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Abstract

Gliomas are the most common and deadly tumors in the central nervous system (CNS). In the
course of studying the role of chemoattractant receptors in tumor growth and metastasis, we
discovered that highly malignant human glioblastoma and anaplastic astrocytoma specimens were
stained positively for the formylpeptide receptor (FPR), which is normally expressed in myeloid
cells and accounts for their chemotaxis and activation induced responses to bacterial peptides.
Screening of human glioma cell lines revealed that FPR was expressed selectively in glioma cell
lines with a more highly malignant phenotype. FPR expressed in glioblastoma cell lines mediates
cell chemotaxis, proliferation and production of an angiogenic factor, vascular endothelial growth
factor (VEGF), in response to agonists released by necrotic tumor cells. Furthermore, FPR in
glioblastoma cells activates the receptor for epidermal growth factor (EGFR) by increasing the
phosphorylation of a selected tyrosine residue in the intracellular tail of EGFR. Thus, FPR
hijacked by human glioblastoma cells exploits the function of EGFR to promote rapid tumor
progression.
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1. Introduction

Glioma ranges in degree of aggressiveness from slowly growing low-grade tumors to
rapidly growing high-grade tumors, such as anaplastic astrocytoma and glioblastoma
multiforme (GBM). Approximately 17,500 primary central nervous system (CNS) tumors,
which account for approximately 2% of all new cases of cancer, occur annually in the
United States. The majority of these CNS tumors are malignant gliomas and high mortality
rate converts this relatively infrequent malignancy into the third and fourth leading cause of
cancer-related death among 15-54 year old men and women respectively [1, 2]. The
mortality of GBM is especially high with a median survival time of 9-12 months despite
multiple therapeutic regimens designed to optimize surgery, radiation and chemotherapy [3—
6]. Like most malignancies, the cause of glioma has not been decoded until now. However,
accumulating evidence suggests that malignant glioma cells have “acquired” the unique
capability to sense growth signals present in the microenviroment and they also produce
growth and angiogenesis factors for their own advantage. Many studies using established
human glioma cell lines reveal that most of these cells express higher level of surface
receptors important for cell survival and invasion. For instance, high levels of the receptor
for epidermal growth factor (EGFR) [7-11] has been found on most glioma cells and is
implicated as one of the most important growth-stimulating receptors in a great variety of
malignant tumors including glioma [12]. In addition, all human glioma cell lines tested and
cells isolated from surgically removed glioma specimens express platelet derived growth
factor (PDGF) and its receptor that may form an autocrine growth stimulation loop [13].

More recently, the G protein coupled chemoattractant receptors (GPCR), which may
mediate the metastasis of several malignant tumors, have also been shown to play a role in
supporting glioma cell survival and promoting their production of angiogenic factors. One of
such GPCRs is the chemokine receptor CXCR4 [14, 15], which by responding to its ligand
CXCL12 (SDF1a) prolongs the survival of glioma cells in vitro, induces their directional
migration and stimulates their production of the vascular endothelial growth factor (VEGF)
[16] and CXCLS (IL-8), two important angiogenic factors in malignant tumors [17].
Furthermore, another chemoattractant GPCR, the formylpeptide receptor FPR was detected
in highly malignant human glioblastoma and anaplastic astrocytoma specimens [18, 19].
Studies of human glioma cell lines have revealed that FPR selectively “hijacked” by glioma
cells exacerbates the tumor progression.

