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Abstract The human formyl-peptide receptor (FPR) and
its variants FPRL1 and FPRL2 belong to the G-protein
coupled seven transmembrane receptor (GPCR) family
sensitive to pertussis toxin. FPR and FPRL1 were first
detected in phagocytic leukocytes, and FPRL2 was found
in monocytes and in dendritic cells. The three receptors
were subsequently identified in other cell types or tissues,
including neuronal cells and brain, where FPR and FPRL1
play a key role in angiogenesis, cell proliferation, protec-
tion against and cell death, as well as in neuroendocrine
functions. Binding of different agonists to FPRs triggers
several signaling pathways, activates NFkB and STAT3
transcriptional factors and induces the accumulation of the
CDK inhibitors p21™/¢P! ©16™%4 and p27""P". Signaling
molecules, such as ERKs, INK, PKC, p38MAPK, PLC and
PLD are involved in these intracellular cascades. In this
article we briefly review FPRs expression and signaling in
neuronal cells.
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Introduction

From an evolutionary perspective, the formyl-peptide
receptors family has a complex history and the number of
family members varies significantly between species. In
human there are three genes encoding two functional
receptors, FPR (formyl-peptide receptor) and FPRL1 (for-
myl-peptide receptor-like 1), and the putative receptor
FPRL2 (formyl-peptide receptor-like 2) which encodes a
putative protein with 56% amino acid sequence identity to
human FPR and 83% to FPRL1 [1-3]. Although a number
of functional studies of FPRs were performed by using
neutrophils and monocytes, the expression of these recep-
tors have been demonstrated in other cell types. For
instance, epithelial cells, follicular cells of the thyroid,
cortical cells of adrenal, hepatocytes, Kupffer cells, neu-
rons, astrocytoma cell lines, A549 cells, brain and nervous
sytem express either or/and both FPR or/and FPRLI [4-8].
The important biological implications of FPRs in neuro-
nal cells and tissue are illustrated by the identification of
host-derived agonists that are associated with various path-
ophysiological settings. These agonists include f-amyloid
peptide (Af42) [9], the prion protein fragment PrPjge_126
[10], humanin [11] and annexin I (ANXA1) [12]. All these
molecules elicit pro-inflammatory responses through the use
of FPRLI as a receptor. Af42 and PrP;ge_j26 are amyloi-
dogenic and are involved in Alzheimer’s disease (AD) [13]
and prion diseases [10, 14], respectively. FPRL1 has also
reported to interact with a lipid metabolite lipoxin A4
(LXA4) in neuronal cells [15], showing an inhibitory effect
on the expression of pro-inflammatory chemokines.
Binding to FPRs of these agonists triggers intracellular
signaling cascades involved in the regulation of angio-
genesis, cell proliferation, protection against apotosis and
neuroendocrine functions, such as the inhibition of the
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exocytosis. Unlike FPR, the signal transduction pathways
mediated by FPRL1 have not been extensively studied.
Following activation by ligand, FPRs undergo rapid serine
and threonine phosphorylation, and are desensitized and
internalized [16, 17]. However, FPRs internalization can
occur in the absence of internalization, indicating that
desensitization and internalization are controlled by dis-
tinct mechanisms [18, 19]. Further studies suggest that
FPRs internalization is mediated by mechanisms indepen-
dent by arrestin, dynamin and clathrin [20].

Recent findings have demonstrated a central role of
FPRs also in the regulation of cell cycle in different cell
types [20-26]. These receptors act by increasing protein
levels of some inhibitors of cyclins/CDK complexes (CKI),
such as p21™VeP! and p16™%4* and p27"P!, in parallel
with the inhibition of the expression of cyclins. Here we
review and discuss some of the most significant results on:
(i) the expression of FPRs in neuronal cells and tissues; (ii)
the intracellular signaling triggered by these receptors; (iii)
the control of the cell cycle progression exerted by some
members of the FPR family.

