
LAB. INVESTIGATION-HUMAN/ANIMAL TISSUE

CC chemokine receptor-2A is frequently overexpressed
in glioblastoma

Yu Liang Æ Andrew W. Bollen Æ Nalin Gupta

Received: 28 May 2007 / Accepted: 31 July 2007 / Published online: 17 August 2007

� Springer Science+Business Media, LLC 2007

Abstract Macrophages and monocytes migrate in

response to chemotactic cytokines such as monocyte

chemoattractant protein 1 (MCP-1/CCL2) in a variety of

tissues including the central nervous system. Overex-

pression of MCP-1 has been reported in glioblastoma

(GBM), which correlates to prominent macrophage infil-

tration characterized by this tumor type, but whether

MCP-1 receptor is also expressed by the neoplastic cells

remains unclear. Expression of MCP-1 and its receptor,

CC chemokine receptor 2 (CCR2), were examined in

GBM using cDNA microarrays and validated in two

independent microarray datasets. We investigated the

expression of the CCR2A isoform in human glioma cell

lines and GBM, and found overexpression of CCR2A in

most GBM specimens examined when compared to nor-

mal brain tissues. CCR2A is mainly localized in the

cytoplasm of neoplastic cells, and pronounced neuronal

cytoplasmic CCR2A immunoreactivity in tumor-infiltrat-

ing area was associated with prior chemo/radiation

therapy. Glioma cells ectopically overexpressing CCR2A

demonstrated increased migration compared to vector-

transfected cells in vitro. Inhibition of MCP-1 synthesis

suppressed migration of CCR2A-overexpressed glioma

cells. Our data suggest that CCR2A might be associated

with the pathobiology of GBM such as host response to

treatment and tumor cell migration.
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Introduction

Glioblastoma (GBM) is the most aggressive glioma subtype

(WHO grade IV astrocytoma). Its infiltrative pattern of

growth makes complete surgical removal impossible, and

its resistance to conventional therapeutic modalities inevi-

tably results in tumor recurrence [1]. GBM tumors are also

characterized by marked inter-tumoral heterogeneity that is

reflected in genetic, cytologic, and histologic variability [2].

Identification of gene products differentially expressed

between GBM tumors not only defines molecular signatures

but may also reflect the underlying biologic basis of tumor

heterogeneity. This rationale is the basis of ongoing func-

tional and mechanistic studies of many genes identified in

GBM through a variety of genetic screening techniques.

Microarray-based analysis of tumor specimens identifies

individual gene-expression patterns and allows character-

ization of differential gene expression between specimens in

a high-throughput fashion. A recent study of gene-expres-

sion profiles derived from GBM tumors revealed that a

cluster of the most differentially expressed genes among the

specimens examined consisted of genes typically expressed

in macrophages, microglia, and lymphocytes (designated as

an ‘‘immune cell signature’’) [3]. This cluster includes a

group of inflammatory CC chemokine genes clustered on

chromosome 17q (e.g. monocyte chemoattractant protein 1

(MCP-1), MCP-4, and SCYA11). Among this group of

cytokines, MCP-1 is of particular interest for several
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reasons. A large number of cell types in the brain, such as

astrocytes, neurons, and endothelial cells, express MCP-1,

particularly in response to stimuli leading to tissue injury

[4, 5]. Expression of MCP-1 is associated with higher

astrocytoma tumor grade [6, 7]. From a functional per-

spective, MCP-1 expressed by glioma cells induces

migration of monocytes in vitro [6]. Finally, an intracerebral

animal model provided evidence that MCP-1 recruits mi-

croglia and promotes vascular density and tumor growth [8].

Overall, these findings suggest that increased expression of

MCP-1 might be responsible for the presence of infiltrating

macrophages observed in human GBM tumors and con-

tribute to growth-permissive environment. Although

infiltrating leukocytes, lymphocytes, and macrophages can

contribute to a cytotoxic effect on neoplastic cells [9], the

regulation of these effects are poorly defined. In particular,

the tissue distribution and function of the MCP-1 receptor is

not well characterized in human brain tumors.

Based on the high-affinity binding of CC chemokine

receptor-2 (CCR2) to MCP-1 [10], as well as the common

phenotypes shared by CCR2-deficient and MCP-1-deficient

mice [11–15], it appears that CCR2 is the primary receptor

for MCP-1. CCR2 belongs to the family of G protein-

coupled receptors, and two alternatively spliced variants,

CCR2A and CCR2B, have been isolated from human

tissues [16]. The two isoforms differ structurally only in

their cytoplasmic carboxyl termini. Differences in tissue

distribution [17], subcellular localization [18], chemotactic

activity, and induction of calcium mobilization [19] sug-

gest that CCR2A and CCR2B have distinct functions.

