UNIVERSITY OF NAPLES FEDERICO IlI

DOCTORATE
MOLECULAR MEDICINE AND MEDICAL BIOTECHNOLOGY

Martina Castaldo

Intracellular signaling cascades activated by Formyl
Peptide Receptors

O3
S
x )
%%) mARcks OSR1 (%Rb H!P@U MCM2 AKT ‘@ a %
(}:O ERK1/2 Pre <}:()
r 1)
~ P o

Year 2020



UNIVERSITY OF NAPLES FEDERICO IlI

DOCTORATE
MOLECULAR MEDICINE AND MEDICAL BIOTECHNOLOGY

XXXII CICLO

Intracellular signaling cascades activated by
Formyl Peptide Receptors

Tutor Candidate
Prof. Rosario Ammendola Martina Castaldo

Coordinator
Prof. Vittorio Enrico Avvedimento

Year 2020



INDEX
ABSTRACT

1. INTRODUCTION

1.1 Formyl-peptide receptors

1.1.1 Structure, function, tissue and cellular
distribution

1.1.2 Receptor agonists

1.1.3 Receptor antagonists

1.2 Intracellular signaling cascades

1.2.1 PKC activation

1.2.2 MAPK activation

1.2.3 NADPH oxidase complex activation
1.2.4 GPCR desensitization

1.3 Receptor tyrosine kinases

1.3.1 Epidermal growth factor receptor EGFR
1.3.2 Nerve growth factor receptor TrkA
1.4 Receptor tyrosine kinase transactivation

2. AIM

3. MATERIALS AND METHODS
3.1 Cell lines and reagents

3.2 Protein Extraction and Western Blot
Analysis

3.3 Proliferation Assay

3.4 Wound healing Assay

3.5 Reactive Oxygen Species Assay

3.6 Neurite Outgrowth assay

3.7 Phospho-proteins enrichment

3.8 Tryptic digestion and sample preparation
for MS/MS analyses

o W

11
12
14
16
18
22
23
24
25
28

31

33
33

34
36
36
37
37
38

39



3.9 Tryptic digestion and sample preparation
for MS/MS analyses

3.10 Data processing

3.11 Bioinformatic analysis

3.12 Statistical analysis

4. RESULTS

4.1 FPR1 stimulation by N-fMLP induces
NOX2 activation in SH-SY5Y cell line

4.2 FPR1 stimulation by N-fMLP induces
NOX2-Dependent TrkA transactivation in SH-
SY5Y cells

4.3 FPR1-induced TrkA transactivation triggers
the Ras/MAPK pathway in SH-SY5Y cells

4.4 N-fMLP-dependent phosphorylation of
Y490 and Y751 residues of TrkA triggers the
PI3K/Akt pathway in SH-SY5Y cells

4.5 FPR1-mediated phosphorylation of Y785
residue of TrkA provides a docking site for
PLCy1/PKC pathway activation in SH-SY5Y
cells

4.6 FPR1-mediated TrkA transactivation
promotes cell proliferation in SH-SY5Y cells
4.7 FPR1-mediated TrkA transactivation
promotes cell migration in SH-SY5Y cells

4.8 FPR1-mediated TrkA transactivation
promotes neurite outgrowth in SH-SY5Y cells
4.9 Phosphoproteomic analysis in Calu-6 cells
identifies WKYMVm-dependent protein
phosphorylations

4.10 Functional bioinformatic analysis of FPR2
signaling-dependent phosphorylations

39
40
41
41
42

42

45

47

50

52

54

55

57

59

62



4.11 FPR2 stimulation in Calu-6 cells triggers
HSP-27, MCM2, OSR1, Rb and MARCKS
phosphorylation

4.12 FPR2 agonists with anti-inflammatory
activity induce HSP-27, OSR1, Rb and
MARCKS phosphorylation

5. DISCUSSION
6. CONCLUSIONS
7. REFERENCES

8. LIST OF PUBLICATIONS

66

71

75

83

84

111



List of abbreviations

ANXA1
CSH
DAG
EGFR
ERK1/2
FPR1
FPR2
FPR3
GPCR
HSP-27
IP3
LXA4
MAPK
MARCKS

MCM2

MMP
NADPH
oxidase
N-fMLP
NGF
OSR1
PI3K
PIP2
PIP3
PKC
PLCy
PTX

Rb

ROS
TrkA

Annexin Al

Cyclosporine H

Diacylglycerol

Epidermal growth factor receptor
Extracellular signal-regulated kinase 1/2
Formyl peptide receptor 1

Formyl peptide receptor 2

Formyl peptide receptor 3

G protein-coupled receptor

Heat shock protein-27

Inositol trisphosphate

Lipoxin A4

Mitogen-activated protein kinase
Myristoylated alanine-rich C-kinase
substrate

Minichromosome Maintenance Complex
Component 2

Matrix metalloproteinases
Nicotinamide adenine dinucleotide
phosphate oxidase
N-formylmethionyl-leucyl-phenylalanine
Nerve growth factor
Odd-skipped-related 1
Phosphoinositide 3-kinase
Phosphatidylinositol 4,5-bisphosphate
Phosphatidylinositol 3,4,5-trisphosphate
Protein kinase C

Phospholipase C gamma

Pertussis toxin

Retinoblastoma protein

Reactive oxygen species

Tropomyosin receptor kinase A



ABSTRACT

The formyl peptide receptors FPR1, FPR2 and FPR3 are
seven transmembrane Gi-protein coupled receptors.
They were first identified as mediators of chemotaxis
and activation of leukocytes in response to bacterial
formylated peptides. To date, expression of FPRs was
described also in non-myeloid cells, together with the
ability of these receptors to recognize an heterogenous
range of ligands of different origin. In the last few years,
FPRs activation or their overexpression has been
correlated to cell tumorigenicity, inflammation, cell
proliferation, invasion and tumour progression.
Furthermore, increasing evidence have highlighted the
ability of FPRs to transactivate receptor tyrosine kinase
(RTKSs) through NADPH oxidase-dependent production
of reactive oxygen species (ROS).

Herein, we investigated (i) the ability of FPR1 to
transactivate the nerve growth factor receptor TrkA, in
SH-SY5Y human neuroblastoma cell line; (ii) the
involvement of NADPH oxidase-derived ROS in
mediating TrkA transactivation; (iii) the downstream
signaling cascades triggered by FPR1 stimulation and, in
turn, by TrkA transactivation; (iv) the biological effects
of FPR1 activation. Western blotting experiments
demonstrated that FPR1 stimulation mediates NADPH
oxidase-dependent  phosphorylation of cytosolic
residues Y490, Y751, and Y785 of TrkA, that represent
docking sites for Erk, Akt and PKC pathway activation.
Cell count assay, neurite outgrowth assay and wound-
healing assay indicated that FPRI1-mediated TrkA



phosphorylation enhances cell proliferation, growth and
migration.

Furthermore, to characterize phosphorylations of
intracellular signaling molecules triggered by FPR
activation, we performed a TiO>-based affinity
chromatography to obtain an enrichment of
phosphoproteins derived from FPR2 stimulation. Mass
spectrometry analysis identified 290 differentially
phosphorylated proteins and 53 unique
phosphopeptides. Phosphorylations of five selected
phosphoproteins (HSP-27, MCM2, OSRI1, Rb and
MARCKS) were further validated by western blotting
experiments, confirming their dependence on FPR2
activation. Furthermore, we show that FPR2 stimulation
with two anti-inflammatory agonists (Annexin Al or
Lipoxin A4) induces the phosphorylation of selected
differentially phosphorylated proteins, suggesting their
role in the resolution of inflammation.

Taken together, these data represent a promising
resource for further studies on new signaling networks
established by FPRs that could lead to the identification
of novel molecular drug targets for human diseases.



Introduction

1. INTRODUCTION

1.1 Formyl peptide receptors
1.1.1 Structure, function, tissue and cellular distribution

Formyl-peptide Receptors (FPRs) belong to the class A
rhodopsin-like receptor family of the five main classes
of G protein-coupled receptors (GPCRs), the largest
family of transmembrane receptors in the human
genome (Fredriksson, 2003). FPRs are seven-
transmembrane  domain  receptors  structurally
characterized by an extracellular N-terminal domain
followed by seven hydrophobic transmembrane a-
helices (TM-1 to TM-7) connected by three extracellular
loops (EL-1 to EL-3) involved in ligand binding, and
three intracellular loops (IL-1 to IL-3) involved in G
proteins binding, and finally by an intracellular C-
terminal domain (Fig. 1). Agonist binding to the
extracellular binding site causes receptor conformational
changes that are required for receptor activation and
intracellular  heterotrimeric G protein  binding
(Latorraca, 2017). Human FPR family includes three
members: FPR1, FPR2 and FPR3. FPR1 was first
identified in 1976 as a high affinity receptor for N-
formyl-Methionine-Leucine-Phenylalanine  (N-fMLP)
on neutrophils (Le, 2002) and cloned in 1990 by
functional screening of a CcDNA library from
differentiated HL-60 myeloid leukaemia cells. FPR1
gene spans 6kb and encoded a 350 amino acids protein
(Boulay,1990; Perez, 1992).
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Figure 1. Predicted transmembrane disposition of the human
FPRI (Boulay et al, 1990a).

Low stringency hybridization, by using FPR1 cDNA as
probe, allowed the identification of two paralogous
genes with high sequence homology with FPR1, initially
named FPRL1 and FPRL2. These genes were
subsequently named, respectively, FPR2/ALX and
FPR3 according to the International Union of Basic and
Clinical Pharmacology (IUPHAR) nomenclature based
on receptor affinity for different formyl peptides binding
(Ye, 2009). Human FPR1, FPR2 and FPR3 are clustered
on chromosome 19qg13.3-19913.4, suggesting their
origin from a gene duplication event (Fig. 2). FPR2 is a
351 amino acid protein that shares 69% sequence
homology with FPR1, whereas FPR3 is a 352 amino acid
protein sharing 56% sequence homology with FPR1.
Instead, FPR2 and FPR3 share the highest degree of
amino acid identity, about 83% (Murphy, 1992).
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Figure 2. Formyl peptide receptor gene cluster region on
chromosome 19p includes FPRI, FPR2 and FPR3 genes
(http://atlasgeneticoncology.org).

Orthologs of human FPR genes have been identified in
different non-human primates, including mice, rats,
rabbits and guinea pigs (Ye, 2009). In mice, eight
different FPR genes were identified clustered on
chromosome 17 A3.2; mFprl shares 76% sequence
homology with human FPR1 and different affinity for
formylated peptides (Gao, 1993), whereas mFpr2 shares
73% sequence homology with human FPR2 (Takano,
1997).

FPRs are mainly expressed in phagocytic leukocytes,
where these receptors play important roles in
inflammatory and immune responses, by promoting cell
chemotaxis, calcium flux, directed migration,
superoxide production, release of proinflammatory
cytokines and gene transcription in response to N-
formylated peptides (Schiffmann, 1975). FPR1 and
FPR2 are expressed in monocytes and neutrophils, while
FPR3 expression is restricted only to monocytes. FPR2
expression is lost in immature dendritic cells, whereas
FPR1 expression is lost in mature dendritic cells;
instead, FPR3 is expressed in both immature and mature
dendritic cells.
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Besides myeloid cells, FPR1 expression is detected in
astrocytes, microglial cells, hepatocytes, endothelial
cells, fibroblasts, motor and sensory neurons, vascular
smooth muscle cells; FPR1 is also expressed in central
and autonomic nervous system. FPR2 has a wider
distribution than FPR1, as it is expressed also in
epithelial cells, T and B lymphocytes. Tissue expression
of FPR1 and FPR2 is also been detected in thyroid, liver,
lung, spleen, bone marrow and in neuroblastoma cells
(Migeotte, 2006).

1.1.2 Receptor agonists

The first characterized ligand of FPR1 is the N-
formylated tripeptide N-fMLP derived from the gram-
negative bacterium E. coli. FPR1 is activated by
picomolar concentrations of N-fMLP. N-formylated
peptides are peptides whose amino acid sequence
contains a formyl group added to the amino acid
methionine located at the N-terminus. These peptides
derive from bacterial or mitochondrial proteins; in fact,
both bacterial and mitochondrial protein synthesis is
initiated with a N-formyl methionine (Schiffmann,
1975). Therefore, as pattern recognition receptors
(PPRs), FPRs are able to recognize bacterial-derived
formylated peptides as pathogen-associated molecular
patterns  (PAMPs) and  mitochondrial-derived
formylated peptides, released during cellular stress or
necrosis, as damage-associated molecular pattern
(DAMPs) (Zhang, 2010). FPR2 is defined as low affinity
receptor for N-fMLP since it is activated in vitro by
micromolar concentrations of N-fMLP and elicits
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calcium flux but not chemotaxis. Furthermore, its
affinity for formylated peptides depends on their size,
hydrophobicity and charge (Murphy, 1992). N-fMLP
has no activity on FPR3. Furthermore, FPR1 and FPR2
can be both activated by N-formylated peptides derived
from mitochondrial NADH dehydrogenase subunits 4
and 6 and cytochrome c oxidase subunit 1 from
mitochondria respiratory chain (Rabiet, 2005).

Despite the high sequence homology of FPRs,
differences in their structure are limited to the ligand-
binding domain and are causative of different affinity for
the same ligand and different selectivity for the wide
variety of ligands existing for these receptors. In addition
to formylated peptides, FPRs recognize also non-
formylated peptides from microbial origin. FPR2 and
FPR3 can be activated by Hp(2-20) Helicobacter pylori
peptide, stimulating monocyte migration (Betten, 2001).
Glycoproteins  gpl20 and gp4l of human
immunodeficiency virus (HIV) contain peptide
sequences recognized by FPR1 and, mainly, by FPR2
(Deng, 1999). A glycoprotein sgG-2 peptide of the
Herpes simplex virus type 2 induces reactive oxygen
species release after FPRI1 stimulation in phagocytes
(Bellner, 2005). To date, a considerable number of
endogenous ligands for FPRs and, in particular, for
FPR2 has been identified and associated with human
inflammatory  diseases. @FPR2 ligands include
amyloidogenic proteins, counting serum amyloid A
(SAA), B-amyloid peptide 42 (Ap42) and human prion
protein fragment (PrPios-126). SAA an acute-phase
protein, activates FPR2, stimulating migration,
metalloproteases and  cytokines production in
phagocytes. In monocytes, at low concentrations, SAA
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stimulates the release of the pro-inflammatory cytokine
TNF-a; instead, at high concentrations, SAA induces the
release of the anti-inflammatory cytokine IL-10.
Furthermore, SAA stimulation increases calcium
mobilization, migration, metalloproteases and cytokines
expression (Cattaneo, 2013). AB42 is produced by the
cleavage of the amyloid precursor protein (APP)
mediated by pB- and y- secretase enzymes and its
accumulation leads to fibrillar aggregation in neurons,
causing Alzheimer disease. Ap42 interaction with FPR2
determines the internalization of AP42-FPR2 complex
and triggers calcium flux, migration, superoxide
production and pro-inflammatory cytokine release from
microglial cells, monocytes and macrophages. Low
levels of AP42 are associated with receptor recycling
and AP42 degradation, whereas high levels are
associated with intracellular complex accumulation,
fibrillar aggregation and macrophage death (Yazawa,
2001). Different studies have demonstrated that, in
microglial cells, the AB1-42-induced signal transduction
depends on the physical interaction between FPR1 and
FPR2, in association with the macrophage receptor with
collagenous structure (MARCO) (Brandenburg, 2010)
or with the receptor for advanced glycation end products
(RAGE) (Slowik, 2012). PrPics-126, & fragment of the
prion protein involved in Creutzfeldt-Jacob disease,
interacts with FPR2 in microglial cells inducing
chemotaxis and pro-inflammatory cytokines production
(Le, 2001). Humanin (HN) is a neuroprotective peptide
that protects neuronal cells from AB42-induced fibrillary
formation and death; it acts as ligand of FPR2 and FPR3,
probably interfering with AB42-FPR2 binding (Ying,
2004). The two neuropeptides vasoactive intestinal
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polypeptide (VIP) (El Zein, apr. 2008) and the pituitary
adenylate cyclase-activating polypeptide 27
(PACAP27), that belongs to the VIP family (El Zein,
mar. 2008), activate FPR2 promoting chemotaxis and
inflammation.

UPAR is the receptor for the urokinase-type plasminogen
activator (uPA), a serine protease involved in
fibrinolysis process; when cleaved by proteases,
including uPA, uPAR is able to differentially bind the
three FPRs, depending on different residues of the
cleaved receptor (Gargiulo, 2005, de Paulis, 2004).

The antimicrobial peptide LL37 is produced by the
cleavage of the cathelicidin hCAP18, a neutrophil
secondary granule protein that promotes pro-
inflammatory responses upon FPR2 binding (Yang,
2000); LL-37-FPR2 interaction induces cell migration,
proliferation and superoxide production (laccio, 2009,
Shaykhiev, 2005).

Annexin Al (ANXAL), also named Lipocortin-1, is a
glucocorticoid-regulated, Ca®*-dependent, lipid-binding
37kDa protein localized in the cytoplasm of neutrophils
(Madeeha, 2018). Following neutrophil adhesion to the
endothelium, ANXAL is exposed on cell surface and
inhibits trans-endothelial migration (Perretti, 2004).
ANXA1 is cleaved by proteases from neutrophil
granules; the cleavage determines the release of two
peptides derived from its N-terminal domain, Ac2-26
and Ac9-25. ANXAL and its peptides seems to have
different affinity for FPRs and a dual role in
inflammation. In fact, at high concentrations, ANXA1
peptides activate FPR1, promoting pro-inflammatory
events; otherwise, at low concentrations, these peptides
inhibit neutrophil activation and trans-endothelial
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migration (Ernst, 2004). Other studies demonstrate that
these peptides prompt anti-inflammatory responses by
activating FPR2 (Perretti, 2002). An endogenous non-
peptide ligand of FPR2 is the lipid metabolite Lipoxin
A4 (LXAA4), an eicosanoid that derives from arachidonic
acid. LXA4 exerts anti-inflammatory and pro-resolving
functions, blocking neutrophil infiltration and
transmigration across epithelial and endothelial cells
(Colgan, 1993), and promoting neutrophil apoptosis and
phagocytosis (Godson, 2000). FPR2 is the only FPR able
to bind lipid ligands, such as Resolvin D1
(Krishnamoorthy, 2010) and oxidized low-density
lipoproteins (oxLDL) (Lee, 2014).

FPR3 is unable to bind formyl peptides and its exact
function is still unclear. The only endogenous ligand
with high affinity and specificity for FPR3 is the peptide
F2L, that derives from the cleavage of human heme-
binding protein and is a chemoattractant for monocytes
and dendritic cells (Yang, 2002). FPR3 is highly
phosphorylated after ligand binding, resulting in
inactivation, internalization and localization in small
intracellular vesicles (Rabiet, 2011). This suggests that
FPR3 could act as a decoy receptor reducing the binding
of its ligands to other receptors. In addition to
endogenous agonists, screening of random peptide
libraries let to the identification of different synthetic
agonists for FPRs. The hexapeptide WKYMVm (Trp-
Lys-Tyr-Met-Val-D-Met) is the high affinity ligand of
FPR2, as it mediates neutrophils and monocytes
chemotaxis, cytokine release and NADPH oxidase-
mediated respiratory burst (Seo, 1997). WKYMVm
binds FPR1 and FPR3 with lower efficiency; in fact,

10
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WKYMVm activates neutrophils through FPR1 only
when FPR2 signaling is blocked (Le, 1999).