Formyl-Peptide Receptors

The formyl-peptide receptors FPR, FPRL1 and FPRL2,
expressed in human cells, belong to the G protein-coupled
receptor (GPCR) family [1]. The FPR gene spans 6 kb with
an intronless open reading frame interrupted by an intron in
its 5’-untranslated region [27]. Both FPRL1 and FPRL2 are
single-copy genes with intronless open reading frames,
which co-localize with FPR in a cluster on the chromo-
somal region 19q13.3 [1]. FPR and FPRL1 were first
detected in phagocytic leukocytes, and FPRL2 was first
found in monocytes and in dendritic cells [28].

The murine FPR gene family includes at least six
members: Fprl (mFPR1) codes for the murine orthologue
of human FPR; Fpr-rs2 and Fpr-rsl encode receptors that
are strucurally and functionally similar to human FPRL1
[29]: Fpr-rs2 encodes mFPR2, which is a N-formyl-Met-
Leu-Phe (N-fMLP) receptor, whereas the product of mur-
ine gene Fpr-rsl is a receptor for lipoxin A4 (LXA4), a
lipid derivative of arachidonate metabolism [30]. The other
murine FPRs encode putative receptors which ligands have
not been yet identified.

FPR binds N-fMLP with high efficiency, whereas
FPRLI1 is defined as a low-affinity N-fMLP receptor, based
on its activation only by micromolecolar concentrations of
formyl-peptide. FPRL1 is the only receptor whose ligands
include both a formyl-peptide and a lipid, as demonstrated
by the observation that it also binds LXA4 [31]. FPRL2
does not respond to formyl-peptides and it was reported to
be a low affinity receptor for several FPRL1 agonists [32].
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In addition to N-fMLP, several non-formylated peptides,
that preferentially activate either or both FPR and FPRL1,
have been identified. For instance, the synthetic hexapep-
tide WKYMVm (W peptide) binds FPRL1 with high effi-
ciency, activating neutrophils and monocytes functions
including chemotaxis, mobilization of complement recep-
tor-3, cytokines release and NADPH oxidase activation
[33]. We demonstrated that in IMR90 human fibroblasts,
binding of WKYMVm to FPRLI1, which is expressed in
these cells [34], induces superoxide generation consequent
to MEK- and PTX-dependent serine phosphorylation and
membrane translocation of the regulatory cytosolic
NADPH oxidase subunit p47°™* [34]. In the same cells
WKYMVm activates also selected protein kinase C (PKC)
isoforms required for NADPH oxidase-dependent super-
oxide generation [35].

MMK-1, another non-formylated peptide, is a potent
and very specific agonist for FPRL1, as demonstrated by its
ability to induce superoxide generation in neutrophils [36]
and calcium mobilization in phagocytic leukocytes [37].

In addition to exogenous agonists, many findings have
been focused to identify host-derived molecules that
interact with formyl-peptide receptors. A clear evidence of
an endogenous agonist for FPR is represented by ANXA1
and its N-terminal domains, which specifically and sig-
nificantly interfere with neutrophil transmigration [38].
Nevertheless, FPRL1 seems to interact with a greater
number of host-derived agonists, including the acute-phase
protein serum amloid A (SAA) [39], the 42-amino acid
form of amyloid f (Ap42) [9], the prion protein fragment
PrPos_126, [10], LXA4 [31], and LL-37, an enzymatic
cleavage fragment of the cathelicidin [40]. We demon-
strated that in IMR90 cells LL-37 triggers FPRL1-medi-
ated induction of superoxide, via NADPH oxidase
activation [41]. Finally, humanin, a 14-22 peptide encoded
by a gene isolated from an apparently normal region from
Alzheimer’s disease (AD) brain, shares FPRL1 with Ap42
on neuronal cells [11].

Formyl-Peptide Receptors Activation

FPR, FPRLI1 and FPRL?2 are coupled to the Gi family of G
proteins, as indicated by the total loss of cell response to
their agonists upon exposure to pertussis toxin (PTX)
[42, 43]. FPR can also couple to G,, G,1¢ and to PTX-
resistant G, [44].

