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Introduction

A key question in developmental biology is how cells perceive and respond properly to
their enviroment. Cells must not only sense and distinguish between stimuli, but also
transduce the signal accurately, to activate the appropiate responses. Signal transduction
is the process by which extracellular signals are detected and converted into
intracellular signals, which, in turn, generate specific cellular responses. Signal
transduction systems are typically arranged as networks of sequential protein kinases. In
such signalling cascades, MAP kinases (mitogen-activated protein kinases) carry out a
crucial role.

MAP kinases are a super-family of serine-threonine protein kinases expressed in
all eukaryotic cells. The basic assembly of MAP kinase pathways is a three-component
module conserved from yeast to humans. This module includes three kinases that
estabilish a sequential activation pathway comprising a MAP kinase kinase kinase

(MKKK), a MAP kinase kinase (MKK), and MAP kinase (MK) (Widman et al., 1999)
(Fig.1).

Receptor tyrosine Kinases.

The MAP kinase transduction system is particularly important in growth factors
signalling. Growth factors control cell growth, proliferation, differentiation, survival
and migration by activating receptor tyrosine kinase (RTK) family members (Blume-
Jensen and Hunter, 2001). Signalling by RTKSs requires ligand-induced receptor
oligomerization, but evidences indicate that RTKs oligomerization per se is not always
sufficient for kinase activation. There seems to be an additional requirement for ligand-
induced conformational switches, ensuring that the catalytic domains are juxtaposed in
a proper configuration to enable phosphorylation (Schlessinger, 2000; Jiang and Hunter,
1999). Anyway, upon ligand binding, cytoplasmic tyrosine residues of RTKs becomes
autophosphorylated and thus provide docking sites for a variety of phosphotyrosine-
binding proteins. The specific recruitment of these proteins, which harbour various,
catalytic and scaffolding domains, determines the signalling output (Blume-Jensen and

Hunter, 2001).



Many RTKSs, among which epidermial growth factor (EGFR) (Liebman, 2001),
platelet-derived growth factor (PDGF) (Satoh et al., 1993; Nanberg and Westmark,
1993) and RET (Chiariello e al., 1998) stimulate, through the small GTP-binding Ras,
different MAP kinase pathways.

MAP Kinases.

Pathways involving MAP kinases are activated in response to an extraordinary
diverse array of stimuli. These stimuli vary from growth factors and cytokines to
irradiation, osmolarity, and shear stress of fluid flowing over a cell. These stimuli
induce a specific dual phosphorylation on a conserved motif, Thr-Xaa-Tyr, present in
all MAP kinases (Fig.1). The best characterized substrates for MAP kinases are
transcription factors. However, MAP kinases have the ability to phosphorylate many
other proteins including other kinases, phospholipases, and cytoskeleton-associated
proteins.

In mammals, there are many MAP kinases with different biological functions,
grouped in distinctly regulated groups, of which the best known are ERKI1/2
(extracellular signal related kinase, ERK), JNKs (jun amino terminal kinase, JNK) and
p38, which are involved in many cellular events such as proliferation, differentiation,
apoptosis and stress (Chang and Karin, 2001) (Fig.2). All MAP kinases recognize
similiar phosphoacceptor sites composed of serine or threonine followed by a proline,
and the amino acids that surround these sites further increase the specifity of
recognition by the catalitic pocket of the enzyme. Full specificity is ensured through the
interaction mediated by another site on the kinase that recognizes a distinct site on the
substrate (docking site). Moerover, spatial localization of signalling molecules further
auguments specificity in signal transduction (Roux and Bleins, 2004). Finally, cross-
talk by scaffolding proteins regulate MAP kinase signaling beyond simple tethering
(Chang and Karin, 2001; Qi and Elion, 2005).

ERK 1/2.
The MAP kinases can be activated by a wide variety of different stimuli, but in

general, ERK1 and ERK?2 are preferentially activated in response to growth factors and