1.1.3 Receptors antagonists

Given the enormous variety of ligands and the
promiscuity of these receptors, FPRs are interesting
potential candidate for the development of therapeutic
molecules useful in FPR-related diseases.

Several FPR antagonists have been identified and
characterized so far. The substitution of the formyl group
of N-fMLP with the tertiary butyloxycarbonyl group (t-
Boc) creates two FPR1 antagonists, t-Boc-Met-Leu-Phe
(tBoc-MLF, Bocl) and t-Boc-Phe-Leu-Phe-Leu-Phe
(tBoc-FLFLF, Boc2) (Derian, 1996). At low micromolar
concentrations, Bocl and Boc2 are selective for FPRL,
but at high concentrations Boc2 also inhibits FPR2.
Cyclosporin H is a cyclic undecapeptide derived form a
fungus that represents the most specific FPR1
antagonist, better defined as inverse agonist since its
activity is linked to inhibition of N-fMLP binding
(Stenfeldt, 2007). The bile acids deoxycholic acid
(DCA) and chenodeoxycholic acid (CDCA) are
antagonists of FPR1 (Chen, 2000), since they interfere
with ligand binding through a steric hindrance
mechanism,  together  with  opioid  Spinorphin
(Yamamoto, 1997). Through the screening of
hexapeptide libraries, the peptide WRWWWW
(WRW4, Trp-Arg-Trp-Trp-Trp-Trp) was identified as
specific and potent FPR2 antagonist (Stenfeldt, 2007).

11
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1.2 Intracellular signaling cascades

FPRs are coupled to the G; proteins of G-protein family
and are sensitive to pertussis toxin (PTX) (Le, 2002), a
toxin produced by the bacterium Bordetella Pertussis,
that ADP-ribosylates the a-subunit of Gi/o proteins,
blocking this subunit into an inactive GDP-bound state,
leading to the inhibition of the interaction between the
receptor and G-proteins (Burns, 1988). G-proteins are
heterotrimeric proteins composed of a Ga subunit with
GTPase activity and a By dimer. G-proteins are activated
by the exchange of GDP with GTP on Ga subunit. G-
protein family is composed of four major members: Gs,
Gi, Gi2nz and Gq, that are responsible for triggering
different signaling responses. Following ligand binding,
FPRs undergo a conformational change that leads to the
interaction with G; proteins and the exchange of GDP
with GTP on Go; subunit that, once in its active GTP-
bound state, dissociates from Py dimer, interacting with
a variety of effector molecules. Hydrolysis of GTP
causes the return of Ga subunit in its inactive GDP-
bound state and the reconstitution of the heterotrimer,
ensuring that their activation as a transient event. After
dissociation, By dimer activates phospholipase Cp
(PLCPB), that catalyses the  hydrolysis  of
phosphatidylinositol 4,5-bisphosphate (P1P2) in inositol
1,4,5-trisphosphate (1Ps) and diacylglycerol (DAG). IP3
mediates calcium release from endoplasmic reticulum,
whereas DAG activates protein kinase C (PKC) (Del
Prete, 2004). Calcium is an important second messenger
whose release is increased in neutrophils following
FPR1 activation by N-fMLP stimulation; it mediates

12
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cytoskeletal remodelling through actin polymerization,
promoting leukocyte migration (Selvatici, 2006;
Zaffran, 1993). Calcium intracellular increase occurs in
two phases: a first transient release from intracellular
storage sites followed by a secondary influx across the
plasma membrane; in fact, calcium release from internal
stores induces the opening of the store-operated calcium
channel in the plasma membrane (Cavicchioni, 2003).
Moreover, an increase of CAMP has been demonstrated
in neutrophils in response to N-fMLP stimulation;
CAMP enhancement seems to be dependent from PLC
stimulation via the By subunits of Gi proteins (Ferretti,
2001).

FPR signaling activates through phosphorylation
cascades also the phosphoinositide 3-kinase (PI13K),
which convert PIP2 into inositol-3,4,5-trisphosphate
(PIP3), that represents the docking site for the interaction
with the serine/threonine kinase AKT/PKB, leading to
its activation associated with promotion of cell survival,
growth, proliferation, cell migration and angiogenesis
(Del Prete, 2004). Furthermore, FPRs trigger the
activation of the mitogen-activated protein kinases
(MAPKs), the NADPH oxidase complex and the
phospholipase A2 (PLA2) and phospholipase D (PLD)
pathways (Le, 2002; Le, 2001; Bae, 2003), promoting
chemotaxis, degranulation, superoxide production and
cell proliferation (Fig. 3).

13
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Figure 3. Intracellular signaling cascades triggered by formyl
peptide receptors. Agonist binding induces receptor activation and
leads to dissociation of Go. and By subunits. The released a and [y
subunits activate several downstream signaling pathways, involving
GEFs for GTPase activation, PLCf and PI3Ky and MAPKs, these
proteins mediate multiple cellular functions including chemotaxis,
superoxide production and degranulation (Southgate et al, 2012).

1.2.1 PKC activation

PKC proteins are a family of about 11 serine/threonine
kinases with a molecular weight of 80kDa that regulate
a multitude of different cellular events, such as cell
proliferation, differentiation, apoptosis, and motility
(Dekker, 1997). PKC family is composed of the classical
PKC isoforms a, B1, B2 and v, the novel PKC isoforms
d, & 1m and 0, and the atypical PKC isoforms { and A or 1
(Spitaler, 2004). All the isoforms share a common C-
terminal catalytic domain, but differentiate in their N-

14
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terminal regulatory domain, whose structure depends on
the interaction with Ca2+, DAG, phosphatidylserine
(PS), phorbol ester or other lipids (Fabbro, 1999). In
particular, classical PKC isoforms are activated by
Ca2+, DAG and PS, whereas novel PKC isoforms
require DAG and PS; atypical PKC isoforms are
insensitive to both Ca2+ and DAG (Spitaler, 2004).

The activation of PKC is mediated by its transition from
the cytosol to the membrane; the membrane recruitment
in response to DAG or calcium release is accompanied
by the conformational rearrangement of PKC that leads
to the loss of auto-inhibitory interactions, activating its
Kinase activity. The association of PKC with membranes
is mediated by its interaction with PIP2 and PS involving
the N-terminal regulatory domain (Ilgumenova, 2015).
PKC is an important mediator of cytoskeletal activities,
as it is been associated with intermediate filament
proteins, microtubule proteins and membrane-
cytoskeletal cross-linking proteins (Pettit, 1996). One of
the main substrates of PKC is the myristoylated alanine-
rich C kinase substrate (MARCKS) protein, which acts
as a bridge between plasma membrane and actin
cytoskeleton by mediating crosslink of filamentous actin
(Hartwig, 1992) and is also involved in leukocyte
motility. PKC mediates MARCKS phosphorylation on
serine residues that results in the loss of both the
calmodulin and actin binding ability of MARCKS, as
well as in the loss of MARCKS membrane binding
(Arbuzova, 2002). PKC can phosphorylate other
cytoskeletal proteins including focal adhesion proteins,
such as talin, vinculin and integrins (Fabbri, 1997). PKC
family proteins are also involved in the activation of the
NADPH oxidase complex through phosphorylation of

15
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its cytosolic subunits in leukocytes stimulated with N-
fMLP (Dang, 2001).

1.2.2 MAPK activation

MAPKSs are a family of serine/threonine kinase proteins
involved in mediating gene expression, mitosis, cell
motility, survival, apoptosis and differentiation. The
most characterized MAPK proteins are extracellular
signal-regulated kinases 1 and 2 (ERK1/2), c-Jun amino-
terminal kinases (JNKs) and p38 kinases (Schaeffer,
1999). ERK1 (MAPK3) and ERK2 (MAPK1) are
proteins of 44 and 42kDa sharing 83% amino acid
identity (Chen, 2001), that are activated in response to
mitogen stimuli, such as growth factors, serum, phorbol
esters and by GPCR ligands and cytokines (Lewis,
1998). ERK1/2 are activated by the MAPK Kinases
(MAPKKSs) and by extracellular signal-regulated kinases
MEK1 and MEK2, through dual phosphorylation on
threonine and tyrosine residues located in the Thr-Glu-
Tyr (TEY) motif of the activation loop. MAPKKSs are in
turn phosphorylated and activated by the MAPKK
kinase =~ (MAPKKKs) Raf  (Moodie, 1994).
Raf/MEK/ERK cascade is triggered by the activation of
the small GTP-binding protein Ras through the exchange
of GDP to GTP mediated by the nucleotide exchange
factor SOS (son of sevenless) (Geyer, 1997). When
activated, ERKs migrate in the nucleus, where they
phosphorylate several substrates such as transcription
factors c-Myc, STAT3 and c-Fos (Chen, 1992).

16
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JNK' proteins respond to a variety of stress signals
including heat shock, osmotic stress, growth factor
deprivation, pro-inflammatory cytokines, ischemia and
UV irradiation. JNK activation occurs through dual
phosphorylation on tyrosine and threonine residues in
the Thr-Pro-Tyr (TPY) motif by MAPKKs MEK4 and
MEK7 that are in turn activated by MAPKKKS,
including MEKK1-4, MLK2 and MLK3 (Kyriakis,
2001). JNK activation determines its translocation into
the nucleus and the phosphorylation and activation of the
transcription factor c-Jun (Weston, 2002); JNK activates
also other transcription factors, including ATF-2, Elk-1,
c-Myc, Smad3 and the tumour suppressor p53 (Chen,
2001; Kyriakis, 2001).

The p38MAPKS are generally activated by heat, osmotic
and oxidative stresses, ionizing radiations, hypoxia,
ischemia, inflammatory cytokines and TNFa receptor
signaling (Chen, 2001). To date, four p38MAPK
isoforms, a, B, y and & have been identified; these
isoforms share 60% homology and are involved in cell
motility, transcription and chromatin remodelling
(Kyriakis, 2001). Furthermore, p38MAPK participates
in macrophage and neutrophil functional responses,
including respiratory burst activity, chemotaxis and
granular exocytosis (Ono, 2000). p38MAPK are subject
to dual phosphorylation at the Thr—Gly-Tyr (TGY)
motif in their activation loop by the MAPKKs MEK3
and MEK6. While MEK®6 activates all p38 isoforms,
MEKS3 is specific for the p38a and B isoforms (Enslen,
2000). The MAPKKKSs involved in phosphorylation of
MEKS3/6 are MEKKSs 1-4, MLK2 and 3, DLK and ASK1
(Kyriakis, 2001). When activated, p38MAPK can be
localized in the nucleus (Raingeaud, 1995), but also in

17
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cytoplasm (Ben-Levy, 1998). Once activated p38MAPK
phosphorylates different targets, including cytosolic
PLAZ2, the microtubule-associated protein Tau, and the
transcription factors ATF1 and -2, MEF2A, Elk-1, NF-
kB and p53 (Kyriakis, 2001).

In differentiated HL-60 granulocytes, N-fMLP
stimulation of FPR1 triggers a concentration- and time-
dependent increase in ERK, JNK, and p38MAPK
phosphorylation, that result to be dependent on PTX-
sensitive G; proteins. Furthermore, ERK activation by
FPR1 is mediated by PI3K, PLC, and PKC pathways,
whereas p38MAPK activation is mediated by PI3K and
PLC (Rane, 1997).

1.2.3 NADPH oxidase complex activation

In phagocytes, NADPH oxidase complex plays a key
role in controlling inflammation and promoting host
defence against pathogens. Neutrophil stimulation with
the chemoattractant N-fMLP potently induces the
activation of the nicotinamide adenine dinucleotide
oxidase (NADPH oxidase) complex; this complex
triggers the respiratory burst characterized by a rapid
increase in oxygen uptake, glucose consumption and
reactive oxygen species (ROS) generation that
contribute to pathogen elimination. (Hallet, 1989;
Omann, 1987). In fact, NADPH oxidase deficiency is
associated with the chronic granulomatous disease
(CGD), a disorder characterized by high recurrence of
bacterial and fungal infections (Brahm, 2012).
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Phagocyte NADPH oxidase (phox) is a multi-enzymatic
complex composed of the two membrane-associated
proteins p22°"* and gp91P"* that constitute the
flavocytochrome bssg, and the four cytosolic proteins
PATPIOX  pB7PNX  p40PhoX and the GTPase Racl/2
(Groemping, 2005; Vignais, 2002). In resting
conditions, membrane and cytosolic subunits are
spatially separated; the phosphorylation of cytosolic
subunits leads to their association with membrane
subunits, NADPH oxidase complex activation and ROS
production (Groemping, 2005).

The key event of NADPH oxidase activation is the
phosphorylation of p47°"° protein. p47°"*, also known
as neutrophil cytosolic factor 1 (NCF1) is a 390 amino
acid protein with a molecular mass of about 47kDa.
Structurally, p47°"* is characterized by an N-terminal
phox homology (PX) domain, two SH3 domains, and a
C-terminal autoinhibitory region (AIR) and proline-rich
region (PRR). In resting conditions, p47°"*is in an auto-
inhibited conformation characterized by the interaction
between AIR and SH3 domains. Phosphorylation of
p47°Phox on different serines located in its C-terminal
domain induces a conformational change that allows the
binding to p22°P° p67°"°% and the membrane
translocation. In particular, SH3 domains of p47°h
interact with the PRR of p22P"°% while the PX domain is
responsible of the binding to PIP, assuring membrane
localization. Furthermore, as organizer subunit, p47°P"o
through its PRR interacts with the SH3 domain of
p67PMox p67PMo% also called neutrophil cytosolic factor 2
(NCF2) is the activator subunit that, in turn, interacts
through the activation domain (AD) with gp91Phox,
through the NH2-terminal tetricopeptide repeat (TPR)
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domains with Rac and through the PB1 domain with
p40P" (El-Benna, 2009) (Fig. 4).

Once assembled the complex, the activation consists in
the transfer of NADPH electrons to FAD involving the
AD of p67°", FADH, transfers its electron to the iron
of the heme of gp91°P"™* and then transferred to the O
(Nisimoto, 1999, Vignais, 2002).

gp91P"°% is characterized by a short cytoplasmic N-
terminal sequence, six transmembrane alpha helices that
bind two haems and a NADPH and FAD-binding site at
C-terminal cytosolic tail (Nisimoto, 1999). The
association of gp91P"™ with p22P"°* s essential for the
stability of the flavocytochrome bsss. in fact, when
gp91P"* and p22°ho* are present as monomers, they are
degraded.

The flavocytochrome bssg represents the electron transfer
chain, since it mediates the reduction reaction of
molecular oxygen (O.) using cytosolic NADPH as
electron donor, to produce superoxide anion (O2),
NADP+ and protons. O™ is a very unstable free radical
and reacts spontaneously or by superoxide dismutase
with protons to form hydrogen peroxide (H202), which
is used by myeloperoxidases (MPO) to produce ROS
(Hampton, 1998).

p4 7P phosphorylation occurs in its C-terminal domain
and involves serines from 303 to 379; in particular,
serine 303, 304, 359 and 379 phosphorylation are
necessary for NADPH oxidase activation (Faust, 1995).
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Figure 4. Schematic representation of the NADPH oxidase complex
activation. The activation of NADPH oxidase complex is induced by
the assembly of cytosolic components p47°'~, p67°"% p40P"* and
Rac with the flavocytochrome b558 components p22P" and
gp917"°x. Phosphorylation of the autoinhibitory region (AIR) of
p47phox by different protein kinases allows membrane
translocation of cytosolic subunits and p22’"°* binding, leading to
complex activation and reactive oxygen species (ROS) production
(Lambeth, 2004).

p47Pho* phosphorylation on specific serines can be
triggered by different protein kinases such as PKC a, B,
9, and ¢ (Dang, 2001a), PKA (El Benna, 1996a), ERK2
and p38MAPK (El Benna, 1996b), protein casein kinase
2 (CKII) (Park, 2001), AKT (Chen, 2003; Hoyal, 2003),
p2l-activated kinase (PAK) (Martyn, 2005), and Src
kinase (Chowdhury, 2005). p67°"* phosphorylation on
serine or threonine is dependent on PKC (Benna, 1997),
ERK1/2, p38MAPK (Dang, 2003) and PAK (Ahmed,
1998) pathways. p40P"°* phosphorylation is PKC-
dependent (Bouin, 1998). Activation of the NADPH
oxidase in phagocytes requires the involvement of the
GTPase Rac2 or Racl, members of the Ras superfamily
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of GTP-binding proteins. Rac proteins are activated by
the exchange of GDP with GTP and are involved in the
recruitment of p67°"° and assembly of the complex
(Hordijk, 2006) (Fig. 4). gp91°"*, also named NOX2,
was first described in neutrophils and macrophages and
is often referred as the phagocyte NADPH oxidase since
has a wide tissue distribution. Six homologs of the
cytochrome subunit of the phagocyte NADPH oxidase,
deriving from a gene duplication event, were recently
identified: NOX1, NOX3, NOX4, NOX5, DUOX1, and
DUOX2. Activation mechanisms and tissue distribution
of the different members of the family are markedly
different. NOX2 expression is described in thymus,
small intestine, colon, spleen, pancreas, ovary, placenta,
prostate, and testis (Cheng, 2001), neurons (Serrano,
2003), cardiomyocytes (Heymes, 2003), skeletal muscle
myocytes (Javesghani, 2002) and hematopoietic stem
cells (Piccoli, 2005).

1.2.4 GPCR desensitization

Many GPCRs undergo desensitization following agonist
stimulation, which represents an important regulatory
step that prevents receptor iperactivation. The signaling
ability of GPCRs is regulated at different levels: in a
ligand dose-dependent manner, or by controlling the
number of receptors on cell surface, or by regulating the
signaling efficiency of receptors (Gainetdinov, 2004).

The main regulatory mechanism of GPCR signaling is
the activation-dependent regulation, also known as
GPCR homologous desensitization. In this mechanism
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the activated GPCRs are substrates for phosphorylation
by GPCR kinases (GRKSs). The GRK family is
composed of seven members, GRK1-GRK?7, that present
significant sequence homology. GRKSs phosphorylate
GPCRs on serine and threonine residues localized within
either the third intracellular loop or C-terminal domain
(Claing, 2002). Once phosphorylated by a GRK, the
activated GPCR is a substrate of the B-arrestin protein
that recognize both GRK phosphorylation sites on
GPCRs and the active conformation of the receptor
(Luttrell, 2002). B-arrestin inhibits further G-protein
activation by preventing the exchange of GDP to GTP
on the Ga-subunit and mediates GPCR internalization
through the binding to clathrin and clathrin adaptor
protein AP2, leading to receptor recruitment into
clathrin-coated pits (Goodman, 1996). In addition to its
role in receptor desensitization, recent evidence also
supports an important function for GRKs and 3-arrestin
as signal transduction mediators, acting as adaptors to
facilitate the interaction between GPCRs and signaling
molecules such as c-Src, PI3K and MAPK proteins
(Luttrell, 2002, Hall, 1999; Shenoy, 2003).