In polymorphonuclear (PMN) cells, binding of N-fMLP
to FPR or FPRLI1 induces an intracellular complex pro-
gram that results in cell migration, reorganization of the
actin cytoskeleton and NADPH oxidase activation, thereby
triggering signal transduction pathways leading to a che-
motactic response and superoxide generation, respectively.
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After N-fMLP binding, activated heterotrimeric G-protein
dissociates into o and fy subunits, thereby activating
phospholipase C (PLC) and phosphoinositide 3-kinase
(PI3K). This, in turn, converts the membrane phosphati-
dylinositol 4,5-bisphosphate (PIP2) into phosphatidylino-
sitol 3.4,5-triphosphate (PIP3). PLC converts PIP3 in
diacylglycerol (DAG) and inositol-1,4,5-triphosphate
(IP3), which regulates calcium mobilization from endo-
plasmic reticulum stores. DAG activates PKC isoforms.
PI3K (y isoform) can also triggers the activation of the
PI3K-Akt/PKB pathway. In PMN cells other intracellular
effectors coupled to the signaling cascade of FPRs include
phospholipases A2 and D (PLD), ERK1/2, lyn, p125FAK,
Jun kinase (JNK) and p38MAPK. PKC isoforms, ERKs
and p38MAPK are involved in the phosphorylation on
multiple serine residues of the regulatory subunit p47P"°*
of NADPH oxidase in vivo and in vitro [45]. CD38, a
transmembrane glycoprotein which catalyzes the produc-
tion of cyclic ADP-ribose from its substrate NAD™, is an
essential and specific transducer of N-fMLP signals in
mouse neutrophils, as demonstrated by the observation that
neutrophils from CD38 '~ mice fail to migrate in response
to N-fMLP [46].

Fprs Expression in Neuronal Tissues and Cells

The observation that FPR and FPRL1 have been identified
in several other cell types and tissues suggests that they
exert functions other than those exerted in PMN cells,
probably elicited by endogenous ligands associated with
human diseases.

By using immunocytochemical approaches, FPR was
detected in human brain, spinal cord, anterior horn cells
and hypoglossal nucleus neurons [4]. Cerebellar system,
the neuropil, the sensory system, many large reticular
activating system neurons, choroid plexus epithelium,
ependyma, and vascular smooth muscle stained inten-
sively. Many pyramidal cell neurons, the extrapyramidal
motor system, the sympathetic portion of the autonomic
nervous system, the parasympathetic system, the hippo-
campal neurons, many end-plate pyramidal cells, some
astrocytes and pial astrocytes moderately stained with the
antibody [4]. Schwann cells of the peripheral nervous
system stained positively but the oligodendrocytes were
negative. Interestingly, FPR antigen was not detectable in
microglia, the modified macrophages of the brain [4].

By conducting a high throghput screen for GPCR
expressed in mouse vomeronasal organ (VNO), which
detects pheromones and other semiochemicals, 5 of 7
members of the FPR family, have been recently identified
[47]. The expression patterns of the VNO-FPRs are
remarkable similar to those of VIRs and V2Rs, the two

known families of chemoreceptors. Each FPR is selectively
expressed in a different small subset of neurons that are
highly dispersed in the neuroepithelium, consistently
express G, or Gy, and appear to lack other chemosensory
receptors [47]. These finding suggest that VNO-FPRs are
likely to function as chemosensory receptors, probably
associated with the identification of pathogens, or of
pathogenic states [48].

By RT-PCR analysis, mRNAs for three FPR family
members, Fprl, Fpr-rs1 and Fpr-rs2, have been identified
in the mouse hippocampus, hypothalamus, anterior pitui-
tary and adrenal gland [12]. In addition, the hypothalamus
and anterior pituitary gland also express Fpr-rs6 and
Fpr-rs7 mRNAs [12]. These receptors play a key role in the
regulation of neuroendocrine functions mediated by
ANXAL. In the pituitary gland, ANXAI1 has a well defined
role as a cell-cell mediator of the inhibitory effects of
glucocorticoids (GC) on the secretion of corticotropin
(ACTH). ANXAT1 inhibits the evoked release of ACTH and
this effect is mediated by Fpr-rs1 or by a closely related
receptor [12]. In the mouse brain, which expresses Fpr-rs2,
ANXALI or a short ANXAI1 petidomimetic (Ac, o) exert
significant protection in the microcirculation [49]. The
ANXA1-mediated cerebroprotection is associated with a
marked attenuation of cell adhesion and of markers of
inflammation. Ac, 56 acts by binding Fpr-rs2, as demon-
strated by displacement assays with transfected cells,
in vivo experiments with transgenic mice and receptor
agonists [49].