Cytokine receptors in the central nervous system are

likely to have other non-immunologic roles, such as pro-

moting proliferation and directing migration of neuronal

and glial precursor cells during development [20]. Human

fetal astrocytes express functional CCR2 and demonstrate

migratory response to MCP-1 [21]. Neurons in adult rat

brain also express CCR2, and the animals display behav-

ioral response to intra-cerebroventricular injection of

MCP-1 [22]. Endothelial cells of brain microvessels

respond to MCP-1 by decreasing tight-junction protein

expression, which is associated with the increase of vessel

permeability for leukocyte transmigration [23]. Although

reactive astrocytic, neuronal, and endothelial elements

within and adjacent to GBM tumors may express func-

tional MCP-1 receptors, it has been unclear whether

neoplastic astrocytes themselves express these receptors

and whether they respond to MCP-1. In this study, we

found that CCR2A is the predominant isoform of the MCP-

1 receptor expressed in cultured glioma cells, and its

expression is increased in most GBM specimens examined.

CCR2A may also modulate glioma cell migration. Our data

support a role for this cytokine receptor in the oncogenic

phenotype of brain tumors.

Materials and methods

Tissue specimens

Frozen specimens were obtained from the Brain Tumor

Research Center Tissue Bank at the University of

California, San Francisco after approval from the

Committee on Human Research. One gliotic and three

normal brain tissues in our dataset (Database 1) were

obtained from an epileptic patient and postmortem speci-

mens, respectively. Non-neoplastic brain tissues used in the

Database 2 were from epileptic patients as described by the

authors. Normal brain total RNA used in the Database 3

was purchased from Stratagene (La Jolla, CA).

Microarray analysis

Sample preparation and microarray methods were descri-

bed in our previous study [3]. Briefly, total RNA was

extracted from frozen tissue specimens using Trizol

(Invitrogen; Carlsbad, CA) followed by mRNA purification

using FastTrack (Invitrogen). Messenger RNA was reverse

transcribed to cDNA and directly labeled with Cy dyes

(Amersham Biosciences; Piscataway, NJ) before hybrid-

ization. Other detailed protocols can be found in web

supplement (http://microarray-pubs.stanford.edu/gbm/).

Cell culture

NHA/hTERT and NHA/hTRET/E6E7 cells were a gift

from Dr. Russell Pieper (University of California, San

Francisco). NHA/hTERT cells are normal human fetal

astrocytes expressing human telomerase, while NHA/

hTERT/E6E7 cells have been additionally transfected with

human papillomavirus E6 and E7 genes and grow faster

than NHA/hTERT cells in culture. Neither immortalized

cell line shows tumorigenicity in vitro [24]. All malignant

glioma cell lines (U87, U251, SF763, SF767, SF268, and

SF295) were obtained from the Brain Tumor Research

Center (BTRC) Tissue Bank at the University of Califor-

nia, San Francisco (UCSF). Glioma cell lines and

immortalized human astrocytes were maintained in Eagle’s

minimal essential medium with 10% fetal bovine serum

and 5% CO2.

Antibodies

Dilution of antibodies against MCP-1, CCR2A, CCR2B

(Santa Cruz Biotechnology, Santa Cruz, CA), and actin

(GIBCO-BRL, Gaithersburg MD) for both immunoblotting
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and immunohistochemistry was 1:100, 1:200, 1:100,

and 1:100, respectively. AIIB2 (Developmental Studies

Hybridoma Bank, Iowa City, IA) was diluted to 1:20 and

used for inhibition of glioma-cell migration. Peroxidase-

conjugated secondary antibodies (Vector Laboratories,

Burlingame, CA, and Santa Cruz Biotechnology), bioti-

nylated secondary antibodies (Vector Laboratories),

fluorescine-conjugated anti-rabbit IgG and Rodamine-

conjugated anti-goat IgG secondary antibodies (Jackson

ImmunoResearch Laboratories, West Grove, PA), and

species-specific normal sera (Vector Laboratories and

Jackson ImmunoResearch Laboratories) were used

according to manufacturer’s instructions.

Immunoblotting

Glioma cell lines and immortalized human astrocytes were

lysed in 1% Triton X-100 buffer (in 50 mM Tris pH 7.5,

5 mM EDTA, and 150 mM NaCl) supplemented with

1 mM NaF, 1 mM Na3VO4, and Complete protease

inhibitor cocktail tablets (Roche, Basel, Switzerland). Cell

lysates from equal number of cells or with equal amount of

proteins quantitated by using a Dc Protein Assay Kit (Bio-

Rad, Hercules, CA) were separated by SDS-PAGE and

transferred to nitrocellulose membranes, followed by 10%

skim milk blocking and antibody incubation, and visual-

ized using the Super Signal West Pico Chemiluminescent

Substrate (Pierce, Rockford, IL). Biotinylation of cell-

surface proteins using EZ-LinkTM Sulfo-NHS-LC-Biotin

(Pierce) was performed according to the manufacturer’s

instructions. The intensity of identified bands in arbitrary

units was measured using Scion Image (Scion Corporation,

Frederick, MD).