1.3 Receptor tyrosine kinases

Receptor tyrosine kinases (RTKSs) are key regulators of
different cellular processes, such as proliferation,
differentiation, cell survival, metabolism, and cell
migration (Grassot, 2003). Structurally, RTKs are
single-pass transmembrane receptors characterized by
an extracellular ligand-binding domain, a single

23



Introduction

transmembrane helix and a cytoplasmic tyrosine kinase
(TK) domain. Binding of ligands, such as polypeptides,
protein hormones, cytokines and growth factors, induces
receptor dimerization and activation of its intrinsic
tyrosine kinase activity, leading to the trans-
phosphorylation of tyrosine residues located in the
cytoplasmic domain. These represent the docking sites
for downstream signaling proteins with Src homology 2
(SH2) or phosphotyrosine-binding (PTB) domains, such
as the adaptor protein Shc that interacts with the growth
factor receptor-bound 2 (GRB2) protein. GRB2, through
the SH3 domains, binds Sos that catalyse the exchange
of GDP with GTP on Ras, leading to MAPK, PKC,
PIBK/AKT pathway activation (Schlessinger, 2000).
Several diseases result from genetic mutations or
alteration of the activity, cellular distribution, or
regulation of RTKSs, such as cancers, inflammation,
arteriosclerosis and angiogenesis.

1.3.1 Epidermal growth factor receptor EGFR

The epidermal growth factor receptor (EGFR) is a RTK
receptor involved in a wide range of biological
processes, such as cell division, proliferation, migration,
differentiation and apoptosis (Pinkas-Kramarski, 1996).
EGFR is the receptor of the epidermal growth factor
(EGF), a ubiquitous polypeptide capable of stimulating
proliferation of many types of epithelial cells. The EGFR
family is composed of four homologous members:
EGFR, (erbBl1 or HER1), HER2 (erbB2), HER3
(erbB3), and HER4 (erbB4). Their protein structure is
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characterized by an extracellular domain (ECD) with
two cysteine-rich regions, a single trans-membrane
region, a juxtamembrane cytoplasmic domain and an
intracellular kinase domain (Oda, 2005). Ligand binding
to the receptor ectodomain promotes receptor
homodimerization or heterodimerization, that is
essential for activation of the intracellular tyrosine
kinase domain and, in turn, for its transphosphorylation.
Phosphotyrosine residues represent docking site for the
activation of downstream signaling pathways including
Ras/MAPK, PLCyl/PKC, PI3K/AKT, and signal
transducers and activators of transcription pathway
(STAT) pathways (Sato, 2013). STAT3 binding to
activated EGFR leads to STAT3 dimerization and
translocation into the nucleus, thus regulating gene
transcription (Scaltriti, 2006).

EGFR overexpression is associated with different
human cancers including glioblastoma, neuroblastoma,
non-small cell lung cancer (NSCLC), head and neck
cancer and colorectal cancer (Salomon, 1994).

1.3.2 Nerve growth factor receptor TrkA

Tropomyosin-related kinase (Trk) receptor family is
composed of three single-pass type | transmembrane
proteins, TrkA, TrkB and TrkC, that are encoded by
NTRK1, NTRK2, and NTRK3 genes, respectively, and
p75NTR, a member of the TNF receptor superfamily,
that interacts with all neurotrophins with low and similar
affinity.

25



Introduction

The structure of Trk receptors is characterized by an
extracellular glycosylated domain that contains three
leucine-rich repeats, two cysteine repeats and
immunoglobulin-C2 (lg) domains proximal to the
transmembrane region and an intracellular tyrosine
kinase domain (Ultsch, 1999). Trk are the receptors for
neurotrophins, a class of proteins that are involved in
promoting cell survival, cell differentiation, neurite
outgrowth and synaptic plasticity during central and
peripheral nervous system development. Nerve growth
factor (NGF) belongs to this class of proteins and was
purified as a factor able to support survival of
sympathetic and sensory spinal neurons in vitro (Levi-
Montalcini, 1987). NGF, brain derived neurotrophic
factor (BDNF), neurotrophin-3  (NT-3) and
neurotrophin-4 (NT-4) are produced as precursor
proteins that are processed to mature proteins that
associate as homodimers. NGF is the TrkA specific
ligand, whereas BDNF and NT-4 are TrkB ligands; NT-
3 binds to TrkC (McDonald, 1995). TrkA activation
induced by NGF enhances cell proliferation, survival,
differentiation, apoptosis, axonal and dendritic growth,
organization of the cytoskeleton, membrane trafficking
and synapse formation, through the activation of
intracellular signaling cascades involving PI3K/AKT,
RassMAPK/ERK  and  PLCyl/PKC  pathways
(Kawamura, 2007).

TrkA phosphorylation occurs on tyrosines located in the
activation loop, Y670, Y674, and Y675, and on two
other phosphorylation sites, Y490 and Tyr-785, both of
which are located outside the kinase domain.
Phosphorylation of Y490 represent a docking site for the
activation of MAPK and PI3K/AKT pathways, whereas
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phosphorylation of Y785 is associated with PLCy1/PKC
pathway (Obermeier, 1994). Furthermore, Y751
phosphorylation is essential for PI3K docking and
activation (Jang, 2007) (Fig. 5). Different evidence
demonstrated that Trk receptors result to be
overexpressed or iperactivated in numerous cancers,
including breast, lung, colon-rectum, gastric cancer,
pancreas, prostate, glioblastoma, neuroblastoma,
myeloma, and lymphoid tumors (Meldolesi, 2018).
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Figure 5. NGF-dependent phosphorylation of TrkA intracellular
tyrosines provides docking sites for MAPK, PI3K-Akt and PLC-
PKC pathway activation.
(https://cellbiology.med.unsw.edu.au/cellbiology/index.php?curid
=1754)
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1.4 Receptor tyrosine kinases transactivation

Extracellular stimuli are transduced into intracellular
signals through the activation of several classes of
receptors. The two main classes of cell surface receptors
are GPCRs and RTKs. Originally GPCRs and RTKs
were thought to activate diverse signaling cascades, but
to date it has been widely demonstrated that there are
complex bidirectional cross talk mechanisms between
different receptors, responsible of the connection and
diversification of signals from different sources. Indeed,
protein kinases involved in a specific signaling pathway
can phosphorylate components of other signaling
pathways (Borroto-Escuela, 2017a).

GPCRs stimulation can enhance RTK tyrosine
phosphorylation and signaling activity, coupling the
wide diversity of GPCRs with the strong growth-
promoting ability of RTKs. This mechanism, named
transactivation, was first described in fibroblasts in
which GPCR stimulation induces a rapid activation of
epidermal growth factor receptor (EGFR) (Daub, 1996).
Transactivation of RTKs induced by GPCR stimulation
can be mediated by two different mechanisms,
depending on RTK ligand involvement.

In the ligand-dependent triple-membrane-passing-signal
mechanism, RTK transactivation by GPCRs is elicited
by the activation of membrane-bound matrix
metalloproteases (MMPs). MMPs are calcium-
dependent endopeptidases that are synthetized in an
inactive form or zymogen (pro-MMPs), which is then
processed to its active form able to cleave extracellular
matrix (ECM) components and mediate the release of
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active cytokines and growth factors bound to cell
membrane through ectodomain shedding (Daub, 1996,
Prenzel, 1999). GPCR stimulation by its ligand triggers
intracellular signals that activate MMPs that, in turn,
mediates the cleavage and the release of mature RTK
ligands that transactivate RTKSs in an autocrine manner
(Prenzel, 1999, Ohtsu, 2006). MMPs, such as MMP-3
and MMP-9, are involved in GPCR-mediated
transactivation of EGFR (Uchiyama-Tanaka, 2002),
VEGFR (Tanimoto, 2002), PDGFR (Tsai, 2014). In the
RTK ligand-independent mechanism, transactivation
can require the activation of several downstream second
messengers of GPCR signaling, such as Ca®" ions, the
protein kinases Src and Pyk, PB-arrestin and ROS,
responsible of tyrosine phosphorylation and activation
of RTKSs (Cattaneo, 2014). Src proteins are intracellular
tyrosine kinases that are involved in promoting cell
growth; c-Src is regulated by binding to Gy subunits of
GPCRs and can interact with B-arrestin (Luttrell, 2004).
Stimulation of CalLu6 cells with the FPR2 agonist
WKYMVm induces c-Src phosphorylation and EGFR
transactivation (Cattaneo, 2011). In other RTKs, such as
in the case of TrkA receptor/neurotrophic receptor
tyrosine kinasetype 1 (NTR1), RTK transactivation is
not mediated by c-Src activation (Moughal, 2004).

RTK transactivation can be mediated by ROS
production induced by NADPH oxidase complex
activation. In fact, ROS can activate kinases by altering
protein—protein interactions or can inactivate by
oxidation of the sulfhydryl groups of the cysteine
residues located in the catalytic domains of protein
tyrosine phosphatases, activating RTKs. ROS can also
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stimulate proteolysis of regulatory proteins inhibiting
tyrosine kinase activity (Adrain, 2014).

ROS generated by GPCR-dependent NADPH oxidase
activation can result in transactivation of more than one
RTK, suggesting a wide and diversified response to
GPCR activation (Kruk, 2013). In fact, in human
monocytes, FPR1 stimulation with its agonist N-fMLP
triggers TrkA and EGFR tyrosine phosphorylation, ROS
production, MMP-9 activation and integrin CDI11b
upregulation (El Zein, 2010). NADPH oxidase-induced
EGFR transactivation in Calu-6 cells involves the non-
receptor tyrosine kinase c-Src (Cattaneo, 2001). ROS
production mediated by NADPH oxidase activation can
be triggered by the increase of intracellular Ca®*
concentration and PKC activation; in fact, in human
fibroblasts stimulated with WKYMVm, Ca?*-dependent
PKCa and PKC§ activation is required for p47Phox
phosphorylation (laccio, 2007). NADPH oxidase-
dependent ROS production mediates also the FPR2-
dependent transactivation of hepatocyte growth factor
receptor c-Met in human prostate epithelial PNT1A cells
(Cattaneo, 2013). Furthermore, in human umbilical vein
endothelial ECV304 cells, FPR1 stimulation by N-fMLP
triggers p47Phox phosphorylation and the
phosphorylation of cytosolic Y951, Y996, and Y1175
residues of VEGFR2 (Cattaneo, 2018).

B-arrestin is also involved in the GPCR-mediated
transactivation of different RTKs; for example, agonists
of the beta-1 adrenergic receptor trigger [-arrestin-
dependent EGFR, AKT and ERK phosphorylation, that
is mediated by GRK activation (Noma, 2007).
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2. AIM

In the last years, FPRs class has attracted the attention of
the scientific community, since these receptors show an
heterogenous cell and tissue distribution coupled to their
ability to recognize different ligands. Several data
suggest that they play further biological roles, such as
human inflammatory diseases, neurodegenerative
disorders and cancers. To date, the biological functions
in non-myeloid cells and the whole signaling network
activated by these receptors are still not fully
delucidated. Previous studies of my PhD thesis lab
demonstrated that FPRs are able to transactivate receptor
tyrosine kinases and this trans-phosphorylation is
mediated by the generation of reactive oxygen species
produced by NADPH oxidase enzymatic complex. In
fact, in CaLu-6 and PNT1A cell lines, FPR2 stimulation
triggers  NOX-dependent EGFR and  c-Met
transactivation, respectively (Cattaneo, 2011; Cattaneo,
2013), and in human umbilical vein endothelial ECV304
cells FPRI1 elicits NADPH oxidase-dependent trans-
phosphorylation of vascular endothelial growth factor
receptor VEGFR2 (Cattaneo, 2018).

Given the variety of agonists that are associated with
nervous system diseases, including b-amyloid peptide,
prion protein fragment, humanin and annexin, one of the
aims of this research project was to study the biological
functions of FPR1 in neuronal cells. In particular, we
evaluated the involvement of FPR1 in the transactivation
of the nerve growth factor receptor TrkA, one of the
most characterized receptor tyrosine kinases in the
nervous system, and the role of NOX-dependent ROS in
the intracellular signaling. We evaluated the role of FPR-
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dependent TrkA transactivation in neuronal survival,
migration, differentiation, axon growth, and cell
proliferation, and we investigated the intracellular
signaling cascades activated by TrkA transactivation.
Furthermore, to characterize phosphorylations of
intracellular signaling molecules triggered by FPR
activation, this research project also aimed to set up the
first global phosphoproteome study for the identification
of phosphorylation events triggered by FPR2 in order to
deeply characterize the dynamics of signaling networks
activated by these receptors.
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3. MATERIALS AND METHODS

3.1 Cell lines and reagents

SH-SYSY cell line (ATCC, Manassas, VA, USA) was
cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Thermo Fisher Scientific, Monza, Italy)
containing 15% foetal bovine serum (FBS) (Invitrogen).
After reaching 80% confluence, cells were serum-
starved for 24 hours, and stimulated with N-fMLP
(Sigma) at the final concentration of 0.1uM for 2, 5, or
10 minutes. In other experiments, serum-deprived cells
were preincubated for 16 hours with pertussis toxin
(PTX) (Sigma) at a final concentration of 100 ng/mL, or
with S5uM cyclosporin H (CSH) (Sigma) for 30 minutes,
or with S5uM rottlerin (Sigma) for 1 hour, or with 100uM
apocynin (Sigma) for 2 hours, or with 10uM GW441756
(Sigma) for 1 hour, before the stimulation with N-fMLP
for 5 minutes. CaLu-6 cell line (ATCC, Manassas, VA,
USA) was cultured in DMEM (Thermo Fisher
Scientific, Monza, Italy) supplemented with 10% foetal
bovine serum (FBS) (Invitrogen). Once reached 80%
confluence, cells were serum starved for 24 hours, and
stimulated for 5 minutes with WKYMVm (Primm,
Milan, Italy) at the final concentration of 10uM, or with
Lipoxin A4 (Santa Cruz, CA, USA) at the final
concentration of 1uM or with Annexin Al (Abcam) at
the final concentration of 10nM. In other experiments,
serum-deprived cells were preincubated for 16 hours
with 100 ng/mL PTX, or with 10uM WRWWWW
(WRW4) (Primm, Milan, Italy) for 15 minutes, or with
50uM PD098059 (Sigma) for 90 minutes, or with SuM
Rottlerin for 1 hour before the stimulation with
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WKYMVm. SDS-PAGE reagents were obtained from
Bio-Rad (Hercules, CA, USA). Anti-phosphoAkt (S473)
(#4060),  anti-phosphoP38MAPK  (T180, Y182)
(#4511), anti-CD133 (#5860), anti-phosphoTrkA(Y490)
(#9141) and anti-phosphoTrkA(Y785) (#4168), anti-
phosphoHSP-27 (S82), anti-phosphoMCM2 (S139)
(#8861) and anti-phosphoRb (S608) (#2181) were from
Cell Signaling Technology (Denvers, MA, USA). Anti-
phosphoTrkA(Y751) (44-1342G) was from Life
technologies. Anti-phosphop47phox(S359)
(GTX55429) and anti-phosphoMARCKS (S170)
(GTX50348) was from GeneTex (Irvine, CA, USA).
Anti-phosphoOSR1 (S339) (#13031) was purchased
from Signalway Antibody (Baltimore, MD, USA). Anti-
phosphoERK 1/2 (sc-81492), anti-PKCa (sc-8393), anti-
PKC (sc-937), anti-phosphoPKCo (T507) (sc-11770),
anti-cyclin D (sc-246), anti-cyclin E (sc-248), anti-
tubulin (sc-8035), anti-rabbit (sc-2357), and anti-mouse
(sc-2005) antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

3.2 Protein Extraction and Western Blot Analysis

Whole or membrane lysates proteins were purified from
serum-starved SH-SYS5Y cells stimulated with 0.1 uM
N-fMLP, in presence or absence of the appropriate
amounts of selective inhibitors. Whole lysates were
obtained by incubation with RIPA buffer (50 mM Tris—
HCIL, pH 7.4, 150 mM NaCl, 1% NP-40, ImM EDTA,
0.25% sodium deoxycholate, 1 mM NaF, 10 pM
Na3VO0O4, 1 mM phenylmethylsulfonylfluoride (PMSF),
10 pg/ml aprotinin, 10 pg/ml pepstatin, 10 pg/ml
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leupeptin) for 45 min at 4°C. Membrane proteins were
purified by incubating SH-SY5Y cells with a buffer
containing 10 mM Tris-HCI, 1 mM CaCl2, 150 mM
NaCl, 1 mM phenylmethylsulfonylfuoride, 10 pg/mL
aprotinin, 10 ug/mL pepstatin, and 10 ug/mL leupeptin
(Buffer I). Samples were centrifuged at 400xg for 10
minutes at 4 °C, to obtain a cytosolic (supernatant) and
membrane (pellet) fraction. Membrane fraction was
washed three times in Buffer I and incubated overnight
at 4 °C in constant agitation with a buffer containing 125
mM Tris-HCI, 1 mM PMSF, 1% Triton X100, 10 pg/mL
aprotinin, 10 pg/mL pepstatin, and 10 ug/mL leupeptin
(Buffer II). Bio-Rad protein assay was used to determine
proteins concentration (BioRAD, Hercules, CA, USA).
Equal amounts of proteins (40-60 pug, depending on the
specific experiment) were separated on 8%, 10% or 12%
SDS-PAGE (Biorad), depending on molecular weight of
analysed protein. Proteins were elettroblotted onto an
immobilion-P PVDF membrane (Thermo Fisher
Scientific) and non-specific binding sites were blocked
by incubating membranes at room temperature with a
solution of 5% non-fat dry milk or 5% bovine serum
albumin in Tris Buffered Saline 0.1% Tween for 1 hour.
After over-night incubation at 4°C with primary
antibodies, membranes were washed and incubated at
room temperature for 1 hour with peroxidase-conjugated
mouse or rabbit IgG. The expression of targeted proteins
was detected by an ECL chemiluminescence reagent kit
and visualized by autoradiography. Discover Pharmacia
scanner equipped with a sun spark classic densitometric
workstation was used to evaluate bands densitometry.
The equal amount of loaded protein was determined by
reprobing the same filters with an anti-a-tubulin or anti-
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CDI133 antibody. All western blot experiments are
representative of at least four independent experiments.

3.3 Proliferation Assay

4x10* SH-SY5Y cells/well were seeded in a 24-well
plate, serum-starved for 24 hours and treated with 0.1uM
N-fMLP, in the presence or absence of the appropriate
amounts of selective inhibitors. The number of trypan
blue-positive cells were counted at 24, 48 and 72 hours,
by direct counting using a Burker chamber. Five
independent experiments were performed in triplicate.