The 132IN1 human astrocyte cell line expresses a
functional FPRL1 both at mRNA and protein level [15]. In
these cells, LXA4, which efficiently binds FPRL1 [31], has
an inhibitory effect on the expression of the proinflam-
matory chemokine IL-8 and adhesion molecule ICAM-1 in
response to IL-1f [15]. LXA4 also regulates proliferation
and differentiation of murine neural stem cells (NSC)
isolated by embryo brains [26]. These cells express Fpr-rs2
and LXA4 signaling triggered by this receptor appears to
tightly regulate the expansion and contraction of NSC mass
by acting as “accelerator and brake” after pathological
events in brain tissue [26]. These results suggest the
potential therapeutic utility of LXA4 for a wide range of
neuropathological disorders, wherein specifically regulat-
ing neurogenesis and neuroinflammation may be beneficial.

FPRLI is expressed at high levels by inflammatory cells
infiltrating senil plaques in brain tissues of AD patients [9],
where Ap42 can induce NADPH oxidase-dependent
superoxide production via FPRLI, thus generating an
oxidative stress in microglial cells [50]. The internalization
of Af42 is mediated by FPRL1 and requires PLD in
the endocytosis process [51]. By co-immunoprecipitation
and fluorescence microscopy, a physical interaction
between FPRL1 and MARCO (macrophage receptor with
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collagenous structure) has been observed in astrocytes and
in microglia [52]. The expression of FPRLI-MARCO
complex increases in glial cells playing an important role
for binding at cell surface and subsequent internalization of
Ap42 [52]. Stimulation of microglial cell line N9 with
IFN-y induces the expression of high levels of mFPR2 in
association with increased cell migration in response to
Ap42 [53]. IFN-y also increases the endocytosis of Af42
by microglial cells via mFPR2 [53]. Furthermore, an
Ap42 conformation-dependent mFPR2 overexpression is
observed in mouse primary microglial cells and in murine
microglial cell line MMGT12 [54]. This suggests that FPRs
expression is not only constitutive but can be also induced
by specific agonists.

Humanin was originally identified as an anti-apoptotic
peptide that rescued neuronal cells from apoptosis induced
by presenilin mutants associated with familial AD and by
A P42 [55]. The human neuroblastoma cell lines SK-N-MC
and SK-N-SK, and the mouse microglial cell line N9
express FPRL1 and the murine orthologue mFPR2,
respectively [11]. In these cells the protective effect of
humanin from damage by Af342 requires the PTX-sensitive
activation of FPRL1, which is a functional receptor shared
by humanin and Ap42 [11]. Therefore, the neuroprotective
activity of humanin may be attributed to its competitive
occupation of FPRLI.

FPRLI1 is also involved in proinflammatory processes of
prion disorders which, similar to AD, include the infiltra-
tion and activation of mononuclear phagocytes in brain
lesions. The 21 aminoacid fragment of the aberrant human
prion protein, PrPgs_126 can form fibrils in vitro and elicits
a diverse array of inflammatory responses. PrP;ps_12¢ is an
agonist for FPRL1 in glial cells [10] and induces an
increase of proinflammatory cytokines, tumor necrosis
factor-o and IL-6, which are implicated as neurotoxic
mediators. Also in this case, PLD activity is essential
for PrPge_126-endocytosis [56] and, similar to Af42, in
astrocytes and microglia the internalization of PrPps_126 is
mediated by FPRL1 [56]. The identification of FPRLI1 as a
functional receptor for Af42 and PrPps_12¢ provides a
molecular link in the chain of proinflammatory responses
observed in AD and in prion diseases.