Immunocytochemistry and immunohistochemistry

U87 and U251 cells were plated overnight in multi-well

slides (Cel-Line, Portsmouth, NH) pre-coated with poly-D-

lysine for immunocytochemistry as described previously

[25]. After fixation in 4% formaldehyde, cells were

blocked with normal serum, incubated with the first anti-

body at 4�C overnight and with the secondary antibody at

room temperature (RT) for 1 h, and finally covered with

Vectashield (Vector Laboratories) to prevent fading of

fluorescence. All frozen sections used for immunohisto-

chemistry were fixed in 4% formaldehyde, blocked with

normal serum, incubated with the first antibody at 4�C

overnight, and then incubated with the biotinylated

secondary antibody at RT for 1 h. A peroxidase-labeled

streptavidin and DAB Reagent kit (KPL, Gaithers-

burg, MD) was used to visualize immunoreactivity.

Immunohistochemistry of the specimens was evaluated by

single neuropathologist (A.B.). The intensity of CCR2A

immunoreactivity in tumor cells was scored from scale 1 to

3, and the percentage of CCR2A-positive cells was sepa-

rately recorded.

Cloning and transfection

The CCR2A cDNA in a pcDNA3 vector was a gift from

Dr. Oswald Quehenberger (University of California, San

Diego). We subcloned the BamHI/XhoI fragment of this

CCR2A construct into pcDNA3 to generate the CCR2A

antisense construct. In all transient transfection experi-

ments, 1 lg of DNA was incubated with a mixture of 3 ll

of FuGENE (Roche, Indianapolis, IN) and 97 ll of serum-

free medium at RT for 30 min. The DNA solution was then

added to a suspension of 2 · 105 U87 or U251 cells, and

the whole mixture was plated to a 35 mm dish. Permanent

cell lines were selected from U87 cells transfected with

either vector (U87-pcDNA3), the CCR2A-sense construct

(U87-CCR2A), or the CCR2A antisense construct

(U87-CCR2AAS) using G418, and the culture arose from

polyclonal expansion of transfected cells.

Migration assay

The inserts of TransWell chambers (Corning, Acton, MA)

with 8 lm pores were undercoated with approximately

100 lg/ml of rat-tail type 1 collagen (BD Biosciences, San

Diego, CA) and incubated overnight at RT, and then washed

with PBS. Transiently transfected U87 or U251 cells were

subject to migration assay 2 days after transfection. Cells

were resuspended in serum-free medium supplemented

with 1% Insulin-Transferrin-Selenium Supplement (Invi-

trogen, Carlsbad, CA), and 1 · 104 cells were plated into

each insert. The same supplemented serum-free medium

was placed in the bottom well; in some cases, MCP-1 at

different concentrations was added in the bottom well to

examine the migratory response of the cells. Each migration

assay had either triplicates or quadruplicates. After 4 h,

cells that remained in the inserts were removed with cotton

swabs, and migrated cells were fixed and stained using a

HEMA 3 stain set (Fisher Diagnostics, Middletown, VA).

For each insert, the numbers of migrated cells were counted

from five randomly chosen fields under 200· magnification.

Antisense oligonucleotides and migration assay

The scrambled and antisense oligonucleotides used in this

study were the ‘‘SC ODN’’ and ‘‘MCP-1 AS2’’, respectively,
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described in a previous report [26], except that only the first

three and the last three phosphodiester bonds were modified

to phosphorothioate bonds to prevent degradation. Oligo-

nucleotides were incubated with FuGENE at RT for 30 min,

added to 4 ml of serum-free medium containing 5 · 105

U87-pcDNA3 or U87-CCR2A cells plated in a 60 mm dish

to a final concentration of either 50 lM or 25 lM, and

incubated for 18–20 h. During the migration assay, cells

were incubated with the same concentration of the oligo-

nucleotides/FuGENE mixture. The migration assay was

performed as above.

Data analysis

Statistical significance of the difference between two data

sets was analyzed using two-tailed Mann-Whitney U test in

SPSS for Windows (Release 11.5.0). A P value � 0.05

was considered statistically significant.