2. FPRs in phagocytic leukocytes

Human FPR was detected in 1976 on the surface of human neutrophils, and was cloned in
1990 from a myeloid leukemia-cell line [20, 21]. FPR binds to N-formyl-methionylleucyl-
phenylalanine (fMLF), a product of the Gram™ bacteria, with high affinity. Two related
human genes, designated FPRL1 (FPR-like 1) and FPRL2 (FPR-like 2), were subsequently
isolated [21-23] and shown to cluster with FPR on human chromosome 19q13.3 [22, 23].
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FPRL1 is defined as a low-affinity fMLF receptor, based on its activation only by high
concentrations of fMLF in vitro [24]. FPRL2 does not bind or respond to fMLF [24], but
instead shares some non-formylated chemotactic peptide with FPRL1 [25, 26] and interacts
more specifically with a heme binding protein fragment F2L [27, 28]. Both FPR and FPRL1
are expressed at high levels by human myeloid cells. On the other hand, FPRL2 is expressed
in human monocytes, but not neutrophils [29], and by human mature dendritic cells (DCs)
[30], which express reduced levels of FPR, and no FPRLL1 [31, 32]. Both FPR and FPRL1
exhibit intriguing ligand promiscuity, suggesting their participation in multiple
pathophysiological processes [33]. In the case of FPR, in addition to the bacterial fMLF, it
also recognizes a variety of pathogen and host-derived peptide agonists. These include
Gram™ bacterial products, peptide fragments from HIV envelope proteins [34], a neutrophil
granule protein cathepsin G [35] and formylpeptides from mitochondria [36].

Activation of FPR by agonists may promote translocation of preexisting FPR in the
cytoplasmic compartment to the cell membrane [37], and elicits a cascade of signal
transduction pathways that are mediated by pertussis toxin-sensitive G proteins of the Gi
subtype and closely controlled by phospholipase C and phosphoinositide (PI) 3 kinases [38—
40]. Human myeloid cells activated by FPR agonist peptides undergo rapid shape change,
showing increased adhesion, chemotaxis, phagocytosis and release of bactericidal and
proinflammatory mediators (Figure 1). These functions of FPR render myeloid cells to
manifest proinflammatory and anti-microbial phenotype. In fact, depletion of the human
FPR counterpart mFPR1 from mice greatly decreased their ability to clear an infection by
Listeria monocytogenes [41].

3. FPR in glioma

3.1. Expression by FPR in highly malignant human glioblastoma cells

As discussed above, FPR has been convincingly shown to be a GPCR that mediates host
defense against bacterial infection phagocytic leukocytes [41]. However, during our
investigation of the role of chemoattractant GPCRs in tumor growth and metastasis, we
unexpectedly found that FPR was selectively expressed by more highly malignant human
glioma specimens. For instance, 11 of 14 cases of grade Il1 anaplastic astrocytoma and 6 of
6 grade IV GBM specimens strongly stained for FPR protein. In contrast, only two of 13
less aggressive grade Il astrocytoma specimens showed positive FPR staining [18]. These
findings prompted us to use established human glioma cell lines to investigate the
relationship between FPR expression and the biological behavior of the tumor cells. For
example, the U-87 cell line derived from a human GBM expresses a low level of glial
fibrillar acidic protein (GFAP), a marker found in better differentiated astroglia. SHG44 cell
line, established from a human astrocytoma specimen, in contrast contains higher levels of
GFAP. Furthermore, U-87 cells are highly positive for astroglial precursor protein vimentin,
which is weakly expressed by SHG44 cells. When injected to nude mice, U-87 cells formed
more rapidly growing tumors as compared with SHG44 cells and interestingly, only U-87
cells expressed FPR transcripts [19]. Therefore, results obtained with cell lines corroborate
the notion that FPR is selectively expressed by more highly malignant glioma cells.
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3.2 FPR function in GBM cells

3.2.1 Tumor cell survival and production of VEGF—The function of FPR in
glioblastoma cells was extensively examined by using the prototype agonist peptide,
bacterial fMLF. In addition to mediating robust chemotaxis and calcium mobilization of
glioblastoma cells in response to its agonist peptide, FPR exhibited several unique properties
that are closely related to tumor progression. For instance, activation of FPR in glioblastoma
cells under suboptimal culture conditions (i.e. at low FCS concentration) supports the
survival of the tumor cells, in association with increased cellular levels of the anti-apoptotic
proteins Bcl-2. In addition, FPR agonist peptide activated two important transcription factors
NF-xB and STAT3 in glioblastoma cells. While increased NF-xB translocation has been
also observed as a consequence of FPR signaling path way seen also in phagocytic
leukocytes [42, 43], FPR in glioblastoma cells stimulated the phosphorylation of STAT3 at
Ser-727 and Tyr-105 residues of which only Ser-727 was phosphorylated in human
monocytes. Another transcription factor hypoxia inducible factor-1a (HIF-1a) was also
activated by FPR agonist peptide in glioblastoma cells [18].