Fprs Signaling in Neuronal Tissues and Cells

In neuronal cells, binding of different agonists to FPRs
triggers multiple intracellular signaling pathways necessary
to regulate important biological functions. The possible
involvement of FPRL1 in the regulation of astrocytosis has
major biological implications, because reactive astrocytosis
and brain inflammation are pathological features of many
neurodegenerative diseases.
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A linkage among FPRL1, MAPK, astrocytes activation
and the inflammatory response has been described in U-87
cells, where the activation of FPRL1 with the highly potent
agonist WKYMVm induces JNK and ERKs phosphoryla-
tion [57]. FPRLI1-evoked MAPK activation depends on
G;j) proteins and Src family tyrosine kinase activation, but
is independent of PI3K and PKC. Interestingly, stimulation
of FPRLI in these cells augments the expression of glial
fibrillary acidic protein (GFAP) and IL-lo, which are
correlated with reactive astrocytosis [57]. Moreover, inhi-
bition of Gj, proteins and JNK completely abolishes both
GFAP and IL-1a up-regulations by FPRL1, while blockade
of the MEK/ERK cascade exclusively suppress the GFAP
production [57]. In the same cells, WKYMVm also pro-
motes Gj-dependent IKK (inhibitor kB kinase) phos-
phorylation. This requires ERKs, PI3K and cSrc
activations, but not p38MAPK, JNK or calcium mobiliza-
tion [58]. PI3K activates PKB/Akt which, in turn, induces
the transcriptional function of NFkB by stimulating the
transactivation of RelA/p65 subunit. In U-87 cells a
FPRL1-dependent NFkB-driven luciferase expression is
observed [58]. Interestingly, cholesterol depletion abol-
ishes IKK phosphorylation, denoting the important role of
lipid raft integrity in the FPRL1/IKK signaling [58]. In
N-fMLP- stimulated U-87 cells, the activation of signaling
molecules triggered by FPR, including ERKs, p38MAPK,
JNK and Akt are significantly attenuated by the lipoxyge-
nase inhibitor Nordy [59].

The role of FPRLI1 in regulating immune responses is
further suggested by the observation that, in 1321Nl1
astrocytoma cells, LXA4 exerts anti-inflammatory effects,
at least in part, via an NFkB-dependent mechanism [15]. In
fact, LXA4 inhibits IL-1p-induced degradation of IkBf
and modulates IL-1p activation of NFkB-regulated reporter
gene expression via FPRLI1 [15].

FPRs have been also implicated in the cellular signaling
regulating neuroendocrine functions. In the hypothalamo-
pituitary-adrenocortical axis, ANXA1 induces the inibition
of corticotrophin-release hormone (CRH)-driven ACTH
secretion [60]. The signaling mechanisms used by FPRLI,
the ANXAI1 receptor, impinge on the CRH-driven pro-
secretory cascade at a late stage, compromising the
SNARE proteins interaction which is critical to exocytosis
[60]. At least three molecular mechanisms have been
suggested for the neuroendocrine regulation of FPRL1: (i)
ANXALI activates PTX-sensitive and G,;-mediated acti-
vation of PLC, increased intracellular calcium concentra-
tion and PLD activation; (ii) FPRL1 may couple also to G,
protein which signaling induces a long-lasting blockade of
exocytosis in pituitary cells; (iii) FPRLI signals via ffy G
proteins to impair exocytosis [61].

Signal transduction pathways triggered by FPRs play a
key role in neurodegenerative disorders. In rat glial cells
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PLD activity is essential for Af42 endocytosis and is
required for Af42-induced ERKs phosphorylation [54].
The central role of ERKs in FPRL1 signaling is further
supported by the observation that, in murine microglial
cells, Ap42-induced signal transduction strongly depends
on phosphorylation mechanisms mediated by MAPK and
that FPRL1 deactivation by antagonists or by siRNA
inhibits Ap42-induced ERKs phosphorylation [52]. The
neuroprotective effect of humanin on Af42 requires the
FPRL1-mediated activation of STAT3 transcription factor
and of several tyrosine kinases [62].