Results

Expression of genes encoding MCP-1 and its receptor

is increased but highly variable in glioblastoma

We first examined expression of mcp-1 gene in GBM from

our cDNA microarray dataset [3] that contained gene

expression profiles from 32 GBM specimens, five oligo-

astrocytoma and oligodendroglioma specimens (Oligo), and

four non-neoplastic brain tissues (NT). MCP-1 expression

was increased in GBM in comparison to Oligo tumors

(P = 0.005) and NT brain (P = 0.05) (Database 1 in

Fig. 1a). This finding was further validated using two

independent published microarray datasets [27, 28]. The

first dataset (Database 2) contained 29 GBM specimens, 14

Oligo tumors, and four NT brain specimens, while the

second dataset (Database 3) collected 81 GBM, 49 Oligo,

and 23 NT brain samples. GBM once again demonstrated

increased expression of MCP-1 compared to Oligo tumors

Fig. 1 Both MCP-1 and CCR2
genes demonstrate increased but

highly variable expression in

GBM compared to non-

neoplastic (NT) brain tissues.

(a) GBM had up-regulated

MCP-1 expression compared to

NT brain tissues in the

Databases 1 and 2 (*, P = 0.05

and 4.9 · 10�5 for Databases 1

and 2). MCP-1 expression in

GBM from the Database 3

showed a trend of increased

expression despite no statistical

significance (*, P = 0.59).

(b) CCR2 expression in GBM

was consistently higher than in

NT brain tissues in all three

datasets (*, P = 0.044, 0.041,

and 0.002, for Databases 1, 2,

and 3, respectively). For (a) and

(b), Oligo, oligoastrocytoma

and oligodendroglioma; A,

astrocytoma; �, outliers; d,

extreme data points. (c)

Expression of MCP-1 and

CCR2 had marginal correlation

in GBM (r = 0.44, 0.23, and

0.33 for Databases 1, 2, and 3,

respectively). Database 1, j;

Database 2, m; Database 3, d
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(P = 1.2 · 10�5) and NT brain (P = 4.9 · 10�5) from the

Database 2. MCP-1 expression in GBM from the Database 3

was also higher than in Oligo tumors (P = 2.4 · 10�6), but

it only showed a trend of increased expression in GBM

without reaching statistical significance when compared to

NT brain specimens (P = 0.59, Fig. 1a). This might be due

to unexpected up-regulated MCP-1 expression in some NT

samples from the Database 3, as in this dataset MCP-1

expression in Oligo tumors was even lower than the NT

brain (P = 0.00096). Overall, our analyses were consistent

with previous findings on MCP-1 expression in GBM [6, 7].

Expression of the gene encoding MCP-1 receptor, ccr2,

was also examined in the same three datasets. ccr2 gene

demonstrated significantly higher expression in GBM

specimens than in NT brain (P = 0.044, 0.041, and 0.002,

for Databases 1, 2, and 3, respectively, Fig. 1b), and it also

had a trend of increased expression in high grade GBM

compared to Oligo tumors (P = 0.015 and 0.002 for

Databases 1 and 3, and P = 0.088 for Database 2).

Expression of both mcp-1 and ccr2 genes were only

slightly correlated in the three datasets we examined

(r = 0.44, 0.23, and 0.33 for Databases 1, 2, and 3,

respectively by Pearson, Fig. 1c). Although up-regulation

of MCP-1 by GBM is expected to induce infiltration of

CCR2-expressing mononuclear cells from blood stream,

the marginal correlation between MCP-1 and CCR2

suggests additional sources of CCR2 expression, possibly

tumor cells.

CCR2A protein is overexpressed in GBM tumors

compared to normal brain

Two alternatively spliced variants from the ccr2 transcript

were identified from human tissues. Because the probe sets

used by the microarrays in the three datasets cannot

distinguish these two splicing variants, we used isoform-

specific polyclonal antibodies to examine the expression of

CCR2A and CCR2B. We examined an immortalized

astrocyte cell line (NHA/hTERT), a transformed human

astrocyte cell line (NHA/hTRET/E6E7), and a panel of

human glioma cell lines with immunoblotting, and found

that CCR2A was readily detected in all cell lines (Fig. 2),

whereas U87 and U251 glioma cells had the lowest

abundance of CCR2A in all cell lines examined. CCR2B

was barely detectable even after prolonged film exposure,

and immunostaining of CCR2B in these cells also showed

no detectable signal (data not shown).