Since both STAT3 and HIF-1a are implicated in the transcriptional activation of the gene
coding for VEGF [44-4T7], we investigated the capacity of activated FPR to increase the
production of VEGF by tumor cells. In fact, supernatants from fMLF-stimulated
glioblastoma cells induced migration and tubule formation of human vascular endothelial
cells (EC) [18]. This property of the tumor cell supernatant was abolished by a neutralizing
anti-human VEGF antibody [18], indicating that the activity of tumor supernatant on
vascular EC was mediated by VEGF released by FPR agonist-stimulated glioblastoma cells.

The contribution of FPR to glioblastoma progression was then tested in vivo in nude mice in
which tumor cells containing small interfering (si) RNA against FPR mRNA yielded tumors
with markedly reduced rate of growth as compared to control cells transfected with random
SiRNA [18]. Thus the functional studies provide strong evidence for the involvement of FPR
in supporting the rapid progression of glioblastoma.

3.2.2 Transactivation of EGFR—Since tumor growth is a consequence of a complex
combination of interweaving signal pathways of various cell surface receptors [48], we
further investigated the potential role of FPR to act as a component of such a network. We
found that human glioblastoma cell expressed high levels of EGFR [49], which is
overexpressed on a variety of malignant tumors of human and mouse origin [50-57]. Upon
stimulation with EGF, human glioblastoma cells underwent increased chemotaxis and rapid
proliferation with phosphorylation of at least 4 tyrosine residues in the C-terminal domain of
EGFR [49] . When tumor cells were stimulated with the FPR agonist fMLF, EGFR was also
rapidly phosphorylated but with restriction to a single tyrosine residue Tyr992. This
transactivation of EGFR by FPR agonist peptide accounted for approximately 40% of the
biological activity of FPR in tumor cells and was dependent on a Src kinase pathway [49].
To investigate the significance of the cross-talk between FPR and EGFR in glioblastoma
growth, we used siRNA to deplete both receptors. When implanted in nude mice, tumor
cells depleted of either FPR or EGFR grew more slowly as compared with parental cells but
depletion of both receptors completely abolished the tumorigenicity of the glioblastoma cells
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[49]. Thus, FPR aberrantly expressed in glioblastoma cells is capable of exploiting the
function of EGFR to amplify tumor grow.

3.2.3 Interaction with native ligand—It should be noted that the function of FPR in
glioblastoma cells was characterized mainly by using the bacterial peptide agonist fMLF.
The question then arises whether the receptor is capable of recognizing host-derived
agonists that may be present in the tumor microenviroment. We first tested glioblastoma cell
responses to the neutrophil granule protein cathepsin G and found that this host-derived FPR
agonist induced the migration of tumor cells expressing FPR [35]. Since mitochondrial
peptides are also potential endogenous FPR agonist [36] and since glioblastomas frequently
contain necrotic foci in the rapidly growing tumor mass that may release mitochondrial
components, we examined the presence of this FPR agonist in supernatants of necrotic
tumor cells.

Supernatants of necrotic U-87 cell line and tumors formed by U-87 cells in athymic mice
induced potent chemotaxis of live U-87 cells as well as a rat basophil leukemia cell line
transfected to express human FPR (ETFR cells). The chemotactic activity released by
necrotic GBM cells and tumor tissues was blocked by an anti-FPR antibody and by the FPR-
specific antagonist tBoc-MLF [18]. The robust intracellular Ca?* mobilization induced by
necrotic glioblastoma cell supernatant attenuated subsequent cell response to fMLF,
suggesting that agonist contained in the supernatants of necrotic tumor cells shares a
receptor with fMLF [18, 58]. Further evidence to support the release of FPR agonist(s) by
necrotic glioblastoma cells was provided by the observation that the tumor cell supernatant
down-regulated FPR expressed on the surface of human monocytes and ETFR cells. These
observations suggest that FPR expressed on glioblastoma cells is able to recognize agonist
activity released in the tumor microenviroment thereby mediating tumor cell migration,
growth and production of angiogenic factors in a paracrine and/or autocrine loop [18]
(Figure 2).