3.4 Wound healing Assay

SH-SYSY cells were cultured until 100% confluences
with DMEM containing 15% FBS, at 37°C and 5% CO2.
The cell monolayer was scratched with an 80um
diameter sterile tip and the plates were washed with PBS
to remove the detached cells. Cells were serum-deprived
for 24 hours and incubated with 0.1uM N-fMLP in the
presence or absence of the appropriate amounts of
selective inhibitors. Four images were captured for the
same condition at 0, 24 and 48 hours after the wound by
using the Leica AF6000 Modular System and processed
by using the Leica LAS AF lite software. Image J
software was used to quantify the covered surface from
four independent experiments.
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3.5 Reactive Oxygen Species Assay

Generation of intracellular ROS was determined by
measuring  2',7'-dichlorodihydrofluorescein-diacetate
(H2DCFDA; Sigma) oxidation into the fluorescent 2',7'-
dichlorofluorescein (DCF). 4x10* SH-SY5Y cells were
seeded in a 12-well plate and cultured at 37°C, 5% CO2
with DMEM supplemented with 15% FBS. Cells were
then serum-deprived for 24 hours and stimulated for
different times with 0.1uM N-fMLP in the presence or
absence of the appropriate amounts of selective
inhibitors. Cells were then incubated for 45 minutes at
37°C with 50uM H2DCFDA and oxidization to the
fluorescent DCF was analysed by FACS flow cytometer
BD Biosciences Accuri C6 Flow Cytometer (BD
Biosciences). Five independent experiments were
performed in triplicate.

3.6 Neurite Outgrowth Assay

Neurite formation was determined by plating 10* cells in
a 12-well plate in triplicate and cultured with DMEM
supplemented with 15% FBS. Cells serum-starved for 24
hours and then incubated with 0.1uM N-fMLP or with
100ng/ml NGF. Five images/well were recorded and
analysed after 24, 48 and 72 hours using ImageJ software
plugin NeuronJ from five independent experiments. The
length of neurites was measured starting from the soma
to the growth cone in each area. Untreated cells were
used as controls. The morphometric analysis was
performed on the images obtained under inverted-phase-
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contrast microscopy (Leica AF6000 Modular System)
and processed by using the Leica LAS AF light software.

3.7 Phospho-proteins enrichment

The enrichment of phosphorylated proteins was
performed by a phosphoprotein purification kit (Qiagen,
Hilden, Germany), accordingly to the manufacturer’s
instructions. Calu-6 cells were serum starved for 24
hours and treated or not with 10uM WKYMVm for 5
minutes. Whole lysates were incubated with the
appropriate amount of Phosphoprotein Lysis Buffer for
30 minutes at 4 °C and gently vortexed every 10 minutes.
Lysates were centrifuged at 10000xg for 30 minutes at 4
°C and protein concentration was determined by using a
Bio-Rad protein assay (Biorad, Hercules, CA, USA). 2.5
mg of whole lysates were loaded onto Phosphoprotein
Purification Column to allow the binding of
phosphorylated proteins and the column was washed
with the appropriate buffer as described in the
manufacturer’s instructions. Finally, phosphoproteins
were eluted by adding to the column 500uL of
Phosphoprotein Elution Buffer. This step was repeated
four times and the concentration of the four enriched
phosphoprotein  fractions was determined. To
concentrate samples, an ultrafiltration step was
performed by centrifuging the eluted fractions, at
10000xg for 10 minutes.
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3.8 Tryptic digestion and sample preparation for
MS/MS analyses

Chemicals, tosyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin were from Sigma Chemical Co.
(Milan, Italy). Acetonitrile (CH3CN), formic acid (FA)
and water LC-MS grade were from Fisher Scientific
Italia (Rodano, Milan, Italy). Aliquots of enriched
phosphoprotein samples (~50 pg) from 24-hours serum
starved CaLu-6 cells, treated or not with W peptide for 5
minutes, were precipitated by adding pre-chilled acetone
(six volumes) for 16 hours at —20 °C. Following
centrifugation for 10 min at 8,000xg at 4 °C, protein
pellets were resuspended in 100 pL of 50 mM
NH4HCO3 pH 8.2. Samples were then subjected to
disulphide reduction with 10 mM DTT (1 h at 55 °C) and
alkylation with 7.5 mM iodacetamide (20 min at room
temperature in the dark). Enzymatic hydrolyses were
performed on reduced and alkylated samples by adding
TPCK-treated trypsin with an enzyme/substrate (E/S)
ratio of 1:100 (w/w) for 3 h and 1:50 for 16 h at 37 °C.

3.9 High-resolution nano LC-tandem mass
spectrometry

Mass spectrometry analyses of tryptic digests (2 pg)
were performed on a Q-Exactive Orbitrap mass
spectrometer equipped with an EASY-Spray
nanoelectrospray ion source (Thermo Fisher Scientific,
Bremen, Germany) and coupled to a ThermoScientific
Dionex UltiMate 3000RSLC nano system (Thermo
Fisher Scientific).
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3.10 Data processing

The acquired raw files were analysed with Proteome
Discoverer 2.1 software (Thermo Fisher Scientific)
using the SEQUEST HT search engine. The HCD
MS/MS spectra were searched against the Homo sapiens
database available in UniprotKB (20,413 reviewed
entries, release 2018 01, 31-Jan- 2018) assuming
trypsin (Full) as digestion enzyme with two allowed
number of missed cleavage sites and a minimum peptide
length of six residues. The mass tolerances were set to
10 ppm and 0.02 Da for precursor and fragment ions,
respectively. Carbamidomethylation (+57.021464 Da)
of cysteine was set as static modification.
Phosphorylation of serine, threonine, and tyrosine
(+79.966 Da) and acetylation of lysine (+42.011 Da)
were set as dynamic modifications. False discovery rates
(FDRs) for peptide spectral matches (PSMs) were
calculated and filtered using the Target Decoy PSM
Validator Node in Proteome Discoverer with the
following settings: maximum Delta Cn of 0.05, a strict
target FDR of 0.01, a relaxed target FDR of 0.05 and
validation based on g-value. Localization and best site
probability for variable post-translational modifications
within peptides were performed with the ptmRS tool,
integrated in Proteome Discoverer26. The Protein FDR
Validator Node in Proteome Discoverer was used to
classify protein identifications based on g-value.
Proteins with a g-value of 0.01 were classified as high
confidence identifications and proteins with a q-value of
0.01-0.05 were classified as medium confidence
identifications. The resulting protein table was then
filtered based on the presence of phosphorylated
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peptides. Phosphopeptide changes following
WKYMVm treatment were only considered when
modifications were identified in at least two out of three
replicate injections in treated sample and not identified
in replicate injections of untreated sample.

3.11 Bioinformatic analysis

Interaction network analysis of proteins identified by
LC-MS/MS were performed by the FunRich open access
software.

Molecular functional enrichment of identified proteins
based on gene ontology categories was performed by
using the Network analyst software.

3.12 Statistical analysis

All the data presented are expressed as mean + Standard
Error Mean (SEM) and are representative of three or
more independent experiments. For the statistical
analyses of experiments in SH-SYSY cells, the
comparisons were made by two-way analysis of variance
(ANOVA). In Calu-6 cell experiments, statistical
analyses were evaluated by one-way analysis of variance
(ANOVA). Differences were considered statistically
significant at a p value < 0.05. All the analyses were
performed with GraphPad Prism version 7 (GraphPad
Software, San Diego, CA, USA).

41



Results

4. RESULTS

4.1 FPR1 stimulation by N-fMLP induces NOX2
activation in SH-SY5Y cell line

In phagocytes, FPR1 mediates NADPH oxidase-
dependent ROS production in response to bacterial N-
formyl peptides (Hallet, 1989). Human neuroblastoma
SH-SY5Y cell line expresses FPR1 at both
transcriptional and translational level (Snapkov, 2016).
We tested the hypothesis that FPR1 could induce
NADPH oxidase-dependent ROS generation in these
cells. NOX2 is expressed in SH-SY5Y cells (Li, 2017)
where represents the most important sources of ROS.
The key event of NADPH oxidase/NOX2 complex
activation is p47P"°* phosphorylation on a S359 residue,
which triggers the membrane assembly of the complex.
We demonstrate by western blot experiments that FPR1
stimulation with its agonist N-fMLP, at a final
concentration of 0.1uM, induces time-dependent
increase in S359 phosphorylation of p47°"* (Figure 6A).
SH-SY5Y cells were also pretreated for 16 hours with
PTX, that ADP-ribosylates Goi subunit associated with
FPR1, or for 30 minutes with 5uM Cyclosporin H, an
FPR1 antagonist and western blot experiments show that
N-fMLP-induced p47P"°* phosphorylation is prevented
by these pretreatments, demonstrating that p47Phox
phosphorylation depends on FPR1 stimulation (Figure
6B). Furthermore, preincubation with Apocynin, a
specific inhibitor of NADPH oxidase activation and
ROS production, prevents N-fMLP-dependent p47°Pnox
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S359 phosphorylation (Figure 6C). Accordingly with
these results, experiments performed by using the ROS
detection reagent H.DCFDA demonstrated that N-fMLP
treatment induces NOX2-dependent ROS generation
with a maximum at 5 minutes of stimulation (Figure 6D),
and that the pretreatment with PTX, Cyclosporin H or
Apocynin prevents ROS production (Figure 6E). Taken
together, these data demonstrate that, in SH-SY5Y cells,
FPR1 stimulation triggers NOX2 activation and ROS
production.

A N-DMLP (0.1 uM) B
- 2 5 10
™ B WB: ap-paTPi(S359)
S 8 WB: 0-p-p47Pt(S359) -
- S S s s WB: o-Tubulin
- - /B: 0- i
- WB: ¢-Tubulin =+ + o+ NAMLPO1pM)
- . - - + - PTX(100 ng/ml)
= = = 4 cyclosporin H (5 uM)
*
§ §
-2 5 10
N-DMLP(0.1 uM)
C

WB: o-p-p47°2%(S359)

S - S WB: a-Tubulin

+ 4 N-MLP (0.1 uM)
+ apocynin (100 M)
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4+ apocynin (100 M)

Figure 6. FPRI stimulation induces NOX2 activation and ROS
production. SH-SY5Y cells were serum-starved for 24 hours and (4)
stimulated for 2, 5, or 10 minutes with 0.1uM N-fMLP or (B)
preincubated with 100 ng/mL PTX (16h), or with SuM cyclosporin
H (30°), or (C) with 100uM apocynin (2h) before stimulation with
N-fMLP for 5 minutes. Sixty micrograms of whole lysates (4, B, and
C) were incubated with an anti-phosphop47°'°* (S359) antibody; an
anti-a-tubulin antibody was used as a control for protein loading.
Band densitometry was evaluated through a scanner equipped with
a densitometric workstation. Serum-starved SH-SY5Y cells were (D)
stimulated with N-fMLP for 2, 5, or 10 minutes, or (E) preincubated
with PTX, or cyclosporin H, or apocynin before the stimulation with
0.1uM N-fMLP for 5 minutes. Detection of ROS was determined by
measuring the level of DCF. #p < 0.05 compared to unstimulated
cells. §p < 0.05 compared to N-fMLP stimulated cells.
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4.2 FPR1 stimulation by N-fMLP induces NOX2-
dependent TrkA transactivation in SH-SY5Y cells

It has been widely demonstrated that GPCRs and RTKs
are able to cross-communicate, thus connecting,
amplifying and diversifying the canonical signal
transduction pathways attributed to one receptor rather
than another.

In this study, we tested the hypothesis that FPR1 could
induce the transactivation of TrkA, one of the most
important RTKSs in the nervous system. TrkA is the high
affinity receptor for NGF, a neurotrophin that promotes
the correct development of the nervous system. Once
activated by its ligand, TrkA is phosphorylated in
different tyrosine residues. We evaluated the
phosphorylation of Y490, Y751 and Y785, the most
characterized phosphorylation sites of TrkA following
NGF binding. Western blot experiments show that
stimulation of SH-SYS5Y cells with N-fMLP for 5
minutes induces the phosphorylation of Y490, Y751 and
Y785 of TrkA (Figure 7A). The pretreatment with PTX
or Cyclosporin H before N-fMLP stimulation prevents
these phosphorylations (Figure 7B), confirming that
TrkA phosphorylation depends on FPR1 stimulation.
The transactivation of a RTK can be mediated by the
production of ROS that, at low levels, can act as second
messengers, inactivating intracellular protein tyrosine
phosphatases, and thus promoting intracellular
phosphorylation cascades. The involvement of NOX2-
dependent ROS generation in mediating TrkA trans-
phosphorylation was analysed by pretreating SH-SYSY
cells with a NADPH oxidase inhibitor, before FPR1
stimulation. As shown in Figure 7C, preincubation with
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Apocynin prevents TrkA Y490, Y751 and Y785
phosphorylation, demonstrating that TrkA
phosphorylation is mediated by FPRI1-induced ROS
production.
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Figure 7. FPRI stimulation triggers TrkA transactivation. SH-SY5Y
cells were serum-deprived for 24 hours and (A) stimulated with N-
fMLP for 2, 5, or 10 minutes or (B) preincubated with 100 ng/mL
PTX (16h), or with 5uM cyclosporin H (30°), or (C) with 100uM
apocynin (2h) before stimulation with 0.1uM N-fMLP for 5 minutes.
Fifty micrograms of total protein lysates were resolved on 10%
SDS-PAGE and immunoblotted with anti-phosphoTrk4 (Y490), or
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anti-phosphoTrkA (Y751), or anti-phosphoTrkA (Y785) antibodies.
An anti-atubulin antibody was used as a control for protein loading.
Bar graphs show the densitometric analysis performed on
phosphorylated bands. All the experiments are representative of

four independent experiments. *p < 0.05 compared to unstimulated
cells. §p < 0.05 compared to N-fMLP-stimulated cells.

4.3 FPR1-induced TrkA transactivation triggers the
Ras/MAPK pathway activation in SH-SY5Y cells

TrkA phosphorylation on tyrosine 490 represents a
docking site for the binding of the adaptor proteins Shc,
GRB2 and SOS, that mediate the activation of the
Ras/MEK/ERKs pathway. ERK phosphorylation and
activation is associated with cell growth, survival,
differentiation and motility. In neuronal cells, ERK1/2
are involved in promoting neurite outgrowth.

Dual threonine and tyrosine residue phosphorylation
activates both ERKs, at T202/Y204 for human ERKI1
and TI185/Y187 for human ERK2. Western blot
experiments show that FPR1 stimulation induces a time-
dependent-increase in ERK1/2 phosphorylation (Figure
8A), which was prevented by PTX or Cyclosporin H
preincubation (Figure 8B). We also preincubated SH-
SYSY cells for 1 hour with the TrkA specific inhibitor
GW441756 or with Apocynin. As shown in Figure 8,
pretreatment with Apocynin (Panel C) or GW441756
(Panel D), before N-fMLP stimulation, prevents FPR1-
dependent ERK1/2 phosphorylation, suggesting that
ERK1/2 phosphorylation depends on FPR1 stimulation
and on NADPH oxidase-mediated TrkA activation.
NGF-dependent TrkA activation triggers p38MAPK
phosphorylation. Our results show that stimulation of
SH-SYS5Y cells for 5 minutes with N-fMLP induces a
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significative increase in p38MAPK phosphorylation,
which is prevented by preincubation with PTX or
cyclosporin H before N-fMLP stimulation (Figure 8E).
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Figure 8. N-fMLP-induced TrkA phosphorylation on Y490 is
crucially involved in MAPK activation. Serum-deprived SH-SY5Y
cells were (A) stimulated for 2, 5, or 10 minutes with 0.1 uMN-fMLP
or (B and E) pretreated with 100 ng/mL PTX (16h) or 5uM
cyclosporin H (30°), or (C) with 100uM apocynin (2h), or (D) with
10uM GW441756 (1h), before the stimulation with N-fMLP for 5
minutes. Forty micrograms of whole lysates were incubated with (4,
B, C, and D) an anti-phospho-ERK1/2 antibody or (E) with an anti-
phospho-P38MAPK (a-pP38MAPK) antibody. An anti-tubulin (o-
tubulin) antibody was used as control for protein loading. The data
are representative of five independent experiments. Densitometric
analysis was performed as described in Materials and Methods. *p
< 0.05 compared to unstimulated cells. §p < 0.05 compared to N-
fMLP-stimulated cells.
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4.4 N-fMLP-dependent phosphorylation of Y490 and
Y751 residues of TrkA triggers the PI3K/Akt pathway
in SH-SYSY cells

TrkA phosphorylation on tyrosine 490 or 751 is
associated with the activation of the PI3K-Akt pathway.
The PI3K-Akt signaling pathway plays a critical role in
mediating survival signals in a wide variety of neuronal
cells. Full activation of Akt requires serine 473 (S473)
phosphorylation. Western blot experiments show that in
SH-SYS5Y cells, N-fMLP induces a time-dependent
increase in Akt phosphorylation on S473, with a
maximum after 5 minutes of stimulation (Figure 9A),
which was prevented by the pretreatment with PTX or
Cyclosporin H, before stimulation with N-fMLP for 5
minutes (Figure 9B). We also show that Akt
phosphorylation depends on FPRI-dependent TrkA
phosphorylation, as demonstrated by the loss of Akt
S473 phosphorylation in SH-SYSY cells pretreated with
the TrkA inhibitor GW441756 (Figure 9D), and is
mediated by NADPH oxidase activation, as
demonstrated by the loss of Akt S473 phosphorylation
following Apocynin pretreatment (Figure 9C).
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Figure 9. FPR1-mediated phosphorylation of Y751 residue of TrkA
provides a docking site for PI3K/Akt pathway activation. SH-SY5Y
cells were serum-starved for 24 hours and (A) stimulated for 2, 5,
or 10 minutes with 0. 1uM N-fMLP or (B) pretreated with 100 ng/mL
PTX (16h) or 5uM cyclosporin H (30°) or (C) with 100uM Apocynin
(2h) or (D) with 10uM GW441756 (1h), before N-fMLP stimulation.