FPRs signaling also partecipate in the progression of
malignant tumors. In human glioblastoma cell lines U-87
and SNB75, which express FPR [63], N-fMLP induces a
rapid and transient phosphorylation of ERKSs, JNK,
p38MAPK and Akt, as well as of STAT3 both at Tyr705
and Ser 727 residues [63]. N-fMLP-treated cells also show
elevated levels of VEGF protein secreted in the medium,
augmented DNA synthesis and higher levels of Bcl2. These
finding suggest a contribute of FPR to glioma cell motility,
proliferation and tumorigenicity. The role of FPR in these
events is further supported by its ability to transactivate the
Epidermal Growth Factor Receptor (EGFR), exacerbating
the malignant behaviour of human glioma cells [64, 65]. In
these cells N-fMLP induces PTX-sensitive EGFR phos-
phorylation at Tyr992 residue which is prevented by a Src
tyrosine kinase inhibitor, suggesting that cSrc plays a key
role in bridging the signal transduction from FPR to EGFR.
These results strongly indicate that both FPR and EGFR
play important roles in tumor cell growth and tumorigen-
esis, and that the two receptors cooperate to potentiate
the proliferation of glioblastoma cells. Furthermore, the
potential therapeutical implications of these findings sug-
gest that targeting both receptors may yeld superior ther-
apeutic effects compared with targetin either one receptor.

FPRs and Cell Cycle

Many evidences suggest that binding of specific agonists to
FPRs inhibit proliferation in different cell lines. LXA4
prevents cell growth of renal mesangial cells induced by
leukotriene D4 (LTD4) or platelet-derived growth factor
[21]. LXA4 blocks LTD4-induced PI3K activity and trig-
gers MEK1/ERK pathway, through which inhibition of cell
proliferation is effected [21, 22].

The inhibitory effects of LXA4 on cell cycle have been
also observed in human lung fibroblasts (HLF) stimulated
by connective tissue growth factor (CTGF) [23]. In these
cells, which express FPRL1, LXA4 supresses CTGF-
stimulated phosphorylation of PI3K and PKB/Akt,
modulates CTGF-activated phosphorylation of ERKs,
down-regulates CTGF-evoked DNA-binding activity of

STAT3 and inhibits the expression of cyclin D1. Pre-
treatment with PTX prevents, and over-expression of
FPRLI1 enhances, the inhibitory effects of LXA4 on CTGF-
induced proliferation of HLF, suggesting that FPRLI
mediates the action of LXA4 on these cells [23].

A similar effect was observed in rat mesangial cells
stimulated with TNFo [24]. Here, the TNFa-induced
marked increments in mRNA expression and protein syn-
thesis of cyclin E, in parallel with cell proliferation, are
down-regulated by LXA4. TNFa also enhances DNA-
binding activity of STAT3 and induces PKB/Akt phos-
phorylation at Thr308 residue, which are prevented by
LXA4. Furthermore, TNFa-induced decrement in expres-
sion of p27""P! is ameliorated by LXA4 in a dose-depen-
dent manner [24]. The LXA4-mediated accumulation of
CDK inhibitors (CKIs) is also observed in human mesan-
gial cells, where LXA4 significantly inhibits PDGF-
stimulated proliferation [25]. In these cells lipoxins mod-
ulate PDGF-induced decrements in the levels of p27"P!
and p21™* ¢! "and promotes nuclear retention of these
CKiIs [25].

The LXA4-induced signaling pathway also inhibits cell
growth of neural stem cells [26]. LXA4-mediated altera-
tions in cell proliferation include several molecules
involved in cell cycle and growth, such as EGFR and
cyclin E, which are down-regulated, and p27"P', which
protein levels are increased [26].

