriched CSCs (+) and non-CSCs (=) from GBM patient-
derived xenografts (13832, T387, T3691, GBM10) indicates that CD36 expression and its
downstream signaling pathway, as indicated by p-JNK, were elevated in CSCs. Sox2 was
used as a CSC enrichment control and indicates difference between CSC and non-CSC
populations. Total JINK and actin were used as loading controls. Immunoblotting analysis
(B) of CSCs which have undergone a serum induced 7 day differentiation time course
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demonstrate a loss of CD36 expression. Concomitant reduction in Olig2, a CSC marker, and
an increase in GFAP, a mature astrocyte marker, were also observed through the time
course. Actin was used as a loading control and representative molecular weights are
provided on the right hand side of the immunoblots. Comparisons between CSCs and non-
CSCs were repeated in triplicate and differentiation studies were repeated in duplicate. A
similar trend for differentiation was observed with patient-derived GBM xenograft T387
(data not shown). Representative histograms (C) for patient-derived GBM xenografts
(T3832, T387, T3691, GBM10) shows CD36 high and low populations based on CD36
(blue) and isotype control (red) antibodies. Limiting dilution analysis (D) indicates increased
sphere formation capacity in CD36 high (black) versus low (red) populations. Stem cell
frequencies (E) were calculated by limiting dilution analysis and were increased in CD36
high versus low populations. All limiting dilution analyses were performed in triplicate and
p-values are indicated on each graph.
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Figure 4. Inhibition of CD36 expression resultsin reduced self-renewal, tumor initiation, and
integrin a6 expression
Immunoblotting analysis (A) of control and CD36 siRNA transfected CSCs from patient-
derived GBM xenografts (T3832, GBM10) indicates that CD36 siRNA effectively reduces
CD36 and integrin a6 expression. Actin was used as a loading control. Limiting dilution
analysis (B) indicates reduced sphere formation capacity in CD36 siRNA treatment (red) as
compared to control siRNA treatment (black) group. Stem cell frequencies (C) were
calculated by limiting dilution analysis and were decreased in CD36 versus control SiRNA
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groups. Kaplan-Meier survival curve (D) of tumor initiated from 100 CSCs demonstrates an
increase in tumor latency in CD36 siRNA (red) versus control siRNA (black) treated CSCs.
IVIS bioluminescence imaging (E) at day 40 demonstrates detectable tumors in the control
SiRNA CSC group as compared to the CD36 siRNA CSC tumors. Representative H&E
image (F) indicate that resulting tumor contained histological hallmarks of GBM, scale bar
represents 1 mm. Immunoblotting to confirm CD36 reduction and limiting dilution analysis
were performed in duplicate and p-values indicated on each graph. In vivo tumor initiation
studies was performed with 7 mice per group and p-value was calculated using a log-rank
analysis.
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CD36 inhibitor (2-methylthio-1,4-naphthoquinone, MTN)
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Figure5. Alternativeinhibition of CD36, by MTN, resultsin decreased CSC self-renewal
MTN treatment (red) of CSCs reduced self-renewal capacity (A) and stem cell frequencies

(B) compared to DMSO treated controls (black). Effects of MTN treatment were specific to
CSCs vs non-CSCs. Immunablotting analysis (C) CSCs from patient-derived GBM
xenografts (T3832, GBM10) treated with MTN for 18 hours indicates that CSC self-renewal
pathways (Sox2, p-Akt, p-Stat 3) were decreased. Actin was used as a loading control. MTN
treatment (red) specifically induced apoptosis as compared to the DMSO control (black),
measured by Caspase 3/7 activity (D) in CSCs after 3 days of treatment. All limiting dilution
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analyses were performed in triplicate and p-value indicated on each graph. Caspase
measurements are represented as a mean +/— standard deviation and conducted in duplicate.
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Figure 6. Oxidized lipid uptakeiselevated in CSCs
Immunofluorescence images (A) of human GBM tissue (CCF860) demonstrates detectable

oxidized lipid species (ox lipids, red) adjacent to CD36 positive cells (green) in perivascular
regions (CD31, white). Cell growth analysis (B) of CSCs and non-CSCs derived from
patient-derived GBM xenografts (T3832, GBM10) demonstrates that CSC growth is
increased by administration of 50 pug/ml for 16 hours in oxidized low density lipoprotein
(oxLDL, red) conditions as compared to low density lipoprotein (LDL, grey) and buffer
(black) conditions. CD36 siRNA did not reduce the growth in the oxLDL as compared to the
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LDL condition in CSCs, which was observed in control siRNA treatment (C).
Immunofluorescence staining performed in triplicate and observed in tissue from an
additional GBM patient. Nuclei in micrographs were counterstained with dapi (blue), yellow
arrow indicates inset area, and scale bar represents 20 pm. Growth assays performed in at
least duplicate and represent mean +/- standard deviation. P-values are indicated on graphs
where significant: * p<0.05, ** p<0.01, *** p<0.001.
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Figure 7. CD36 expression iselevated in GBM and correlateswith patient survival
CD36 expression from the Bittner dataset in Oncomine (A) indicates that brain tumor cell

lines have a higher expression level as compared with other advanced cancer cell lines
(breast, colon, lung). Expression from the Bredel dataset in Oncomine (B) indicates higher
CD36 expression in GBM versus normal brain and a comparison between normal neural
progenitor cells (NPCs) and GBM from the Lee dataset in Oncomine (C) indicated higher
CD36 expression in GBM as compared to NPCs. Kaplan-Meier curves demonstrate that
high CD36 expression (red) in the Liang dataset in Oncomine correlates with decreased
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survival in all glioma (D) and GBM (E) as compared with CD36 medium (black) and CD36
low (blue) groups. Representative histoligcal analysis (F) and Kaplan-Meier curve (G)
demonstrates that high CD36 expression (red) in the University of Kentucky tissue
microarray correlates with decreased survival as compared to the CD36 low expression
group (blue). P-values indicated where significant: * p<0.05, *** p<0.001, and scale bar
represents 50 um.
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