To extend our in vitro results, we used immunohisto-

chemistry to examine the expression and localization of

CCR2A in a panel of non-neoplastic brain tissues and

specimens from patients with GBM (Table 1). In normal

brain tissue, scattered and weak cytoplasmic CCR2A

immunoreactivity was seen in astrocytes, endothelial cells,

and neurons but not in oligodendrocytes (Fig. 3a and data

not shown). Reactive astrocytes in gliotic tissues that are

strongly GFAP-positive were moderately positive for

CCR2A (data not shown). Although CCR2A protein was

expressed at a basal level in several cell types in non-

neoplastic brain tissues, its expression was significantly

increased in GBM but the expression patterns were highly

variable in terms of the degree of immunoreactivity and the

percentage of positive cells. Using a scoring system to

categorize CCR2A staining intensity (summarized in

Table 2), only two of the total group of 31 GBM specimens

showed 1% of CCR2A-positive tumor cells with an

intensity similar to what was observed in normal or gliotic

brain (Fig. 3b). The other 29 specimens showed varying

cytoplasmic CCR2A immunoreactivity in 10–100% of the

neoplastic cells (Fig. 3c–f). Neurons (Fig. 3g) and endo-

thelial cells (Fig. 3a–d) with moderately increased

immunoreactivity for CCR2A were sometimes found in

normal brain, inside the tumor tissues, or in regions infil-

trated by neoplastic cells. The immunoreactivity of CCR2A

in both normal (Fig. 3a, arrow) and neoplastic astrocytes

(Fig. 3b–f) was mainly cytoplasmic, but was clearly on the

plasma membrane in endothelial cells where elevated

CCR2A expression was seen (Fig. 3c, inset, and d). No

immunoreactivity was detected with secondary antibody

alone (data not shown).

Among the 31 cases whose GBM tumors were examined

by immunohistochemistry, six patients had records of prior

surgical removal for primary brain tumors followed by

chemotherapy and/or radiation. CCR2A showed prominent

Fig. 2 CCR2A is universally expressed in immortalized astrocytes

and glioma cell lines. Expression of CCR2A was examined in total

cell lysates from immortalized normal human astrocytes (NHA/

hTERT and NHA/hTERT/E6E7) and human glioma cells using

immunoblotting. Expression of actin was used to normalize the

intensity of CCR2A bands on immunoblot

J Neurooncol (2008) 86:153–163 157

123



Table 1 Immunohistochemistry of MCP-1 and CCR2A in 31 GBM and 3 non-neoplastic brain specimens

ID H&E Comment Antigen IHC Comment

Non-neoplastic brain

5017 White matter, no tumor and gliosis MCP-1 Negative

CCR2A Some endothelial cells +, most cells -, occasional +

cells should be astrocytes (based on associated

cytoplasm and the density) and microglia

N1 Gray matter and underlying white matter MCP-1 Negative

CCR2A Scattered positive astrocytes, scale 1–2 in neurons

4736 Supposed to be gliosis, but only rare GFAP + astrocytes MCP-1 Rare + cells

CCR2A Rare + cells

GBM Group 1: CCR2A >> MCP1

3932 50% tumor, 50% necrosis, with large nuclei (check

case)

MCP-1 � in tumor, + in some neurons

CCR2A Scale 2 in 25% of tumor cells

4631 25% necrosis, 50–75% tumor MCP-1 Scale 2 in *5% cells (might be reactive

gemistocytes or neurons due to their

cytoplasm & evenly distant distribution)

CCR2A Scale 1 in 1/3 of tumor cells, + in neurons

4635 50–70% tumor, 25% dense fibrous connective tissue MCP-1 Barely scale 1 in 5% of tumor cells

CCR2A Scale 1 in 50% of tumor cells

4893 90% tumor, 10% hemorrhage MCP-1 Scale 1 in 5% of tumor cells, most + are neurons

CCR2A Scale 1 in 30% of tumor cells

3910 40% tumor MCP-1 Negative, positive in neutrophils

CCR2A Scale 2 in 10% of tumor cells

3828 More than 75% tumor MCP-1 Tumor probably -, neurons +?

CCR2A Scale 2 in 20% of tumor cells, score 1 in

scattered endothelial cells

2952 25% of tissue is infiltrated by tumor cells MCP-1 Neurons +, others are staining artifact

CCR2A Scale 1 in 20% of tumor cells, some neurons +

in infiltrated region

GBM Group 2: CCR2A similar to MCP1

1961 More than 75% tumor MCP-1 Scale 1 in 50% of the tumor cells

CCR2A Scale 2 in 25% of the tumor cells

3765 All tumor MCP-1 Scale 1 in all tumor cells, neurons +

CCR2A Diffuse staining in various intensity;

scale 2 in all tumor cells

4722 50% tumor, 50% necrosis MCP-1 Scale 1 in all tumor cells

CCR2A Patchy staining, scale 1 in 50% of tumor cells

4905 50% tumor, 50% necrosis and dense fibrous connective

tissue

MCP-1 Scale 1 in 50% of tumor cells

CCR2A Scale 2 in 50% of tumor cells

4770 All tumor with little freezing artifect MCP-1 Scale 1 in 50% tumor cells

CCR2A Scale 2 in all tumor cells including processes

4062 >75% infiltrated with tumor, 25% gray matter MCP-1 Scale 2 in >50% of tumor cells, weakly +

in astrocytic processes

CCR2A Scale 1 in 20% of tumor cells, weakly +

in astrocytic processes

2842 25% tumor, 25% infiltrated tumor, 50% gray matter MCP-1 Scale 2 in 25% of tumor cells, score 2