Fifty micrograms of whole lysates were immunoblotted with an anti-
phosphoAkt(S473) antibody. An anti-otubulin antibody was used as
a control for protein loading. All the experiments are representative
of five independent experiments. *p < 0.05 compared to
unstimulated cells. §p < 0.05 compared to N-fMLP-stimulated cells.
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4.5 FPRI-mediated phosphorylation of Y785 residue
of TrkA provides a docking site for PLCyl/PKC
pathway activation in SH-SYS5Y cells

TrkA phosphorylation on tyrosine 785 represents a
docking site for the binding of PLCy, the enzyme that
converts the PIP2 in DAG and IP; which, in turn, trigger
an increase of Ca*", an activator of PKC pathway. Upon
activation, PKC translocates from the cytosol to the
membrane, where it associates with
phosphatidylinositols. In neuronal cells, PKCa is
involved in regulation of neuritogenesis and synaptic
plasticity and PKC9 is involved in promoting neurite
outgrowth. Our experiments demonstrate that
stimulation of SH-SYS5Y cells with N-fMLP for 5
minutes induces PKCa and PKCo membrane
translocation, which was prevented when cells are
preincubated with PTX and Cyclosporin H (Figure
10A). Phosphorylation of PKC6 on threonine 507 is
associated with an increase in its phosphotransferase
activity. We observed that, in SH-SYS5Y cells,
stimulation with N-fMLP for 5 minutes induces T507
phosphorylation of PKC6 and that the pretreatment with
Apocynin and Rottlerin, a selective PKCd inhibitor with
IC50 wvalues of 3-6 pM, prevents PKC6 T507
phosphorylation (Figure 10B).
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Figure 10. FPRI-mediated TrkA transactivation triggers
PLCyl/PKC pathway activation. SH-SY5Y cells were serum-
deprived for 24 hours and (4) stimulated for 2, 5, or 10 minutes with
N-fMLP or pretreated with 100 ng/mL PTX (16h) or SuM
cyclosporin H (30°) before the stimulation for 5 minutes with N-
JMLP. Cells were also preincubated with 100uM Apocynin (2h) or
SuM  Rottlerin (1h) before N-fMLP stimulation (B). Fifty
micrograms of membrane lysates were immunoblotted with an anti-
PKCS or anti-PKCo antibody (A). Fifty micrograms of whole
lysates were immunoblotted with an anti-phosphoPKCé (T507)
antibody (B). An anti-CD133 or an anti- o tubulin antibody was
used as control for protein loading. *» < 0:05 compared to
unstimulated cells. §p < 0:05 compared to N-fMLP-stimulated cells.

4.6 FPRI-mediated TrkA transactivation promotes
cell proliferation in SH-SY5Y cells

FPR1 expression and activation are associated with
increased tumorigenicity of different cancers. Therefore,
we investigated whether FPR1 stimulation could induce
cell proliferation. SH-SYSY cells were serum-starved
for 24 hours and stimulated with 0.1uM N-fMLP for 24,
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48, and 72 hours. We evaluated the rate of cell
proliferation by using Trypan blue dye for counting cells
after different times of exposition to the formyl-peptide.
Our results indicate that FPR1 stimulation by N-fMLP
induces a time-dependent proliferation of SH-SYSY
cells. This is prevented by preincubation with PTX, or
cyclosporin H, or GW441756, thus suggesting that it
depends on FPR1-dependent TrkA transactivation
(Figure 11).

—@—Serum-starved
=O=N-fMLP

={=N-fMLP + PTX

==\ _fMLP + cyclosporin H
44 = }=N-fMLP + GW441756

Figure 11. FPRI-mediated TrkA transactivation promotes SH-
SY5Y cell proliferation. (a) SH-SY5Y cells were grown in the
presence or absence of 0.1uM N-fMLP and preincubated or not with
100ng/mL PTX (16h), or SuM cyclosporin H (30°), or 10uM
GW441756 (1h). The cellular proliferation graph is representative
of five independent experiments. Cell count was determined at 24,
48, and 72 h after plating 107 cells/well for each condition.
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4.7 FPRI-mediated TrkA transactivation promotes
cell migration in SH-SY5Y cells

FPR1 expression and activation is associated with
migration of leukocytes in response to a large variety of
chemotactic factors, and with the invasion ability of
different cancers. Thus, we investigated whether FPR1
stimulation could promote cell migration in SH-SY5Y
cells by performing and in vitro wound healing assay.
Cells were serum-starved for 24 hours and stimulated
with 0.1uM N-fMLP for 24 or 48 hours. Our results
show that FPR1 stimulation increases cell migration,
with respect to untreated cells, and that this is prevented
by the preincubation with PTX, or Cyclosporin H, or
with the TrkA inhibitor GW441756, suggesting that it
depends on FPRI1-dependent TrkA transactivation
(Figure 12).
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Figure 12. FPR1-mediated TrkA transactivation promotes SH-SY5Y
cell migration. Representative images (A) and bar graph (B)
quantification of SH-SY5Y cell migration from four independent
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experiments. Cells were incubated with 0.1uM N-fMLP or vehicle
in the presence or absence of 100ng/mL PTX (16h), or SuM
cyclosporin H (30°), or 10uM GWA441756 (1h). Images were
acquired at 0, 24, and 48 hours after wound injury (scale bar: 20
um). #p < 0.05 compared to unstimulated cells. $p < 0.05 compared
to N-fMLP-stimulated cells.

4.8 FPRI-mediated TrkA transactivation promotes
neurite outgrowth in SH-SYS5Y cells

TrkA stimulation through the binding of NGF is
associated with morphological variations of neuronal
cells, such as neurite outgrowth, a process that, through
cytoskeletal reorganization, determines dendritic and
axonal growth and branching. We examined the ability
of FPR1-induced TrkA transactivation to induce neurite
outgrowth in SH-SY5Y cells.

These were serum-starved for 24 hours and treated with
0.1uM N-fMLP or with 100ng/mL NGF, as positive
control, for 24 or 48 hours. Neurite outgrowth was
evaluated as the length of neurites measured starting
from the soma to the growth cone. The results
demonstrated that N-fMLP stimulation increases neurite
outgrowth, when compared to untreated cells and NGF-
treated cells (Figure 13).
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Figure 13. FPR1-mediated TrkA transactivation promotes SH-SY5Y

neurite outgrowth. Representative images (A) and bar graph (B)

58



Results

quantification of SH-SY5Y neurite outgrowth from five independent
experiments. Neurite length was measured in untreated SH-SY5Y
cells treated or not with 0. 1uM N-fMLP or 100ng/mL NFG up to 48
hours. Neurite length was measured at different times (0, 24, and 48
hours). #p < 0.05 compared to unstimulated cells. §p < 0.05
compared to N-fMLP-stimulated cells.

4.9 Phosphoproteomic analysis in Calu-6 cells
identifies WKYMVm-dependen tprotein
phosphorylations

Our previous results demonstrated that in human lung
anaplastic carcinoma Calu-6 cells FPR2 stimulation by
WKYMVm triggers p47°"° phosphorylation, c-Src
phosphorylation, EGFR transactivation, ERK1/2 and
p38MAPK phosphorylation, and STAT3
phosphorylation (Cattaneo, 2011).

To elucidate the global intracellular phosphorylation
cascades induced by WKYMVm stimulation of FPR2,
we purified protein extracts from serum-starved Calu-6
cells, treated or untreated with WKYMVm for 5
minutes, to elucidate the global intracellular
phosphorylation cascades induced by FPR2 stimulation.
Total extracts were used to perform an affinity
chromatography based on the titanium dioxide (TiO2)
method for the enrichment of phosphorylated proteins,
by using the Qiagen phosphoprotein purification Kit.
TiO2 method allows selective interaction of organic
phosphates of phosphorylated proteins with porous TiO>
beads. Subsequently, enriched phosphoproteins were
enzymatically digested by using protease trypsin to
obtain phosphopeptides. These were used to perform a
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nano-liquid chromatography followed by high-
resolution tandem mass spectrometry (nano-LC-
MS/MS) (Figure 14).

) _ Celllysis Ti0, enrichment Tryptic digestion
- @ — P07 T [T+3

Nano-LC-MS/MS
Controlcells  wkyMym-treated cells Total proteins Enriched phosphoproteins /

analysis

Figure 14. Schematic diagram of experimental workflow. Total
proteins were purified from control and WKYMVm-treated CaLu-6
cells for the analysis of phosphoproteome by nano-liquid TiO,
based-chromatography coupled with high-resolution tandem mass
spectrometry.

Mass spectrometry analysis allowed the identification of
290 proteins with a total of 510 different
phosphopeptides identified, originated from 430
phosphorylation sites. We identified 53 unique
phosphopeptides mapping on 40 proteins that result to
be phosphorylated exclusively in WKYMVm-
stimulated Calu-6 cells, with respect to untreated cells
(Figure 15).
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Figure 15. Phosphopeptides uniquely identified in WKYMVm-
stimulated CalLu-6 cells. Accession numbers, peptide sequence,
positions within proteins, localization and best site probability for
phosphorylation within peptides are reported.
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4.10 Functional bioinformatic analysis of FPR2
signaling-dependent phosphorylations

The bioinformatic analysis of phosphoproteins obtained
from WKYMVm-stimulated Calu-6 cells was performed
by using different bioinformatic software. Localization
and best site probability for variable post-translational
modifications within peptide were obtained using the
ptmRS tool of the Proteome Discoverer software by
calculating individual probability values for each
putatively modified site based on MS/MS data.
Characterization of phosphorylated sites highlights the
high prevalence of serine phosphorylation (about 88%),
with respect to 11% of threonine and 1% of tyrosine
phosphorylation (Figure 16A).

The Network analysis software has allowed the
classification of proteins on the basis of different
functional categories, including kinase binding proteins,
enzyme binding proteins, proteins involved in
transcription, regulation, and DNA-binding proteins
(Figure 16B). The PANTHER (Protein ANalysis
THrough Evolutionary Relationships) classification
system was used to classify proteins based on protein
classes and on biological processes in which proteins are
involved. Eight different protein groups were identified
through biological processes classification; part of these
include proteins involved in metabolic processes,
biological process regulation and cellular component
organization or biogenesis (Figure 16C). Furthermore,
PANTHER analysis characterized six different protein
classes, most of which are DNA- or RNA-binding
proteins, and cytoskeletal proteins (Figure 16D).
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Figure 16. Bioinformatic analysis of phosphoproteins uniquely
identified in WKYMVm stimulated CaLu-6 cells. (A) Pie chart of the
percentage of phosphorylated amino acids obtained from
phosphoproteomic analysis. (B) Bar graph of the of phosphoprotein
molecular functions. The number of proteins belonging to the
enriched gene ontology term and the p-values are reported on the
graph. (C) PANTHER classification of phosphorylated proteins in
according to their Biological Processes. (D) PANTHER
classification of phosphorylated proteins in according to the
Protein Classes.

Furthermore, the FunRich software was used to
highlight the biological connections existing among
enriched phosphoproteins. This in silico analysis
generated an interaction network map obtained from the
integration of the accession numbers corresponding to
the identified phosphoproteins (Figure 17, grey nodes),
with accession numbers of proteins that, from literature
data, are known to be involved in FPR2-dependent
signaling (Figure 17, red nodes), such as EGFR,
ERK1/2, PKCs, Akt, STAT3, p47°"* and with
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phosphoproteins uniquely identified in WKYMVm-
treated cells in phosphoproteomic analysis (Figure 17,
green nodes). The larger cluster proteins converge on 3-
arrestin-1 (ARRBI1), that exerts an important role in the
regulation of GPCR signalling pathways.
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Figure 17. Interaction network analysis of phosphoproteins
identified by LC-MS/MS. Phosphoproteins identified by LC-MS
analysis are indicated as grey nodes, the subset of proteins uniquely
identified upon WKYMVm stimulation as green nodes, and selected

phosphoproteins known to be involved in FPR2 signaling as red
nodes.
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4.11 FPR2 stimulation triggers HSP-27, MCM2,
OSR1, Rb and MARCKS phosphorylation

Phosphoproteins identified by mass spectrometry
analysis were subsequently validated by performing
western blotting experiments. We selected a subset of
identified phosphoproteins for further validation on the
basis of their involvement in signal transduction
pathways activated by FPR2 stimulation, in control of
cell cycle and proliferation, in cytoskeletal
rearrangements and in cell migration. We investigated
the phosphorylation of serine 82 (S82) of Heat Shock
Protein-27 (HSP-27), serine 139 (S139) of Mini-
Chromosome Maintenance (MCM2), serine 339 (S339)
of Oxidative-Stress-Responsive Kinase 1 (OSR1), serine
608 (S608) of Retinoblastoma (RB), and serine 170
(S170) of Myristolated Alanine-Rich C-Kinase
Substrate (MARCKS). HSP-27 is a heat shock protein
that exerts anti-inflammatory and pro-resolving
activities and is activated by p38MAPK and PKC-
dependent phosphorylation on a S82 residue. Western
blotting experiments showed an increase in HSP-
27(S82) phosphorylation in serum-starved Calu-6 cells
stimulated for 5 minutes with WKYMVm (Figure 18A).
MCM2 is a helicase involved in promoting DNA
replication initiation and elongation. Its phosphorylation
is involved in the control of cell cycle progression and in
checkpoints regulation. We found that WKYMVm
stimulation of Calu-6 cells for 5 minutes triggers S139
phosphorylation of MCM2 (Figure 18B). OSRL1 is
involved in the regulation of cation-chloride
cotransporters and is activated by PI3K-Akt-WNK
pathway and mTORC2 pathway. Western blotting
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analysis showed that FPR2 stimulation triggers Ser339
phosphorylation of OSR1 (Figure 18C). Rb is a tumor
suppressor protein involved in cell cycle control.
Phosphorylation of Rb on S608 inhibits its binding to the
transcription factor E2F, which promotes cell cycle
progression when it is dissociated from Rb. WKYMVm
stimulation of Calu-6 cells for 5 minutes induces a strong
phosphorylation of Rb on S608 (Figure 18D). MARCKS
is involved in cytoskeletal reorganization, actin binding,
migration and cell cycle regulation. In WKYMVm-
stimulated cells, phosphorylation of MARCKS on S170
residue was detected after WKYMVm stimulation
(Figure 18E). All these phosphorylations are prevented
by pretreatment with the FPR2 antagonist WRW4 or
with G; protein inhibitor PTX (Figures 18A-E).
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Figure 18. Validation of FPR2-dependent phosphorylations. Western blot
and densitometric analyses of at least three independent experiments. Fifty
micrograms of whole lysates were purified from 24 hours serum-starved
CaLu-6 cells stimulated or not with 10 uM WKYMVm for 5 minutes, in the
presence or absence of 10 uM WRWWWW (WRW4) or 100 ng/mL PTX.
Lysates were resolved on 10% SDS-PAGE and hybridized with anti
phospho-specific antibodies: (4) p-HSP-27 (Ser82); (B) p-MCM2
(Ser139); (C) p-OSRI(Ser339); (D) p-Rb(Ser608) and(E) p-MARCKS
(Ser170). An anti-tubulin antibody was used as control for protein loading.
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We also used specific inhibitors to determine the
interconnection between some of the signaling readouts
identified. PKC and MAPK represent two nodes in the
interaction network analysis (Figure 17). Therefore, we
preincubated cells with Rottlerin (a PKC inhibitor) or
PD098059 prior WKYMVm stimulation. In western blot
experiments we observed that MARCKS(S170)
phosphorylation is prevented by the inhibition of PKCo6
(Figure 19A). Moreover, the MEK inhibitor PD098059
prevents both Rb(S608) (Figure 19B) and MCM2(S139)
(Figure 19C) phosphorylation induced by WKYMVm
stimulation. These results strengthen the notion on the
ability of FPR2 to trigger Ras/MAPK cascade,
mitogenic stimuli and, in turn, cell cycle progression.
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Figure 19. MARCKS (Ser170), MCM2 (Seri39) Rb (Ser608)
phosphorylations are mediated by PKC and ERK signaling. Fifty
micrograms of proteins were purified from 24 hours serum-starved
Calu-6 cells stimulated or not with 10 uM W peptide for 5 minutes,
in the presence or absence of 5 uM Rottlerin (4) or 50 uM
PD098059 (B, C). Lysates were resolved on 10% SDS-PAGE and
hybridized with anti anti p-MARCKS(Ser170) (A), or anti p-
Rb(Ser608) (B), or anti p-MCM2(Seri39) (C). An anti-tubulin
antibody was used as a control for protein loading. Densitometric
analyses was performed on at least three independent experiments.
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4.12 FPR2 agonists with anti-inflammatory activity
induce HSP-27, OSR1l, Rb and MARCKS
phosphorylation

FPR2 can transmit both pro- and anti-inflammatory
signals. WKYMVm is an hexapeptide derived from a
screening of a peptide library, with an anti-inflammatory
and immunomodulatory biological activity. We
stimulated CalLu-6 cells with two others anti-
inflammatory FPR2 ligands, the peptide agonist ANXA1
and the lipidic agonist LXA4, and we observed that both
induce HSP-27(S82), OSR1(S339), Rb(S608), and
MARCKS(S170) phosphorylation, which was prevented
by pretreatment with PTX or WRW4 (Figure 20A-D,
Figure 21A-D). However, no significant variation was
detected in MCM2(S139) phosphorylation upon
ANXA1 or LXA4 stimulation (Figure 20E and Figure
21E), suggesting that MCM2(S139) phosphorylation
depends exclusively on WKYMVm stimulation.
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Figure 20. ANXAI triggers HSP-27(S82), OSR1(S339), Rb(S608)
and MARCKS(S170) phosphorylation. CaLu-6 cells were serum-
starved for 24 hours and stimulated or not with 10nM ANXAI for 5
minutes, or preincubated with 10uM WRW4 or 100 ng/mL PTX
before ANXAI stimulation. 50ug of whole lysates were resolved on
10% SDS-PAGE and filters were incubated with anti-p-HSP-27
(Ser82) (A), or anti-p-OSR1 (Ser339) (B), or anti-p-Rb (Ser608) (C)
or anti-p-MARCKS (Seri70) (D), or anti-p-MCM?2 (Seri39)
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antibodies. Proteins were detected by autoradiography and bands
were estimated from densitometric scanning. An anti-tubulin
antibody was used as a control for protein loading. Results are
representative of three independent experiments performed in

triplicate.
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Figure 21. LXA4 triggers HSP-27(S82), OSR1(S339), Rb(S608) and
MARCKS(S170) phosphorylation. CaLu-6 cells were serum-starved
for 24 hours and stimulated or not with 1uM LXA4 for 5 minutes, or
preincubated with 10uM WRW4 or 100 ng/mL PTX before LXA4
stimulation. 50ug of whole lysates were resolved on 10% SDS-
PAGE and filters were incubated with anti-p-HSP-27 (Ser82) (4) or
anti-p-OSR1 (Ser339) (B) or anti-p-Rb (Ser608) (C) or anti-p-
MARCKS (Ser170) (D), or anti-p-MCM?2 (Seri39) antibodies.
Proteins were detected by autoradiography and bands were
estimated from densitometric scanning. An anti-tubulin antibody
was used as a control for protein loading. Results are representative
of three independent experiments performed in triplicate.

74



Discussion

S. DISCUSSION

The project of this thesis focused on the study of the
molecular and biological functions of Formyl Peptide
Receptors  (FPRs), which belong to seven
transmembrane Gi-protein coupled receptors. Overall,
the results obtained highlighted the ability of this
receptors to activate distinct intracellular signaling
cascades in response to structurally diverse agonists,
without similarity in their amino acid sequence or natural
origin, and the existence of an intricate crosstalk with
Receptor Tyrosine Kinases (RTKSs).