4. Summary and perspectives

Malignant tumors take advantage of their microenvironment to favor their survival, growth,
invasion, and metastasis [59]. For instance, tumor cells often produce aberrant levels of
growth factors that stimulate cell surface receptors to increase cell proliferation in an
autocrine manner. Tumor cells also produce high levels of VEGF constitutively or in
response to stimulation that recruits endothelial cells and promotes endothelial cell
proliferation and vascularization. In addition, malignant tumor cells express receptors that
interact with agonists that are present in the vicinity of the tumor or produced by distant
organs to increase tumor cell motility and thus to favor tumor cell invasion and metastasis.
Chemokine receptors, such as CXCR4 and CCR7, have been implicated in promoting tumor
metastasis, presumably by increasing the chemotaxis and extravasation of tumor cells in
response to locally produced chemokine ligands [59-61]. The chemokine receptor CXCR4,
expressed by a majority of glioma cell lines, mediates tumor cell migration and supports cell
survival, presumably in response to the ligand SDF-1a (CXCL12) , which is present in
tumor tissues [15]. However, because CXCR4 is also expressed in normal astrocytes, it may
not represent a distinctive biomarker for differentiating normal astrocytes from malignant
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astrocytes. Nevertheless, recent studies have implicated CXCR4 as being expressed at
higher levels in more aggressive glioma cells [14]. FPR is not widely expressed in glioma
cell lines or in normal glial cells but, rather, is selectively expressed in more highly
malignant glioblastoma cells and contributes to their tumorigenicity in vivo in
immunocompromised mice. FPR is also detected in a majority of primary grade 111
anaplastic astrocytoma and grade IV GBM specimens. Identification of FPR agonist activity
in the supernatants of necrotic tumor cells provides evidence that this receptor may interact
with host-derived agonists produced in tumor lesions, presumably in the necrotic area
frequently associated with highly malignant gliomas or in surrounding tissues that maybe
compressed by growing tumors. It is thus plausible that FPR in live tumor cells may serve as
a sensor for the agonists produced in a “ paracrine ” manner in the tumor microenvironment
to promote cell migration, to support cell survival and proliferation, to activate transcription
and the production of VEGF, and to transactivate EGFR, all of which exacerbate tumor
growth.

Further study is required to more precisely define the relationship between the FPR
expression and the progression of human primary gliomas and to identify the mechanistic
basis for the control of FPR expression in highly malignant human glioma cells. In addition,
the pathogenesis of human gliomas is likely to be complex, and FPR is probably not the sole
factor that regulates the progression of malignant gliomas. Indeed, our observation that there
were three FPR-protein-negative tumors of the 14 primary grade I11 anaplastic astrocytoma
specimens examined and some GBM cell lines do not express functional FPR suggests that
factors other than FPR also participate in the development of malignant human gliomas.
Also, the relationship between FPR expression and the survival of glioma patients after
treatment remains to be established. Nevertheless, the present study implicates the role of
FPR in the rapid progression of highly malignant human gliomas and thus raises the
possibility that FPR and its signaling pathway may be candidate molecular targets for
developing novel therapeutics for gliomas.
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Figure 1. FPR signaling and function in phagocytes
FPR activated by agonists elicits a cascade of signal transduction pathways involving G

proteins, phospholipase C (PLC), phosphoinositide (P1) 3 kinases, protein kinase C, Ca2*,
phospholipase D (PLD) and MAPKSs to mediate phagocytosis, chemotaxis, adhesion and
release of some mediators. The FPR agonists may also promote the translocation of
preexisting FPR in the cytoplasm to cell membrane.
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Figure 2. The role of FPR in glioblastoma progression
FPR on glioblastoma cells is activated by agonists released by necrotic tumor cells. The

signaling cascade coupled to FPR in tumor cells activates P13 kinase, MAPKSs, PLC, PLD,
Akt/Bcl2 and transcription factors such as NFkB, STAT3 and HIF-1a, to enhance cell
chemotaxis, growth and release of angiogenic factors. The FPR function in glioblastoma
cells is partially mediated by EGFR through a Src-kinase dependent transactivation
pathway.
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