in many neurons

CCR2A Scale 2 in 50% of tumor cells, score 3 in neurons

4823 25–50% tumor, remainder is necrosis MCP-1 Scale 2 in 20% of tumor cells

CCR2A Scale 3 in 1/3 of tumor cells

4237 50% tumor, 50% necrosis MCP-1 Scale 2 in 75% of tumor cells

CCR2A Scale 1 in 50% of tumor cells, some + neurons

158 J Neurooncol (2008) 86:153–163

123



expression in neurons within tumor-infiltrated gray matter

from four of these cases (Fig. 3g), whereas neurons sur-

rounded by neoplastic astrocytes had only minimally

detectable CCR2A immunoreactivity from patients with no

such history (Fig. 3h). v2 test (P = 1.54 · 10�12) suggests

that radiation/chemotherapy is associated with up-regu-

lated neuronal expression of CCR2A.

Gene expression data indicated that MCP-1 had a

positive but not statistically significant trend to associate

with CCR2A in the abundance of their transcripts

(Fig. 1c). We indeed observed by immunohistochemistry

that the majority of CCR2A-overexpressing GBM

(N = 22) specimens also showed intracellular MCP-1

immunoreactivity (Table 1), but CCR2A-positive tumor

cells in a quarter of the samples (N = 7) were essentially

negative for MCP-1 or only scattered MCP-1 positive cells

could be detected.

Overexpression of CCR2A promotes glioma cell

migration in vitro

We explored a role for CCR2A in glioma pathogenesis by

transiently transfecting U87 and U251 glioma cells with a

CCR2A-expressing construct, and found that cells trans-

fected with CCR2A gene demonstrated increased

migration compared to those transfected with vector alone

(data not shown). We subsequently selected permanent cell

Table 1 Immunohistochemistry of MCP-1 and CCR2A in 31 GBM and 3 non-neoplastic brain specimens

ID H&E Comment Antigen IHC Comment

4284 25% tumor, 75% necrosis MCP-1 Scale 2 in 30% of tumor cells

CCR2A Scale 1 in 30% of tumor cells

4393 50–75% tumor MCP-1 Scale 2 in 50% of tumor cells

CCR2A Scale 2 in > 3/4 of tumor cells

4503 100% tumor MCP-1 Scale 1 in 10% of tumor cells, some + neurons and

reactive astrocytes

CCR2A Barely scale 2 in 1/3 of tumor cells

4948 75% tumor, 25% necrosis MCP-1 Scale 1 in 75% of tumor cells

CCR2A Scale 1 in 50% of tumor cells

4935 60% tumor, 40% hemorrhage MCP-1 Scale 1 in 20% of tumor cells

CCR2A Scale 1 in 20% of tumor cells

4441 75% gray matter w densely infiltrated neoplastic

astrocytes

MCP-1 Scale 1 in 30% of tumor cells

CCR2A Scale 2 in > 50% of tumor cells

4896 50% tumor, 50% necrosis MCP-1 Between 1 and 2 in >75% of tumor cells

CCR2A Scale 2 in 50% of tumor cells

4400 75% tumor, 25% necrosis MCP-1 Scale 2 in 30% of tumor cells

CCR2A Scale 2 in 20% of tumor cells

4567 50% tumor, 50% hemorrhage MCP-1 Scale 2 in 30% of tumor cells

CCR2A Scale 3 in all tumor cells (good + control)

4994 75% tumor MCP-1 Scale 2 in 25% of tumor cells

CCR2A Scale 1 in >50% of tumor cells

4991 90% tumor MCP-1 Scale 1 in all tumor cells

CCR2A Scale 1 in >75% of tumor cells

6046 1/3 tumor, 2/3 necrosis MCP-1 Scale 1 in 50% tumor cells

CCR2A Scale 1 in 1/3 of tumor cells

3911 Infiltration of neoplastic cells in the whole specimen MCP-1 Scale 1 in 10% tumor, neurons +

CCR2A Scale 3 in >50% of tumor cells

Group 3: rare CCR2A- and MCP1-positive tumor cells

4761 75% tumor, 25% necrosis and hemorrhage MCP-1 Scale 1 in 1% tumor cells

CCR2A Scale 1 in 1% tumor cells

Group 4: MCP1 >> CCR2A

4918 50% tumor, 50% hemorrhage and necrosis MCP-1 Scale 1 in >50% of tumor cells

CCR2A Scale 1 in rare + tumor cells
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lines from U87 cells transfected with the vector alone

(U87-pcDNA3), the CCR2A gene (U87-CCR2A), and the

CCR2A antisense construct (U87-CCR2AAS) (Fig. 4a).