The ability of FPRs to activate NOX enzymes allowed
to demonstrate that ROS act as mediators of receptor-
receptor interactions. This study has demonstrated that,
in human neuroblastoma SH-SYSY cell line, activation
of FPR1 induced by the binding of its agonist N-fMLP
triggers NOX2-dependent ROS generation and p47Phox
phosphorylation. Crosstalk between different receptor
classes is a biological phenomenon that allows cells to
integrate external stimuli through the activation of
dynamic signaling networks. In the nervous system,
TrkA is the high affinity receptor for the NGF
neurotrophin and our results demonstrate that, in SH-
SY5Y cells, FPR1 stimulation triggers the
phosphorylation of Y490, Y751, and Y785 of TrkA. The
observation that blocking FPR1 or NADPH oxidase
activity prevents tyrosine phosphorylations of TrkA and
the downstream signaling cascades triggered by TrkA,
strongly suggests that TrkA transactivation depends on
FPR1 stimulation and NADPH oxidase-dependent ROS
generation. In this study we focused on the analysis of
the role of ROS generated by NADPH oxidase complex
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in FPR1-dependent transactivation of the TrkA receptor.
However, we cannot exclude that TrkA transactivation
could be also mediated by the activation of intracellular
tyrosine kinases or by a ligand-dependent mechanism,
based on the metalloprotease-dependent cleavage of pro-
ligands of TrkA receptor. Furthermore, NOX2 activation
in polymorphonuclear cells also requires p40P™* and
p67Ph°X phosphorylation, Rac activation and membrane
translocation of all the cytosolic components. In this
study we have not investigated on molecular
mechanisms responsible of their activation. However,
p47Ph°X phosphorylation is required for the interaction
with the other cytosolic subunits (p40P"™, p67°"* and
Rac), for their membrane translocation and, in turn, for
NADPH oxidase complex activation (EI-Benna, 2009).
Therefore, it is likely to assume the involvement of all
cytosolic components in NOX2 activation following
FPR1 stimulation.

Binding of NGF to TrkA induces ERKI1/2
phosphorylation that promotes neurite outgrowth, the
process of formation of functional neural circuits during
neuronal development and differentiation (Vaudry,
2002). Phosphorylation of tyrosine Y490 of TrkA
provides a docking site for the Shc domain and a
phosphotyrosine site on Shc recruits Grb2, which is
bound to the exchange factor SOS that represents a
scaffold for Ras.

Activation of Ras pathway is essential for neuronal
differentiation and survival of neuronal cells (Reichardt,
2006). Active Ras triggers intracellular signaling
through cRaf, which phosphorylates Mek1/2, which, in
turn, phosphorylates ERK1/2 on serine and threonine
residues.

76



Discussion

In our experiments, FPR1 stimulation triggers ERK1/2
phosphorylation, that is prevented by preincubation with
PTX, Cyclosporin H or Apocynin. Ras/MAPK signaling
cascades are largely involved in NGF-dependent wound
healing and this signaling is triggered by NGF-
dependent phosphorylation of Y490 residues of TrkA
(Chen, 2014), whose phosphorylation in our
experiments 1s trans-phosphorylated upon FPRI1
activation by N-fMLP. ERK pathway is also involved in
the extension of neurites from cell bodies and thus
induces a differentiated neuronal phenotype. Our in vitro
experiments demonstrated that FPR1 stimulation
increases neurite outgrowth.

Phosphorylation on Y490 and Y751 of TrkA is
associated with the activation of PI3K-Akt pathway,
which is essential for the survival of developing neurons
and in the initial phase of neurite outgrowth (Nusser,
2002). Our experiments show that FPR1 stimulation
triggers Akt phosphorylation on serine 473, which is
prevented by PTX, Cyclosporin H and Apocynin
pretreatment.

NGF-dependent phosphorylation of Y785 of TrkA
represents a docking site for the activation of PLCy-PKC
pathway which regulates neuronal gene expression,
synaptic strength and plasticity and neurite outgrowth
(Uren, 2014). PLC mediates the production of DAG and
IP3 and the increase of intracellular Ca2+. Ca2+ release
activates PKC, which translocates on cellular
membranes. Our experiments demonstrated that FPR1
stimulation induces membrane translocation of PKCa
and PKCs.

Besides FPR1 expression in non-myeloid cells, high
expression of FPR1 has been detected in several types of
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cancers. This over-expression 1is associated with
increased tumour aggressiveness and metastastic
potential and correlated with tumour advanced stage and
poor prognosis. In fact, FPR1 over-expression has been
associated with cervical cancer tumorigenesis (Cao,
2018), breast cancer aggressiveness (Vecchi, 2018),
invasiveness of colorectal cancer (Li, 2017), and with the
development of nervous system tumours, such as
neuroblastoma (Snapkov, 2016) and glioblastoma (Boer,
2015). Furthermore, different studies show that TrkA
results to be over-expressed or iper-activated in several
cancers, including breast, lung, colon-rectum,
glioblastoma, neuroblastoma, myeloma, and lymphoid
tumours (Meldolesi, 2018). Our experiments show that
FPR1 mediates cell proliferation and migration of SH-
SYSY cells and that these biological effects are mediated
by TrkA transactivation.

Signaling pathways dependent from the activation of
GPCRs, RTKs and MAP kinases are major players in the
regulation of cell fate and in the development of human
diseases, such as inflammatory, neurodegenerative and
cancer diseases, characterized by an alteration of the
balance between phosphorylation and
dephosphorylation events. Post translational
modifications (PTMs) such as phosphorylation regulates
a wide number of cellular activities like cell growth,
differentiation, migration and apoptosis. The analysis of
the global phosphoproteome activated by FPR2
stimulation in Calu-6 cells allows us to further clarify the
intracellular networks activated by FPRs.

Mass spectrometry of enriched phosphoproteins
obtained by TiO2-based affinity nano-liquid
chromatography allows the identification of 290 proteins
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and 510 different phospho-peptides associated with
FPR2-dependent intracellular phosphorylations.
Phospho-protein functional analysis revealed that the
phospho-proteins can be classified into eight groups and
that Metabolic process represents the largest group in all
the identified phosphorylated proteins. About 33% of the
proteins of this group are involved in bio-synthetic
processes. The remaining 67% of proteins are involved
in cellular metabolic processes. Biological regulation
represents the second largest group in all the identified
phosphorylated proteins. In particular, here we identified
proteins involved in the regulation of cell cycle, cell
division, apoptosis and transmembrane transport.
Analysis of the protein classes of the uniquely identified
phosphoproteins shows that the nucleic acid binding
proteins represent the largest group in all the
phosphorylated proteins (RNA-binding proteins and
DNA-binding proteins). They play crucial roles in
transcription, replication, recombination, DNA repair,
and other nuclear functions. In this group, we identified
transcription and splicing regulatory proteins, proteins
involved in the synthesis and maturation of ribosomes
and translation initiation factors, cell cycle and DNA
replication regulatory proteins, histonic and non-histonic
DNA-binding proteins.

We validated by western blotting WKYMVm-dependent
phosphorylation of Retinoblastoma protein (Rb),
Minichromosome Maintenance Complex component 2
(MCM2), Myristoylated alanine-rich C-kinase substrate
(MARCKYS), Odd-skipped-related 1 protein (OSR1) and
Heat shock protein 27 (HSP27).

Rb is a tumor suppressor protein that negatively
regulates cell entry into S phase of cell cycle when it is
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bound to the transcription factor E2F. The activity of Rb
is regulated by phosphorylation of different serine
residues. When phosphorylated on S608, Rb loses its
ability to bind and inhibit E2F; hence, E2F is able to
promote the G1/S transition (Burke, 2012). Rb was an
interesting candidate for this validation since our
previous results have demonstrated that FPR2
stimulation triggers Calu-6 cell proliferation (Cattaneo,
2011). We demonstrated that FPR2 stimulation induces
Rb  phosphorylation on S608 and that this
phosphorylation depends on ERK1/2 activation.

MCM2 is a helicase with ATPase activity necessary for
DNA replication initiation and elongation that belongs
to the MCM2-7 complex (Ishimi, 2018). MCM2 can be
phosphorylated on different residues by different protein
kinases. Phosphorylation of MCM2 on S139 is reported
to be induced by the serine-threonine kinase cell division
cycle 7-related protein kinase (Cdc7) which is, in turn,
phosphorylated by the protein Dbf4 (Tsuji, 2006). Our
results show that MCM2 S139 phosphorylation depends
on FPR2 and ERKI1/2 activation. We speculate that
FPR2 could transactivate EGFR and that the
serine/threonine protein kinase Casein kinase II (CK2)
phosphorylates and modulates ERK1/2, as well as
several members of the EGFR downstream signaling
pathways (Li, 2019). Furthermore, EGFR-dependent
activation of CK2 leads to the phosphorylation of the
enzyme phosphoglycerate kinase 1 (PGK1) that results
in its interaction with Cdc7 (L1, 2018).

MARCKS is a membrane PIP2-binding protein substrate
of PKC. It connects membranes with cytoskeleton, since
it also binds actin and acts bridging PKC signaling with
Ca2+-dependent protein calmodulin. Hence, MARCKS
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is involved in cell migration, adhesion, actin
crosslinking and regulation of cell cycle. Different
studies have correlated MARCKS with the
physiopathology of airway diseases, including chronic
obstructive pulmonary disease, asthma, and lung cancer
(Sheats, 2019). MARCKS phosphorylation on S170 is
mediated by PKC and prevents MARCKS membrane
localization and calmodulin binding (Gallant, 2005).
According to the observation that MARCKS can be
phosphorylated by PKCa, PKC3 and PKCe (Fujise,
1994), our previous results demonstrated that FPR2
stimulation triggers PKCa and PKCo activation.
Furthermore, we confirmed FPR2-PKC-dependence of
MARCKS S170 phosphorylation by using inhibitors of
either FPR2 or PKC signaling.

OSRI is a serine/threonine-protein kinase involved in
the regulation of solute carrier family 12 member 8
(SLC12A8), also known as cation-chloride cotransporter
9 (CCC9), that modulates ionic homeostasis in response
to alterations in extracellular osmolarity. OSRI1 is
activated by phosphorylation on S339 triggered by a
member of the “with no lysine” (WNK) protein kinase
family (Alessi, 2014). The connection with FPR2
signaling is the EGFR-dependent activation of PI3K-Akt
pathway that, in turn, activates the WNK-OSRI1 cascade;
in fact, Akt phosphorylates WNK3 on T60 (Gallolu
Kankanamalage, 2018). The mammalian target of
rapamycin  complex 2 (mTORC2) can also
phosphorylate OSR1 on S339 residue (Gagnon, 2010) in
a WNK-independent pathway (Gallolu Kankanamalage,
2018).

HSP-27 (HSPB1) is a heat shock protein that acts as
chaperone with anti-inflammatory and
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immunomodulatory actions, since it can mediate the
release of the anti-inflammatory cytokine IL-10 (De,
2000). In fact, it has been demonstrated that the anti-
inflammatory FPR2 agonist ANXAI1 induces the
phosphorylation of p38MAPK, MAPKAP kinase, and
HSP-27; on the contrary, HSP27 is not phosphorylated
by the pro-inflammatory FPR2 agonists LL-37 and SAA
(Cooray, 2013). HSP27 phosphorylation on S82 can be
mediated by the P38SMAPK/MAPKAP kinase 2/3/5
(Moens, 2013) or PKC pathway (Boivin, 2012).
Coherently, our previous results demonstrated that FPR2
stimulation triggers PKC and  p38MAPK
phosphorylation.

Finally, our data demonstrated that the stimulation of
FPR2 with the anti-inflammatory agonists WKYMVm,
ANXA1 or LXA4 triggers the phosphorylation of the
same intracellular targets, with the exception of MCM2.
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6. CONCLUSIONS

Overall, the results obtained in this study demonstrate
that FPR1-dependent ROS production exerts a key role
in TrkA transactivation, in signalling cascades triggered
by this receptor and, in turn, in modulating cell
proliferation, migration, and neurite outgrowth.
Furthermore, phosphoproteome analysis of FPR2-
dependent phosphorylations highlights new signalling
networks activated by FPRs and biological processes in
which FPRs are involved.

A deeper understanding of signalling pathways
responsible of tyrosine kinase transactivation and of
intracellular phosphorylations triggered by FPRs will
contribute to decipher the role of these receptors in the
physiopathology of human diseases, such as
inflammation, neurodegenerative disorders and cancers.
Further advances on the knowledge of the functioning of
FPRs will allow the evaluation and the identification of
new molecular targets for the development of drugs able
to target FPRs-dependent signalling molecules

83



7. REFERENCES

Alessi DR, Zhang J, Khanna A, Hochdorfer T, Shang Y,
Kahle KT. The WNK-SPAK/OSR1 pathway: master
regulator of cation-chloride cotransporters. Sci Signal.
2014;7(334):re3.

Adrain C, Freeman M. Regulation of receptor tyrosine
kinase ligand processing. Cold Spring Harb Perspect
Biol. 2014;6(1).

Ahmed S, Prigmore E, Govind S, Veryard C, Kozma R,
Wientjes FB, Segal AW, Lim L. Cryptic Rac-binding
and p21(Cdc42Hs/Rac)-activated Kinase
phosphorylation sites of NADPH oxidase component
p67(phox). J Biol Chem. 1998;273(25):15693-701.

Arbuzova A, Schmitz AA, Vergéres G. Cross-talk
unfolded: MARCKS proteins. Biochemical Journal.
2002; 362(pt 1):1-12.

Bae YS, Song JY, Kim Y, He R, Ye RD, Kwak JY, Suh
PG, Ryu SH. Differential activation of formyl peptide
receptor signaling by peptide ligands. Mol Pharmacol.
2003;64(4):841-7.

Bellner L, Thorén F, Nygren E, Liljeqvist JA, Karlsson
A, Eriksson K. A proinflammatory peptide from herpes
simplex virus type 2 glycoprotein G affects neutrophil,
monocyte, and NK cell functions. J Immunol.
2005;174(4):2235-41.

Ben-Levy R, Hooper S, Wilson R, Paterson HF,
Marshall CJ. Nuclear export of the stress-activated

84



protein kinase p38 mediated by its substrate MAPKAP
kinase-2. Curr. Biol. 1998;8(19):1049-57.

Benna JE, Dang PM, Gougerot-Pocidalo MA, Marie JC,
Braut-Boucher F. p47phox, the phagocyte NADPH
oxidase/NOX2 organizer: structure, phosphorylation
and implication in diseases. Experimental and molecular
medicine. 2009;41(4):217-25.

Betten A, Bylund J, Christophe T, Boulay F, Romero A,
Hellstrand K, Dahlgren C. A proinflammatory peptide
from Helicobacter pylori activates monocytes to induce
lymphocyte dysfunction and apoptosis. J Clin Invest.
2001;108(8):1221-8.

Boer JC, van Marion DM, Joseph JV, Kliphuis NM,
Timmer-Bosscha H, van Strijp JA, de Vries EG, den
Dunnen WF, Kruyt FA, Walenkamp AM.
Microenvironment involved in FPR1 expression by
human glioblastomas. J Neurooncol. 2015;123(1):53-63.

Boivin B, Khairallah M, Cartier R, Allen BG.
Characterization of hsp27 kinases activated by elevated
aortic pressure in heart. Mol Cell Biochem. 2012;371(1-
2):31-42.

Borroto-Escuela DO, Carlsson J, Ambrogini P, Narvaez
M, Wydra K, Tarakanov AO, Li X, Millon C, Ferraro L,
Cuppini R, Tanganelli S, Liu F, Filip M, Diaz-Cabiale Z,
Fuxe K, Understanding the role of GPCR heteroreceptor
complexes in modulating the brain networks in health
and disease. Front Cell Neurosci. 2017a;11:37.

85



Bouin AP, Grandvaux N, Vignais PV, Fuchs A.
p40(phox) is phosphorylated on threonine 154 and serine
315 during activation of the phagocyte NADPH oxidase.
Implication of a protein kinase C-type kinase in the
phosphorylation process. J Biol Chem.
1998;273(46):30097-103.

Boulay F, Tardif M, Brouchon L, Vignais P. Synthesis
and use of a novel N-formyl peptide derivative to isolate
a human N-formyl peptide receptor cDNA. Biochem
Biophys Res Commun. 1990;168(3):1103-9.

Brandenburg LO, Konrad M, Wruck CJ, Koch T, Lucius
R, Pufe T. Functional and physical interactions between
formyl-peptide-receptors and scavenger receptor
MARCO and their involvement in amyloid beta 1-42-
induced signal transduction in glial cells. J Neurochem
2010;113(3):749-60.

Burke JR, Hura GL, Rubin SM. Structures of inactive
retinoblastoma protein reveal multiple mechanisms for
cell cycle control. Genes Dev. 2012;26(11):1156-66.

Burns DL. Subunit structure and enzymic activity of
pertussis toxin. Microbiol Sci. 1988;5(9):285-7.

Cao G, Zhang Z. FPR1 mediates the tumorigenicity of
human cervical cancer cells. Cancer Manag Res. 2018;
10:5855-5865.

Cattaneo F, Castaldo M, Parisi M, Faraonio R, Esposito

G, Ammendola R. Formyl Peptide Receptor 1 Modulates
Endothelial Cell Functions by NADPH Oxidase-

86



Dependent VEGFR2 Transactivation. Oxid Med Cell
Longev. 2018;2018:2609847.

Cattaneo F, Guerra G, Parisi M, De Marinis M, Tafuri
D, Cinelli M, Ammendola R. Cell-surface receptors
transactivation mediated by g protein-coupled receptors.
Int. J. Mol. Sci. 2014;15(11):19700-28.

Cattaneo F, laccio A, Guerra G, Montagnani, S.;
Ammendola, R. NADPH-oxidase-dependent reactive
oxygen species mediate EGFR transactivation by
FPRL1 in WKYMVm-stimulated human lung cancer
cells. Free Radic Biol Med. 2011;51(6):1126-36.

Cattaneo F, Parisi M, Ammendola R. Distinct signaling
cascades elicited by different formyl peptide receptor 2
(FPR2) agonists. Int J Mol Sci. 2013;14(4):7193-230.

Cattaneo F, Parisi M, Ammendola R. WKYMVm-
induced cross-talk between FPR2 and HGF receptor in
human prostate epithelial cell line PNT1A. FEBS Lett.
2013;587(10):1536-42.

Cavicchioni G, Fraulini A, Turchetti M, Varani K,
Falzarano S, Pavan B, Spisani S. Biological activity of
for-Met-Leu-Phe-OMe analogs: relevant substitutions
specifically trigger Kkilling mechanisms in human
neutrophils. Eur. J. Pharmacol. 2005; 512(1):1-8.

Chen Q, Powell DW, Rane MJ, Singh S, Butt W, Klein
JB, McLeish KR. Akt phosphorylates p47phox and
mediates respiratory burst activity in human neutrophils.
J Immunol 2003;170(10): 5302-8.

87



Chen RH, Sarnecki C, Blenis J. Nuclear localization and
regulation of the erk- and rsk-encoded protein kinases.
Mol. Cell. Biol. 1992;12(3):915-27.

Chen X, Yang D, Shen W, Dong HF, Wang JM,
Oppenhein JJ, Howard MZ. Characterization of
chenodeoxycholic acid as an endogenous antagonist of
the G-coupled formyl peptide receptors. Inflammation
Res. 2000;49(12):744-55.