We observed that the exposure to N-fMLP of
human glioblastoma cell line U-87, induces p21™*//"P! and
pl6™X* accumulation in a time-dependent manner
(Fig. 1a). p21™*/¢P! has been shown to have bimodal
effects on cell cycle progression and cell proliferation. In
fact, p21™*VeP! inhibitory activity is associated with
nuclear localization, whereas cytosolic p21%¥*“P! jncreases
cell cycle transit [66]. Therefore, we investigated its local-
ization and we found that N-fMLP-induced p21%!/cip!
accumulation is predominantly nuclear, thus suggesting
its involvement in cell cycle arrest (Fig. 1b). In several cell
types the increased protein level of p21™*/P! jg inde-
pendent of p53 and is the consequence of the activation of
Ras-ERK pathway [67]. Furthermore, many evidences
demonstrate that the exposure of cells to oxidants results in
the activation of the Ras-MAPK pathway. This effect is
reversible, is prevented by antioxidants and is very similar
to that provoked by the exposure of resting cells to growth
factors [68]. We observed that, in U-87 cells N-fMLP
induces ERKs phosphorylation, which is inhibited by the
MEK inhibitor PD098059 (Fig. 2a) and by pre-incubation
with apocynin, which prevents the translocation of p47P"°*
on the membrane inhibiting the NADPH oxidase complex
in phagocytic and non-phagocytic cells [69, 70] (Fig. 2a).
The N-fMLP-induced p21%*"/“P! accumulation observed
in U-87 cells is also prevented by PD098059 and apocynin
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Fig. 1 N-fMLP induces CKls accumulation. (a) U-87 cells (ATCC,
Manassas VA) were exposed to 1 uM N-fMLP (PRIMM, Milan,
Italy) for the indicated times. Cells were rinsed with phosphate-
buffered saline (PBS) buffer and cell lysates were purified as
previously described [34]. Protein extracts, containing 20 pg of
proteins, were resolved on 10% SDS-PAGE (Bio-Rad, Richmond,
CA, USA) and p21**7P and p16™** were detected by using specific
antibodies (Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA,
sc-397 and sc-65224, respectively). The same filter was reprobed with
an anti-tubulin antibody (Santa Cruz Biotechnology Inc, Santa Cruz,
CA, USA, sc-8035). (b) Cells were exposed to PBS or to 1 uM N-
fMLP for 2 h and Nuclear (N) and cytosolic (C) proteins were purified
by using the Nuclear/Cytosol Fractionation kit (BioVision, Inc.,
USA), accordingly to manufacturer’s instructions. Proteins (20 pg)
were resolved on 10% SDS-PAGE and subjected to immunoblotting
analysis with an anti-p21™*7“'P antibody, as previously described [34].
An anti-tubulin antibody and anti-cyclin A antibody (Santa Cruz
Biotechnology Inc, Santa Cruz, CA, USA, sc-751) served as a control
of cytosolic and nuclear proteins loading, respectively. Antigen—
antibody complexes were detected with an ECL chemiluminescence
reagent kit (Amersham Pharmacia Biotech, Little Chalfont, Buking-
hamshire, UK)

(Fig. 2a), suggesting that it requires the activation of MEK-
ERK cascade and NADPH oxidase-dependent superoxide
generation. We also examined the role of FPR in the
N-fMLP-induced signalling cascade and we found that
preincubation with PTX prevents both ERKs phosphory-
lation and p21%*iP! accumulation, as a consequence of
the G-specific inhibition (Fig. 2b). Taken together our
results suggest that in U-87 cells binding of a specific
agonist to FPR inhibits cell cycle progression through
increased protein levels of pl6™** and PTX-, NADPH
oxidase- and MEK-dependent accumulation of p21™2f/ciP!,