Compared to U87-pcDNA3 cells, U87-CCR2A cells

showed greater and U87-CCR2AAS cells showed less

migration (Fig. 4b). The growth rates of these cell lines did

not differ significantly (data not shown). An independent

round of transfection and permanent cell line selection was

performed and the cell lines were tested with similar results

(data not shown).

Fig. 3 CCR2A is

overexpressed in most GBM

specimens examined. (a) In

normal brain, astrocytes (arrow)

and endothelial cells

(arrowhead) were weakly

positive. The intensity of

CCR2A immunoreactivity in

tumors was scored, and

representative

photomicrographs of each scale

were selected. (b) Among 31

GBM samples examined, only

two had a small number

(approximately 1%) of CCR2A-

positive cells. Neoplastic

astrocytes in most tumors were

strongly positive ((c) and (d),

scale 1; (e), scale 2; ((f), scale

3). A magnified view of the

boxed area at the right side of

the panel (c) is shown in the

inset, and the left boxed area is

shown in the panel (d). CCR2A

was predominantly localized in

the cytoplasm of tumor cells,

while its immunoreactivity at

the cell membrane of

endothelial cells of tumor

vasculature is clearly seen (inset

in (c) and arrowheads in (d)).

Prominent CCR2A expression

was seen in neurons

(arrowheads) within the tumor-

infiltrating area of a recurrent

tumor from a patient receiving

prior chemotherapy and

radiation (g), but only minimal

neuronal CCR2A

immunoreactivity was detected

(arrowheads) in tumors from

patients without such history

(h). Bar represents 100 lm in

(a), (b), and (d)–(h), and 50 lm

in (c)
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We tested whether the CCR2A-induced U87 cell

migration is dependent on self-produced MCP-1. When

U87-pcDNA3 and U87-CCR2A cells were treated with

50 lM of MCP-1 antisense oligonucleotides, secretion of

MCP-1 was inhibited by 60 to 75% compared to scrambled

oligonucleotides-treated cells (Fig. 4c). U87-CCR2A cell

migration was decreased by about 30% upon MCP-1

inhibition but the migration of U87-pcDNA3 cells

appeared to be resistant to MCP-1 reduction. Migration of

both types of cells was completely abolished using AIIB2,

a monoclonal antibody against integrin b1, in the presence

of either scrambled or antisense oligonucleotides. The

oligonucleotide treatments did not change the amount of

CCR2A (data not shown). These results suggest that

CCR2A-induced U87 glioma cell migration is at least

partially dependent upon self-produced ligand.

Discussion

Degenerative diseases of the central nervous system, trau-

matic injury, and ischemia are all associated with varying

degrees of tissue inflammation. Activation and persistence

of the inflammatory response is mediated by a large number

of pro-inflammatory cytokines [29]. Although inflammation

is not a homogeneous process, a number of common fea-

tures are observed including migration and activation of

astrocytes and microglia, an increase in the permeability of

cerebral endothelial cells, and infiltration of macrophages

and leukocytes. In most high-grade glial tumors, a robust

inflammatory response is present both before and after

initiation of treatment. Infiltration by immune cells,

increased levels of activating cytokines, and changes in the

tumor microenvironment either individually or collectively

may modulate tumor growth [8].

Cytokines are known to directly contribute to tumor

growth, although this has not been widely demonstrated in

all tumor types [30]. Glioma cell lines have been reported

Table 2 Summary of CCR2A immunostaining in 31 GBM specimens

Intensity

of immunoreactivity

Number

of specimens

% of positive

cells

Scale 1 2 1% or less

Scale 1 13 20–75%

Scale 2 13 10–100%

Scale 3 3 30–100%

Fig. 4 Glioma cell migration is promoted by ectopic CCR2A

expression in an MCP-1-dependent manner. (a) The expression

of CCR2A in U87-pcDNA3 cells, U87-CCR2A cells, and

U87-CCR2AAS cells was compared using immunoblotting. The

intensity of the CCR2A band was calibrated using the expression of

actin in corresponding cell lines; ratios of calibrated CCR2A

expression in U87-CCR2A/U87-pcDNA3 cells and U87-CCR2AAS/

U87-pcDNA3 were plotted. Values represent the average from four

different measurements. (b) Compared to U87-pcDNA3 cells, U87-

CCR2A cells displayed greater migration (*, P = 0.05), and U87-

CCR2AAS cells showed reduced migration (**, P = 0.034). (c)

Conditioned media collected from identical number of U87-pcDNA3

and U87-CCR2A cells treated with either scrambled (sc) or antisense

(as) oligonucleotides to the MCP-1 gene were analyzed using

immunoblotting, and the intensity of the MCP-1 band in each cell

type was separately quantitated based on the individual sc-treated

cells. (d) U87-pcDNA3 and U87-CCR2A were treated with 50 lM of

either sc (white column) or as oligonucleotides (black column)

overnight, followed by the migration assay. MCP-1 reduction effec-

tively decreased migration of the U87-CCR2A cells (*, P < 0.05).