Chen JC, Lin BB, Hu HW, Lin C, Jin WY, Zhang FB,
Zhu YA, Lu CJ, Wei XJ, Chen RJ. NGF accelerates
cutaneous wound healing by promoting the migration of
dermal fibroblasts via the PI3K/Akt-Racl-JNK and
ERK pathways. Biomed Res Int. 2014;2014:547187.

Chen Z, Gibson TB, Robinson F, Silvestro L, Pearson G,
Xu B, Wright A, Vanderbilt C, Cobb MH. MAP kinases.
Chem. Rev. 2001;101(8):2449-76.

Cheng G, Cao Z, Xu X, Meir EG, Lambeth JD.
Homologs of gp91phox: cloning and tissue expression
of Nox3, Nox4, Nox5. Gene.2001; 269(1):131-40.

Chowdhury AK, Watkins T, Parinandi NL, Saatian B,
Kleinberg ME, Usatyuk PV, Natarajan V. Src-mediated
tyrosine phosphorylation of p47phox in hyperoxia-
induced activation of NADPH oxidase and generation of
reactive oxygen species in lung endothelial cells. J Biol
Chem 2005;280(21):20700-11.

Claing A, Laporte SA, Caron MG, Lefkowitz RJ.
Endocytosis of G protein-coupled receptors: roles of G

88



protein-coupled receptor kinases and beta-arrestin
proteins. Prog. Neurobiol. 2002;66(2):61-79.

Colgan SP, Serhan CN, Parkos CA, Delp-Archer C,
Madara JL. Lipoxin A4 modulates transmigration of
human neutrophils across intestinal epithelial
monolayers. J Clin Invest. 1993;92(1):75-82.

Cooray SN, Gobbetti T, Montero-Melendez T,
McArthur S, Thompson D, Clark AJL, Flower RJ,
Perretti M. Ligand-specific conformational change of
the G-protein-coupled receptor ALX/FPR2 determines
proresolving functional responses. Proc Natl Acad Sci
USA. 2013;110(45):18232-7.

Dang PM, Fontayne A, Hakim J, EI Benna J, Périanin A.
Protein kinase C zeta phosphorylates a subset of
selective sites of the NADPH oxidase component
p47phox and participates in formyl peptide-mediated
neutrophil respiratory burst. J Immunol.
2001;166(2):1206-13.

Dang PM, Fontayne A, Hakim J, EI Benna J, Périanin A.
Protein kinase C zeta phosphorylates a subset of
selective sites of the NADPH oxidase component
p47phox and participates in formyl peptide-mediated
neutrophil respiratory burst. J Immunol. 2001 Jan
15;166(2):1206-13.

Dang PM, Morel F, Gougerot-Pocidalo MA, El Benna J.
Phosphorylation of the NADPH oxidase component
p67(PHOX) by ERK2 and P38MAPK: selectivity of
phosphorylated sites and existence of an intramolecular

89



regulatory domain in the tetratricopeptide- rich region.
Biochemistry. 2003;42(15):4520-6.

Daub H, Weiss FU, Wallasch C, Ullrich A. Role of
transactivation of the EGF receptor in signaling by G-
protein-coupled receptors. Nature. 1996;379(6565):557-
60.

De AK, Kodys KM, Yeh BS, Miller-Graziano C.
Exaggerated human monocyte IL-10 concomitant to
minimal TNF-alpha induction by heat-shock protein 27
(Hsp27)  suggests  Hsp27 is  primarily an
antiinflammatory stimulus. J Immunol.
2000;165(7):3951-8.

De Paulis A, Montuori N, Prevete N, Fiorentino I, Rossi
FW, Visconte V, Rossi G, Marone G, Ragno P.
Urokinase induces basophil chemotaxis through a
urokinase receptor epitope that is an endogenous ligand
for formyl peptide receptor-like 1 and -like 2. J
Immunol. 2004;173(9):5739-48.

Dekker LV, Parker, PJ. PKC isozymes and myeloid cell
differentiation. In: Parker PJ, Dekker LV, editors.
Protein Kinase C. R.G. Austin, Texas, USA, 1997. p.
121-129.

Del Prete A, Vermi W, Dander E, Otero K, Barberis L,
Luini W, Bernasconi S, Sironi M, Santoro A, Garlanda
C, Facchetti F, Wymann MP, Vecchi A, Hirsch E,
Mantovani A, Sozzani S. Defective dendritic cell
migration and activation of adaptive immunity in
PI13Kgamma-deficient mice. EMBO J.
2004;23(17):3505-15.

90



Deng X, Ueda H, Su SB, Gong W, Dunlop NM, Gao JL,
Murphy PM, Wang JM. A synthetic peptide derived
from human immunodeficiency virus type 1 gpl20
downregulates the expression and function of
chemokine receptors CCR5 and CXCR4 in monocytes
by activating the 7-transmembrane G-protein-coupled
receptor FPRL1/LXA4R. Blood. 1999;94(4):1165-73.

Derian CK, Solomon HF, Higgins JD 3rd, Beblavy MJ,
Santulli RJ, Bridger GJ, Pike MC, Kroon DJ, Fischman
AJ. Selective inhibition of N-formylpeptide analogues.
Biochemistry. 1996;35(4):1265-12609.

El Benna J, Dang PM, Gaudry M, et al. Phosphorylation
of the respiratory burst oxidase subunit p67(phox)
during human neutrophil activation. Regulation by
protein kinase C-dependent and independent pathways.
J Biol Chem. 1997;272(27):17204-8.

El Benna J, Faust LRP, Johnson J, Babior BM.
Phosphorylation of the respiratory burst oxidase subunit
p47phox as determined by two-dimensional
phosphopeptide mapping. Phosphorylation by protein
kinase C, protein kinase A and a mitogen activated
protein Kinase. J Biol Chem 1996a; 271(11):6374-8.

El Benna J, Han J, Park JW, Schmid E, Ulevitch RJ,
Babior BM. Activation of p38 in stimulated human
neutrophils: phosphorylation of the oxidase component
p47phox by p38 and ERK but not by JNK. Arch
Biochem Biophys 1996b;334(2):395-400.

El Zein N, Badran B, Sariban E. The neuropeptide
pituitary adenylate cyclase activating polypeptide

91



modulates Ca2+ and pro-inflammatory functions in
human monocytes through the G protein-coupled
receptors VPAC-1 and formyl peptide receptor-like 1.
Cell Calcium. Mar 2008;43(3):270-84.

El Zein N, Badran B, Sariban E. VIP differentially
activates beta2 integrins, CR1, and matrix
metalloproteinase-9 in human monocytes through
CAMP/PKA, EPAC, and PI-3K signaling pathways via
VIP receptor type 1 and FPRL1. J Leukoc Biol. Apr
2008;83(4):972-81.

El Zein N, D’Hondt S, Sariban E. Crosstalks between the
receptor tyrosine kinase EGFR and TrkA and the GPCR,
FPR, in human monocytes are essential for receptors-
mediated cell activation. Cell Signal. 2010;22(10):1437-
47.

Enslen H, Brancho DM, Davis RJ. Molecular
determinants that mediate selective activation of p38
MAP kinase isoforms. EMBO J. 2000;19(6):1301-11.

Ernst S, Lange C, Wilbers A, Goebeler V, Gerke V,
Rescher U. An annexin 1 n-terminal peptide activates
leukocytes by triggering different members of the formyl
peptide receptor family. J. Immunol. 2004;172(12):
7669-76.

Fabbri E, Spisani S, Biondi C, Barbin L, Colamussi ML,
Cariani A, Traniello S, Torrini I, Ferretti, ME. Two for-
Met-Leu-Phe-OMe  analogues  trigger  selective
neutrophil responses. A differential effect on cytosolic
free Ca2+. Biochim. Biophys. Acta 1997;1359(3):233-
40.

92



Fabbro D, Buchdunger E, Wood J, Mestan J, Hofmann
F, Ferrari S, Mett H, O'Reilly T, Meyer T. Inhibitors of
protein kinases: CGP 41251, a protein kinase inhibitor
with potential as an anticancer agent. Pharmacol. Ther.
1999;82(2-3):293-301.

Faust LR, El Benna J, Babior BM, Chanock SJ. The
phosphorylation targets of p47 phox a subunit of the
respiratory burst oxidase. Functions of the individual
target serines as evaluated by site-directed mutagenesis.
J Clin Invest 1995;96(3):1499-505.

Ferretti ME, Nalli M, Biondi C, Colamussi ML, Pavan
B, Traniello S, Spisani S. Modulation of neutrophil
phospholipase C activity and cyclic AMP levels by
fMLP-OMe analogues. Cell. Signal. 2001;13(4):233-
40.

Fredriksson R, Lagerstrom MC, Lundin LG., Schi6th
HB. The G-protein-coupled receptors in the human
genome form five main families. Phylogenetic analysis,
paralogon groups, and fingerprints. Mol Pharmacol.
2003;63(6):1256-72.

Fujise A. Mizuno K, Ueda Y, Osada S, Hirai S,
Takayanagi A, Shimizu N, Owada MK, Nakajima H,
Ohno S. Specificity of the high affinity interaction of
protein kinase C with a physiological substrate,
myristoylated alanine rich protein kinase C substrate. J
Biol Chem. 1994;269(50):31642-8.

Gagnon KB, Delpire E. On the substrate recognition and
negative regulation of SPAK, a kinase modulating Na+-

93



K+-2Clcotransport activity. Am J Physiol Cell Physiol.
2010;299(3):C614-20.

Gainetdinov RR, Premont RT, Bohn LM, Lefkowitz RJ,
Caron MG. Desensitization of G protein-coupled
receptors and neuronal functions. Annu Rev Neurosci.
2004;27:107-44.

Gallant C, You JY, Sasaki Y, Grabarek Z, Morgan KG.
MARCKS is a major PKC-dependent regulator of
calmodulin targeting in smooth muscle. J Cell Sci.
2005;118(pt.16):3595-605.

Gallolu Kankanamalage S, Karra AS, Cobb MH. WNK
pathways in cancer signaling networks. Cell Commun
Signal. 2018;16(1):72.

Gao JL, Murphy PM. Species and subtype variants of the
N-formyl peptide chemotactic receptor reveal multiple
important  functional domains. J Biol Chem.
1993;268(34):25395-401.

Gargiulo L, Longanesi-Cattani I, Bifulco K, Franco P,
Raiola R, Campiglia P, Grieco P, Peluso G, Stoppelli
MP, Carriero MV. Cross-talk between fMLP and
vitronectin receptors triggered by urokinase receptor-
derived SRSRY  peptide. J Biol  Chem.
2005;280(26):25225-32.

Geyer M, Wittinghofer A. GEFs, GAPs, GDIs and
effectors: taking a closer (3D) look at the regulation of
Ras-related GTP-binding proteins. Curr. Opin. Struct.
Biol. 1997;7(6):786-92.

94



Godson C, Mitchell S, Harvey K, Petasis NA, Hogg N,
Brady HR. Cutting edge: lipoxins rapidly stimulate
nonphlogistic phagocytosis of apoptotic neutrophils by
monocyte-derived macrophages. J Immunol.
2000;164(4):1663-7.

GoodmanOBJr, Krupnick JG, Santini F, Gurevich VV,
Penn RB, Gagnon AW, Keen JH, Benovic JL. Beta-
arrestin acts as a clathrin adaptor in endocytosis of the
beta2-adrenergic receptor. Nature. 1996;
383(6599):447-50.

Grassot J, Mouchiroud G, Perriére G. (2003) RTKdb:
database of Receptor Tyrosine Kinase. Nucleic Acids
Res. 2003;31(1):353-8.

Groemping Y, Rittinger K. Activation and assembly of
the NADPH oxidase: a structural perspective. Biochem
J. 2005;386(pt 3):401-416.

Hall RA, Premont RT, Lefkowitz RJ. 1999. Heptahelical
receptor signaling: beyond the G protein paradigm. J.
Cell Biol. 1999;145(5):927-32.

Hallett MB. The significance of stimulus-response
coupling in the neutrophils for physiology and
pathology. In: Hallett MB editors. The Neutrophil.
Cellular Biochemistry and Physiology. CRC Press, Boca
Raton, FL; 1989. p. 1-22.

Hampton MB, Kettle AJ, Winterbourn CC. Inside the
neutrophil phagosome: oxidants, myeloperoxidase, and
bacterial killing. Blood. 1998;92(9):3007-17.

95



Hartwig JH, Thelen M, Resen A, Janmey PA, Nairn AC,
Aderem A. MARCKS is an actin filament crosslinking
protein regulated by protein kinase C and
calciumcalmodulin. Nature. 1992; 356(6370):618-22.

Heymes C, Bendall JK, Ratajczak P, Cave AC, Samuel
JL, Hasenfuss G, Shah AM. Increased myocardial
NADPH oxidase activity in human heart failure. J Am
Coll Cardiol. 2003;41(12):2164-71.

Hordijk PL. Regulation of NADPH oxidases: the role of
Rac proteins. Circ Res. 2006;98(4):453-62.

Hoyal CR, Gutierrez A, Young BM, Catz SD, Lin JH,
Tsichlis PN, Babior BM. Modulation of p47PHOX
activity by site-specific phosphorylation: Akt-dependent
activation of the NADPH oxidase. Proc Natl Acad Sci
USA 2003;100(9):5130-5.

laccio A, Cattaneo F, Mauro M, Ammendola R. Fprll-
mediated induction of superoxide in 1l-37-stimulated
imr90 human fibroblast. Arch. Biochem. Biophys.
2009;481(1):94-100.

laccio A, Collinet C, Gesualdi NM, Ammendola R.
Protein kinase C-a and -0 are required for NADPH
oxidase activation in WKYMVm-stimulated IMR90
human  fibroblasts.  Arch.  Biochem. Biophys.
2007,;459(2):288-94.

Igumenova T1. Dynamics and membrane interactions of
protein kinase C. Biochemistry. 2015;54(32):4953-68.

96



Ishimi Y. Regulation of MCM2-7 function. Genes Genet
Syst. 2018;93(4):125-133.

Jang SW, Okada M, Sayeed I, Xiao G, Stein D, JinP, Ye
K. Gambogic amide, a selective agonist for TrkA
receptor that possesses robust neurotrophic activity,
prevents neuronal cell death. Proc Natl Acad Sci U S A.
2007;104(41):16329-34.

Javesghani D, Magder SA, Barreiro E, Quinn MT,
Hussain SN. Molecular characterization of a superoxide-
generating NAD(P)H oxidase in the ventilatory muscles.
Am J Respir Crit Care Med. 2002;165(3):412-8.

Kawamura K, Kawamura N, Fukuda J, Kumagai J,
Hsueh AJ, Tanaka T. Regulation of preimplantation
embryo development by brain-derived neurotrophic
factor. Developmental Biology. 2007;311(1):147-58.

Krishnamoorthy S, Recchiuti A, Chiang N, Yacoubian
S, Lee CH, Yang R, Petasis NA, Serhan CN. Resolvin
dl binds human phagocytes with evidence for
proresolving receptors. Proc. Natl. Acad. Sci. USA
2010;107(4):1660-5.

Kruk JS, Vasefi MS, Heikkila JJ, Beazely MA. Reactive
oxygen species are required for 5-HT-induced
transactivation of neuronal platelet-derived growth
factor and TrkB receptors, but not for ERKL1/2
activation. PL0oS One. 2013;8(9):e77027.

Kyriakis JM, Avruch J. Mammalian mitogen-activated
protein kinase signal transduction pathways activated by

97



stress and inflammation. Physiol. Rev. 2001;81(2):807—
69.

Latorraca NR, Venkatakrishnan AJ, Dror RO. GPCR
Dynamics:  Structures in  Motion. Chem Rev.
2017;117(1):139-155.

Le Y, Gong W, Li B, Dunlop NM, Shen W, Su SB, Ye
RD, Wang JM. Utilization of two seven-transmembrane,
G protein-coupled receptors, formyl peptide receptor-
like 1 and formyl peptide receptor, by the synthetic
hexapeptide WKYMVm for human phagocyte
activation. J Immunol, 1999;163(12):6777-84.

Le Y, Murphy PM, Wang JM. Formyl-peptide receptors
revisited. Trends Immunol. 2002;23(11):541-8.

Le Y, Oppenheim JJ, Wang JM. Pleiotropic roles of
formyl peptide receptors. Cytokine Growth Factor Rev.
2001;12(1):91-105.

Le Y, Yazawa H, Gong W, Yu Z, Ferrans VVJ, Murphy
PM, Wang JM. The neurotoxic prion peptide fragment
PrP(106-126) is a chemotactic agonist for the G protein-
coupled receptor formyl peptide receptor-like 1, J.
Immunol. 2001;166(3):1448-1451.

Lee HY, Oh E, Kim SD, Seo JK, Bae YS. Oxidized low-
density lipoprotein-induced foam cell formation is
mediated by formyl peptide receptor 2. Biochem.
Biophys. Res. Commun. 2014;443(3):1003-1007.

Levi-Montalcini R. The nerve growth factor 35 years
later. Science. 1987;237(4819):1154-62.

98



Lewis TS, Shapiro PS, Ahn NG. Signal transduction
through MAP kinase cascades. Adv. Cancer Res. 1998;
74:49-139.

Li K, Zhou F, Zhou Y, Zhang S, Li Q, Li Z, Liu L, Wu
G, Meng R. Quinalizarin, a specific CK2 inhibitor, can
reduce icotinib  resistance in  human  lung
adenocarcinoma cell lines. Int J Mol Med.
2019;44(2):437-446.

Li X, Qian X, Jiang H, Xia Y, Zheng Y, Li J, Huang BJ,
Fang J, Qian CN, Jiang T, Zeng YX, Lu Z. Nuclear
PGKT1 alleviates ADP-Dependent Inhibition of CDC7 to
Promote DNA Replication. Mol Cell. 2018;72(4):650-
660.e8.

Li SQ, Su N, Gong P, Zhang HB, Liu J, Wang D, Sun
YP, Zhang Y, Qian F, Zhao B, Yu Y, Ye RD. The
Expression of Formyl Peptide Receptor 1 is Correlated
with Tumor Invasion of Human Colorectal Cancer. Sci
Rep. 2017;7(1):5918. doi: 10.1038/s41598-017-06368-
9.

Li YJ, Zhao W, Yu XJ, Li FX, Liu ZT, Li L, Xu SY.
Activation of p47phox as a mechanism of bupivacaine-
induced burst production of reactive oxygen species and
neural toxicity. Oxidative Medicine and Cellular
Longevity. 2017; 2017:8539026.

Luttrell DK, Luttrell LM. Not so strange bedfellows: G-
protein-coupled receptors and Src family Kkinases.
Oncogene 2004;23(48):7969-78.

99



Luttrell LM, Lefkowitz RJ. 2002. The role of beta-
arrestins in the termination and transduction of G-
protein-coupled receptor signals. J. Cell. Sci.
2002;115(pt. 3):455-65.

Martyn KD, Kim MJ, Quinn MT, Dinauer MC, Knaus
UG. p2l-activated kinase (Pak) regulates NADPH
oxidase activation in human neutrophils. Blood
2005;106(12):3962-9.