Future Directions

During recent years, much progress has been made in the
understanding of the biological roles played by formyl-
peptide receptors in the brain and in neuronal cells. FPRs
family has complex functional properties, partly due to
their high promiscuity, but also because their activation can
stimulate several signal transduction pathways depending
on the ligand, its concentration and the cell type involved.
FPR and FPRLI1 can be activated by a wide variety of
unrelated ligands that can be also generated during patho-
logical conditions, and respond to synthetic ligands which
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ERK1-P
ERK2.p 1B WB: a-pERK
p21ml|rc|p1_’. WB: u_p21wafﬂcip‘-
tubulin —» WB: a-tubulin
= <+ 4+ + N-fMLP (1uM)
— — 4+ — PD098059 (50uM)
— — — < Apocynin (100 uM)
B
ERK1-P
ERK2-P = - WB: «-pERK
p21wamc|p1—p . —-— WB: a_p21wai1mlp1
tubulin— wws s - WB: a-tubulin

— 4+ 4 N-fMLP (1uM)
+ PTX (100 ng/ml)

Fig. 2 N-fMLP-induced p21™*7“ accumulation is prevented by
PD098059 and Apocynin and is mediated by FPR. (a) Cell lysates
were purified from U-87 cells exposed to 1 uM N-fMLP for 2 h, or
preincubated with 50 mM PD098059 for 90 min (Calbiochem, La
Jolla, CA, USA), or with 100 mM Apocynin (Sigma, St. Louis, MO,
USA) for 2 h, before stimulation. Twenty micrograms of proteins
were resolved on 10% SDS-PAGE and ERKSs phosphorylation and
p21%Va7%iP accumulation were detected by western blot with an anti-
phosphoERKSs (a-pERK, Santa Cruz Biotechnology Inc, Santa Cruz,
CA, USA, sc-7383) or an anti-p21¥*""P antibody, respectively. The
same filter was reprobed with an anti-tubulin antibody, as a control of
protein loading. (b) U-87 cells were exposed to 1 uM N-fMLP for
2 h, or preincubated with 100 ng/ml of pertussis toxin (PTX) (Sigma,
St. Louis, MO, USA) for 12 h before stimulation. Total proteins
(20 pg) were electrophoresed and transferred to immobilion P
membranes (Millipore, Bedford, MA). The blot was incubated with
an anti-phosphoERKs antibody or an anti-p21%*"P antibody. An
anti-tubulin antibody served as a control of protein loading. The
arrows indicate the phosphorylated forms of p44MAFK (ERK1-P) and
p42MAPK (ERK2-P), respectively

are very useful for pharmacological studies. In particular,
the use of FPRL1 by SAA, AB42 and PrPge_126 suggests
that this receptor may play a crucial role in pro-inflam-
matory aspects of systemic amyloidosis, AD and prion
diseases. On the other hand, LXA4 shows inhibitory effect
on the expression of pro-inflammatory chemokines via
FPRL1 and may represents a strategy in the treatment of
acute and chronic brain inflammation. Future research will
need to address the issue of how the same receptor can bind
such structurally diverse ligands, ranging from small pep-
tides to large proteins to lipids. The understanding of the
molecular mechanisms of interaction and whether the
various ligands bind by shared or unique domains, is the
assumption for the development of specific antagonists.
The role of FPRs in the definition of different biological
responses, including the FPRL1-mediated neuroendocrine
responses to bacterial/viral infections and to locally gen-
erated anti-inflammatory eicosanoids (e.g., lipoxins)
requires further investigations.

Further study is also required to define the relationship
between the FPR expression and the progression of human
primary gliomas and to identify the mechanicistic basis for
the control of FPR expression in highly malignant human
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glioma cells. Nevertheless, FPR and its signaling pathway
may be candidate molecular target for developing novel
therapeutics to treat gliomas, including the specific block-
ade of EGFR signaling depending on FPR transactivation
by agonist. Such pharmacological strategies presumably
produce less pronunced side effects than approaches based
on direct EGFR inhibition by antagonists or tyrosine kinase
inhibitors.

Binding of specific agonists to FPRs triggers several
intracellular signaling cascades in neuronal cells, including
PI3K-Akt, Ras-ERK, PKC and STAT pathways which play
key role in angiogenesis, cell proliferation, protection
against cell death and in the tight regulation of NADPH
oxidase activity. The complete dissection of the intracel-
lular signaling pathways triggered by different agonists
will clarify the role of formyl-peptide receptors in neuronal
cells in both human physiology and disease.
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