Migration of all cell types was abolished using the monoclonal

antibody AIIB2 in the presence of sc or as oligonucleotides
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to secrete stromal cell-derived factor-1, which in turn

stimulates proliferation of tumor cells through activation of

its receptor, CXC chemokine receptor 4 [31]. In human

astrocytomas, one of the most commonly overexpressed

chemokines is MCP-1 [32]. It is reasonable to speculate

that tumor-derived MCP-1 may lead to excessive activation

of inflammation beyond that triggered by normal cell

populations such as activated astrocytes and endothelial

cells, but a pro-tumorigenic effect attributed directly to this

chemokine would be unexpected. Using an orthotopic

tumor model in rodents, a recent report noted that over-

expression of MCP-1 in glioma cells led to increased

infiltration of microglial cells and tumors with a more

aggressive phenotype [8]. The mechanism accounting for

this response is unclear.

We demonstrated that the abundance of CCR2 mRNA is

frequently higher in GBM than in lower grades of glioma

and non-neoplastic brain tissues. The primary cell-surface

receptor for MCP-1 is CCR2 [10], but no significant cor-

relation between CCR2 mRNA and the expression of its

ligand suggests an additional source of CCR2 expression

other than blood mononuclear cells induced by MCP-1.

Indeed, our immunohistochemical analysis of GBM spec-

imens showed that CCR2A expression is increased in

neoplastic cells in almost all cases, suggesting a direct or

indirect role in tumor pathogenesis. The subcellular local-

ization of CCR2A in both cultured glioma cells and

primary tumor specimens is predominantly intracellular,

which is consistent with other reports describing the dis-

tribution of the two CCR2 spliced variants in normal

tissues [18]. Even though CCR2B is the primary receptor

isoform in human cells that responds to MCP-1, it is more

likely that CCR2A is the dominant isoform of MCP-1

receptor expressed in neoplastic astrocytes and has more

important roles in pathogenesis. Although CCR2B could

still be detected in a fraction of GBM specimens by

immunohistochemistry (data not shown), it is not clear

from this study why CCR2B is not overexpressed in con-

junction with CCR2A in glioma cells. It is possible that

regulation of splicing of the ccr2 gene favors CCR2A

expression in transformed cells.

U87 glioma cells demonstrated lower migration com-

pared to transfected cells overexpressing CCR2A.

Furthermore, the baseline migration of vector-transfected

cells can be further reduced by expressing an antisense

construct to CCR2A (Fig. 4b). Although the function of

CCR2A in normal cells is unknown, our data suggest that

CCR2A overexpression affects glioma cell motility in a

self-produced ligand-dependent manner. We did note that

inhibition of endogenous MCP-1 did not reduce migration

of CCR2A-overexpressing cells to the level of the control

cells. This observation appears to parallel with the variable

expression levels of CCR2A we observed in primary

tumors, such that MCP-1 may induce migration of high

CCR2A-expressing neoplastic astrocytes whereas CCR2A

may modulate low CCR2A-expressing tumor cells inde-

pendent of its ligand. Since there are many potential

sources of MCP-1 in the tumor microenvironment (e.g.

neoplastic cells, infiltrating macrophages and leukocytes,

reactive astrocytes, neurons, and endothelial cells), regu-

lation of CCR2A-mediated tumor cell migration,

particularly when CCR2A expression in cells is greatly

overexpressed, could be complicated. This type of mech-

anism is not without precedent; a recent study noted that

MCP-1 induces proliferation and tumorigenicity of glioma

cells only when these cells overexpress connexin 43 [33].

Our study warrants future validation of this differential

ligand-dependent response of CCR2A in GBM and inves-

tigation of the mechanisms of CCR2A-regulated cell

migration when its expression is low.

In normal cells, it would be expected that increased levels

of ligand production would eventually result in decreased

levels of the cognate receptor through negative feedback

regulation in gene expression, but co-existence of MCP-1

production and overexpression of CCR2A in three quarters

of the specimens we examined suggests that this negative

autocrine loop might be deregulated in GBM tumors. It is our

goal to directly test the interactions between MCP-1 and

CCR2 in a transgenic intracranial tumor model to determine

how this ligand-receptor pair affects the growth and invasive

phenotype of brain tumors. Our in vitro migration data fur-

ther suggest that a technique such as antibody neutralization

targeting soluble MCP-1 or cell surface CCR2A might not be

effective to control glioma cell migration. Alternatively,

suppressing the synthesis of CCR2A by techniques such as

antisense oligonucleotides or RNA interference could be a

valid approach.
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