McDonald N, Chao MV. Structural determinants of
neurotrophin action. J Biol Chem 1995;270(34):19669—
72.

Meldolesi J. Neurotrophin Trk Receptors: New Targets
for Cancer Therapy. Rev Physiol Biochem Pharmacol.
2018; 174:67-79.

Migeotte I, Communi D, Parmentier M. Formyl peptide
receptors: a promiscuous subfamily of G protein-
coupled receptors controlling immune responses.
Cytokine Growth Factor Rev. 2006;17(6):501-19.

Moens U, Kostenko S, Sveinbjgrnsson B. The Role of
Mitogen-Activated Protein Kinase-Activated Protein
Kinases (MAPKAPKS) in Inflammation. Genes (Basel).
2013;4(2):101-33.

Moodie SA, Wolfman A. The 3Rs of life: Ras, Raf and
growth regulation. Trends Genet. 1994;10(2):44-8.

Moughal NA, Waters C, Sambi B, Pyne S, Pyne NJ.
Nerve growth factor signaling involves interaction
between the TrkA receptor and LPA receptor 1 systems:

100



Nuclear translocation of the LPA receptor 1 and TrkA
receptors in pheochromocytoma 12 cells. Cell Signal.
2004;16(1):127-36.

Murphy PM, Ozgelik T, Kenney RT, Tiffany HL,
McDermott D, Francke U. A structural homologue of the
N-formyl peptide receptor. Characterization and
chromosome mapping of a peptide chemoattractant
receptor family. J Biol Chem.1992;267(11):7637-43.

Nisimoto Y, Motalebi S, Han CH, Lambeth JD. The
p67(phox) activation domain regulates electron flow
from NADPH to flavin in flavocytochrome b(558). J
Biol Chem. 1999;274(33):22999-3005.

Noma T, Lemaire A, Naga Prasad SV, Barki-Harrington
L, Tilley DG, Chen J, le Corvaoisier P, Violin JD, Wei H,
Lefkowitz RJ, et al. B-Arrestin-mediated f1-adrenergic
receptor transactivation of the EGFR confers
cardioprotection. J. Clin. Investig. 2007;117(9):2445-58.

Nusser N, Gosmanova E, Zheng Y, Tigyi G. Nerve
growth factor signals through TrkA,
phosphatidylinositol 3-kinase, and Racl to inactivate
RhoA during the initiation of neuronal differentiation of
PC12 cells. The Journal of Biological Chemistry.
2002;277(39):35840-46.

Obermeier A, Bradshaw RA, Seedorf K, Choidas A,
Schlessinger J, Ullrich A. Neuronal differentiation
signals are controlled by nerve growth factor
receptor/Trk binding sites for SHC and PLC gamma.
EMBO J. 1994;13(7):1585-90.

101



Oda K, Matsuoka Y, Funahashi A, Kitano H. A
comprehensive pathway map of epidermal growth factor
receptor signalling. Mol Syst Biol. 2005;1-14.

Ohtsu H, Dempsey PJ, Eguchi S. ADAMs as mediators
of EGF receptor transactivation by G protein-coupled
receptors. Am J Physiol Cell Physiol. 2006;291(1):C1-
10.

Omann, GM, Allen RA, Bokoch GM, Painter RG,
Traynor AE, Sklar LA. Signal transduction and
cytoskeletal activation in the neutrophil. Physiol. Rev.
1987;67(1):285- 322.

Ono K, Han J. The p38 signal transduction pathway:
activation and function. Cell Signal. 2000.12(1):1-13.

Park HS, Lee SM, Lee JH, Kim YS, Bae YS, Park JW.
Phosphorylation of the leucocyte NADPH oxidase
subunit p47(phox) by casein kinase 2: conformation-
dependent phosphorylation and modulation of oxidase
activity. Biochem J. 2001;358(Pt 3):783-90.

Perez HD, Holmes R, Kelly E, McClary J, Chou Q,
Andrews WH. Cloning of the gene coding for a human
receptor for formyl peptides. Characterization of a
promoter region and evidence for polymorphic
expression. Biochemistry. 1992;31(46):11595-9.

Perretti M, Chiang N, La M, Fierro IM, Marullo S,
Getting SJ, Solito E, Serhan CN. Endogenous lipid- and
peptide-derived anti-inflammatory pathways generated
with glucocorticoid and aspirin treatment activate the
lipoxin a4 receptor. Nat. Med. 2002;8(11):1296-1302.

102



Perretti M. The annexin 1 receptor(s): is the plot
unravelling? Trends Pharmacol Sci. 2003;24(11):574-9.

Pettit E, Hallett MB. Localised and global cytosolic
Ca2+ changes in neutrophils during engagement of
Cd11b/CD18 integrin visualised using confocal laser
scanning reconstruction. J. Cell. Sci.
1996;109(pt.7):1689-94.

Piccoli C, Ria R, Scrima R, Cela O, D’ Aprile A, Boffoli
D, Falzetti F, Tabilio A, Capitanio N. Characterization
of mitochondrial and extra-mitochondrial oxygen
consuming reactions in human hematopoietic stem cells.
Novel evidence of the occurrence of NAD(P)H oxidase
activity. J Biol Chem. 2005;280(28):26467-76.

Pinkas-Kramarski R, Soussan L, Waterman H,
Levkowitz G, Alroy I, Klapper L, Lavi S, Seger R,
Ratzkin BJ, Sela M, Yarden Y. Diversification of Neu
differentiation factor and epidermal growth factor
signaling by combinatorial receptor interactions. EMBO
J. 1996;15(10):2452-67.

Prenzel N, Zwick E, Daub H, Leserer M, Abraham R,
Wallasch C, Ullrich A. EGF receptor transactivation by
G-protein-coupled receptors requires metalloproteinase
cleavage of proHB-EGF. Nature. 1999;402(6764): 884-
8.

Rabiet MJ, Huet E, Boulay F. Human mitochondria-
derived N-formylated peptides are novel agonists
equally active on FPR and FPRL1, while Listeria
monocytogenes-derived peptides preferentially activate
FPR. Eur J Immunol. 2005;35(8):2486-95.

103



Rabiet MJ, Macari L, Dahlgren C, Boulay F. N-formyl
peptide receptor 3 (FPR3) departs from the homologous
FPR2/ALX receptor with regard to the major processes
governing  chemoattractant  receptor  regulation,
expression at the cell surface, and phosphorylation. J
Biol Chem. 2011;286(30):26718-31.

Raingeaud J, Gupta S, Rogers JS, Dickens M, Han J,
Ulevitch RJ, Davis RJ. Pro-inflammatory cytokines and
environmental stress cause p38 mitogen-activated
protein Kkinase activation by dual phosphorylation on
tyrosine and  threonine. J.  Biol.  Chem.
1995;270(13):7420-6.

Rane MJ, Carrithers SL, Arthur JM, Klein JB, McLeish
KR. Formyl peptide receptors are coupled to multiple
mitogen-activated protein kinase cascades by distinct
signal transduction pathways: role in activation of
reduced nicotinamide adenine dinucleotide oxidase. J
Immunol. 1997;159(10):5070-8.

Reichardt LF. Neurotrophin-regulated signalling
pathways. Philosophical Transactions of the Royal
Society of London. Series B, Biological Sciences.
2006;361(1473):pp. 1545-64.

Salomon DS, Brandt R, Ciardiello F, Normanno N.
Epidermal growth factor related peptides and their
receptors in human malignancies. Clin Rev Oncol
Haematol. 1995;19(3):183-232.

Sato K. Cellular Functions Regulated by
Phosphorylation of EGFR on Tyr845. Int J Mol Sci.
2013;14(6): 10761-90.

104



Scaltriti M, Baselga J. The epidermal growth factor
receptor pathway: a model for targeted therapy. Clin
Cancer Res. 2006;12(18):5268-72.

Schaeffer HJ, Weber MJ. Mitogen-activated protein
kinases: specific messages from ubiquitous messengers.
Mol. Cell. Biol. 1999;19(4):2435-2444.

Sheats MK, Yin Q, Fang S, Park J, Crews A2, Parikh I,
Dickson 3, Adler KB. MARCKS and Lung Disease. Am
J Respir Cell Mol Biol. 2019;60(1):16-27.

Schiffmann E, Corcoran BA, Wahl SM. N-
formylmethionyl peptides as chemoattractants for
leucocytes. Proc Natl Acad Sci U S A. 1975;72(3):1059—
1062.

Schlessinger J. Cell signaling by receptor tyrosine
kinases. Cell. 2000;103(2):211-25.

Segal BH, Grimm MJ, Khan AN, Han W, Blackwell TS.
Regulation of innate immunity by NADPH oxidase. Free
Radic Biol Med. 2012;53(1):72-80.

Selvatici R, Falzarano S, Mollica A, Spisani S. Signal
transduction  pathways triggered by selective
formylpeptide analogues in human neutrophils. Eur. J.
Pharmacol. 2006;534(1-3):1-11.

Seo JK, Choi SY, Kim Y, Baek SH, Kim KT, Chae CB,
Lambeth JD, Suh PG, Ryu SH. A peptide with unique
receptor specificity: Stimulation of phosphoinositide
hydrolysis and induction of superoxide generation in

105



human neutrophils. J. Immunol. 1997;158(4):1895—
1901.

Serrano F, Kolluri NS, Wientjes FB, Card JP, Klann E.
NADPH oxidase immunoreactivity in the mouse brain.
Brain Res. 2003;988(1-2):193-8.

Shaykhiev R, Beisswenger C, Kandler K, Senske J,
Puchner A, Damm T, Behr J, Bals R. Human
endogenous antibiotic I1-37 stimulates airway epithelial
cell proliferation and wound closure. Am. J.
Physiol.Lung Cell Mol. Physiol. 2005;289(5):L842-8.

Sheikh MH, Solito E. Annexin Al: Uncovering the
Many Talents of an OIld Protein. Int J Mol Sci.
2018;19(4): 1045.

Shenoy SK, Lefkowitz RJ. Multifaceted roles of beta-
arrestins in the regulation of seven-membrane-spanning
receptor trafficking and signaling. Biochem J.
2003;375(pt. 3):503-15.

Slowik A, Merres J, Elfgen A, Jansen S, Mohr F, Wruck
CJ, Pufe T, Brandenburg LO. Involvement of formyl
peptide receptors in receptor for advanced glycation end
products (RAGE) - and amyloid beta 1-42-induced
signal transduction in glial cell. Mol Neurodegener.
2012; 7:55.

Snapkov 1, Oqvist CO, Figenschau Y, Kogner P,
Johnsen JI, Sveinbjgrnsson B. The role of formyl peptide
receptor 1 (FPR1) in neuroblastoma tumorigenesis.
BMC Cancer. 2016:16:490.

106



Spitaler M, Cantrell DA. Protein kinase C and beyond.
Nat. Immunol. 2004;5(8):785-90.

Stenfeldt AL, Karlsson J, Wenneras C, Bylund J, Fu H,
Dahlgren C. Cyclosporin H, Boc-MLF and Boc-FLFLF
are antagonists that preferentially inhibit activity
triggered through the formyl peptide receptor.
Inflammation. 2007;30(6):224-9.

Takano T, Fiore S, Maddox JF, Brady HR, Petasis NA,
Serhan CN. Aspirin-triggered 15-epi-lipoxin A4
(LXA4) and LXA4 stable analogues are potent inhibitors
of acute inflammation: evidence for anti-inflammatory
receptors. J Exp Med. 1997;185(9):1693-704.

Tanimoto T, Jin ZG, Berk BC. Transactivation of
vascular endothelial growth factor (VEGF) receptor Flk-
1/KDR is involved in sphingosine 1-phosphate
stimulated phosphorylation of Akt and endothelial
nitric-oxide synthase (eNOS). J Biol Chem.
2002;277(45):42997-3001.

Tsai CL, Chen WC, Lee IT, Chi PL, Cheng SE, Yang
CM. c-Src-dependent transactivation of PDGFR
contributes to TNF-a-induced MMP-9 expression and
functional impairment in osteoblasts. Bone 2014,
60:186-97.

Tsuji T, Ficarro SB, Jiang W. Essential role of
phosphorylation of MCM2 by Cdc7/Dbf4 in the
initiation of DNA replication in mammalian cells. Mol
Biol Cell. 2006;17(10):4459-72.

107



Uchiyama-Tanaka Y, Matsubara H, Mori Y, Kosaki A,
Kishimoto N, Amano K, Higashiyama S, Iwasaka T.
Involvement of HB-EGF and EGF receptor
transactivation in  TGF-B-mediated  fibronectin
expression in  mesangial cells. Kidney Int.
2002;62(3):799-808.

Ultsch MH, Wiesmann C, Simmons LC, Henrich J,
Yang M, Reilly D, Bass SH, de Vos AM. Crystal
structures of the neurotrophin-binding domain of TrkA,
TrkB and TrkC. J Mol Biol. 1999;290(1):149-59.

Uren RT, Turnley AM. Regulation of neurotrophin
receptor (Trk) signaling: suppressor of cytokine
signaling 2 (SOCS2) is a new player. Front Mol
Neurosci. 2014;7:39.

Vaudry D, Stork PJ, Lazarovici P, Eiden LE. Signaling
pathways for PC12 cell differentiation: making the right
connections. Science. 2002;296(5573):1648-1649.

Vecchi L, Alves Pereira Z6ia M, Goss Santos T, de
Oliveira Beserra A, Colaco Ramos CM, Franca Matias
Colombo B, Paiva Maia YC, Piana de Andrade V,
Teixeira Soares Mota S, Gongalves de Aradjo T, Van
Petten de Vasconcelos Azevedo F, Soares FA, Oliani
SM, Goulart LR. Inhibition of the AnxAl/FPR1
autocrine axis reduces MDA-MB-231 breast cancer cell
growth and aggressiveness in vitro and in vivo. Biochim
Biophys Acta Mol Cell Res. 2018;1865(9):1368-1382.

Vignais PV. The superoxide-generating NADPH
oxidase: structural aspects and activation mechanism.
Cell Mol Life Sci. 2002;59(9):1428-59.

108



Weston CR, Davis RJ. The JNK signal transduction
pathway. Curr. Opin. Genet. Dev. 2002;12(1):14-21.

Yamamoto Y, Kanazawa T, Shimamura M, Ueki M,
Hazato T. Inhibitory effects of spinorphin, a novel
endogenous regulator, on chemotaxis, O2- generation,
and  exocytosis by  N-formylmethionyl-leucyl-
phenylalanine (FMLP)-stimulated neutrophils. Biochem
Pharmacol. 1997;54(6):695-701.

Yang D, Chen Q, Gertz B, He R, Phulsuksombati M, Ye
RD, Oppenheim JJ. Human dendritic cells express
functional formyl peptide receptor-like-2 (FPRL2)
throughout maturation. J Leukoc Biol. 2002;72(3):598-
607.

Yang D, Chen Q, Schmidt AP, Anderson GM, Wang,
JM, Wooters J, Oppenheim JJ, Chertov O. LI-37, the
neutrophil  granule- and epithelial cell-derived
cathelicidin, utilizes formyl peptide receptor-like
1(fprll) as a receptor to chemoattract human peripheral
blood neutrophils, monocytes, and t cells. J. Exp. Med.
2000:192(7) 1069-74.

Yazawa H, Yu ZX, Takeda, Le Y, Gong W, Ferrans VJ,
Oppenheim JJ, Li CC, Wang JM. Beta amyloid peptide
(Abetad2) is internalized via the G-protein-coupled
receptor FPRL1 and forms fibrillar aggregates in
macrophages. FASEB J. 2001;15(13):2454-62.

Ye RD, Boulay F, Wang JM, Dahlgren C, Gerard C,
Parmentier M, Serhan CN, Murphy PM. International
Union of Basic and Clinical Pharmacology. LXXIII.

109



Nomenclature for the formyl peptide receptor (FPR)
family. Pharmacol Rev. 2009;61(2):119-61.

Ying G, Iribarren P, Zhou Y, Gong W, Zhang N, Yu ZX,
Le Y, Cui Y, Wang JM. Humanin, a newly identified
neuroprotective factor, uses the G protein-coupled
formylpeptide receptor-like-1 as a functional receptor, J.
Immunol. 2004;172(11):7078-7085.

Zaffran Y, Lepidi H, Bongrand P, Mege JL, Capo C. F-
actin content and spatial distribution in resting and
chemoattractant-stimulated human polymorphonuclear
leucocytes. Which role for intracellular-free calcium? J.
Cell. Sci. 1993; 105:675-684.

Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger
W, Brohi K, Itagaki K, Hauser CJ. Circulating
mitochondrial DAMPs cause inflammatory responses to
injury. Nature. 2010;464(7285):104-7.

110



8. LIST OF PUBLICATIONS

Castaldo M., Zollo C., Esposito G., Ammendola R., Cattaneo
F. NOX2-Dependent Reactive Oxygen Species Regulate
Formyl-Peptide Receptor 1-Mediated TrkA Transactivation
in SH-SY5Y Cells. Oxid Med Cell Longev. 2019 Dec 2;2019:
2051235. doi: 10.1155/2019/2051235. eCollection 2019.
PMID: 31871542

Cattaneo F., Russo R., Castaldo M., Chambery A., Zollo C.,
Esposito G., Pedone P.V., Ammendola R. Phosphoproteomic
analysis sheds light on intracellular signaling cascades
triggered by Formyl-Peptide Receptor 2. Sci Rep. 2019 Nov
29;9(1):17894. doi: 10.1038/s41598-019-54502-6. PMID:
31784636

Cattaneo F., De Marino S., Parisi M., Festa C., Castaldo M.,
Finamore C, Duraturo F., Zollo C., Ammendola R, Zollo F.,
lorizzi M. Wound healing activity and phytochemical
screening of purified fractions of Sempervivum tectorum L.
leaves on HCT 116. Phytochem Anal. 2019 Sep;30(5):524-
534. doi: 10.1002/pca.2844. Epub 2019 Jun 5. PMID:
31168900

Cattaneo F., Castaldo M., Parisi M., Faraonio R., Esposito G.,
Ammendola R. Formyl Peptide Receptor 1 Modulates
Endothelial Cell Functions by NADPH Oxidase-Dependent
VEGFR2 Transactivation. Oxid Med Cell Longev. 2018 Mar
18;2018: 2609847. doi: 10.1155/2018/2609847. eCollection
2018. PMID: 29743977

Russo R., Cattaneo F., Lippiello P., Cristiano C., Zurlo F.,
Castaldo M., lrace C., Borsello T., Santamaria R.,
Ammendola R., Calignano A., Miniaci M.C. Motor
coordination and synaptic plasticity deficits are associated

111



with increased cerebellar activity of NADPH oxidase,
CAMKII, and PKC at preplaque stage in the TgCRND8
mouse model of Alzheimer's disease. Neurobiol Aging. 2018
Aug;68:123-133. doi: 10.1016/j.neurobiolaging.2018.02.025.
Epub 2018 Mar 5. PMID: 29602494

112