phorbol esters. The mammalian ERK1/2 module, also known as the classical mitogen
kinase cascade, consists of the MAPKKKs A-Raf, B-Raf, and Raf-1, the MAPKKs
MEK]1 and MEK2, and the MAPKs ERK1 and ERK2. ERK1 and ERK2 have 83%
amino acid identity and are expressed to various extents in all tissues (Chen et al.,
2001). Tipically, cell surface receptors such as tyrosine kinases (RTK) and G protein-
coupled receptors transmit activating signals to the Raf/MEK/ERK cascade through
different isoforms of the small GTP-binding protein Ras. Activated Raf binds to and
phosphorylates the dual specificity kinases MEKI1 and MEK?2, which in turn
phosphorylate ERK1 and ERK?2 within a conserved Thr-Glu-Tyr (TEY) motif in their
activation loop. (Hallberg et al., 1994). ERK1/2 are distribuited throughout quiescent
cells, but upon stimulation, a significant population of ERK1/2 accumulates in the
nucleus (Chen et al., 1992). While the mechanisms involved in nuclear accumulation of
ERK1/2 remain elusive, nuclear retention, dimerization, phosphorylation, and release
from cytoplasmic anchors have been shown to play a role (Pouyssegur et al., 2002).
Activated ERK1 and ERK?2 phosphorylate numerous substrates in all cellular
compartments including various membrane proteins, such as the tyrosine kinase Syk,
nuclear substrates, such as MEF2, c-Fos, c-Myc and STAT3, and cytoskeletal proteins,
such as paxillin (Chen et al., 2001). ERK1/2 signaling has been implicated as a key
regulator of cell growth and differentiation, as a consequence of their effects on cellular
proliferation, inhibitors of the ERK pathway are entering clinical trials as potential
anticancer agents (Kohno and Pouyssegur, 2003). Only the knockout of ERK1 has been
described. Erk!” mice are viable and appear normal and with a modest defect in T-cell
devolopment. It is likely that most ERK1 functions are equally served by ERK2 (Pages
et al., 1999). A similar but more marked defect is present in transgenic mice expressing
a dominant-negative MAPK kinase MEK1 in thymocytes. Indeed Mek!”" mice die in

utero, exhibiting defective placental vascularization (Giroux et al., 1999).

JNKs

The Jun kinases (JNK) were originally identified by their ability to
phosphorylate c-Jun in response to UV-irradiation (Hibi et al., 1993). Three loci Jnk
heve been identified. The respective proteins JNKI1, JNK2 and JNK3, exist in 10
different spliced forms and are ubiquitously expressed, although JNK3 is present
primarily in the brain. The JNKs are strongly activated in response to cytokines, UV

irradiation, growth factor deprivation, DNA-damaging agents and, to a lesser extent,



some G protein-coupled receptors, serum, and growth factors (Kyriakis and Avruch,
2001).

Like ERK1/2, JNK activation requires dual phosphorylation on tyrosine and
threonine residues within a conserved Thr-Pro-Tyr (TPY) motif. The MAPK kinases
that catalyze this reaction are known as MEK4 and MEK?7, and are themselves
phosphorylated and activated by several MAPKK kinases, including MEKK1-4, MLK2
and MLK3 (Kyriakis and Avruch, 2001).

As for ERKSs, JNKs may relocalize from the cytoplasm to the nucleus following
stimulation (Mizukami et al., 1997). A well-known substrate for JNKs is the
transcription factor c-Jun. Phosphorylationof c-Jun on Ser63 and Ser73 by JNK leads to
increased c-Jun-dependent transcription (Weston and Davis, 2002). Several other
transcription factors have been shown to be phosphorylated by the JNKs, such as ATF2
ans STAT3 (Kyriakis and Avruch, 2001).

All three Jnk loci have been knocked out. None of the mutations results in
lethality or obvoius defects. However, Jnk/ 7 Jnk2” double mutants die at mid-
gestation (E11), exhibiting defective neural-tube closure (Sabapathy et al., 1999). Thus,
JNK functions needed for development and viability are not isoform specific.
Unespectedly, deletion of the MAPKK kinase MKK4 results in a more severe
phenotype than the combined loss of JNK1/2: mid-gestetional lethality caused by
abnormal liver development (Ganiatsas et al., 1998). The same phenotype is caused by

complete loss of c-Jun (Su et al., 1994).

p38s.

p38 is the archetypal member of the third MAP kinase-related pathway in
mammalian cells (Han et al., 1994). The p38 module consists of several MAPKK
kinases, including MEK kinases 1 to 4 (MEKK1-4), MLK2 and MLK3, ASK1 and Cot,
the MAPK kinases MEK3 and MEK6 (MEKK3 and MEKKS®6), and the four known p38
isoforms, a, B, Y and o (Kyriakis et al., 2001). In mammalian cells, the p38 isoforms are
strongly activated by environmental stresses (oxidative stresses, UV irradiation,
hypoxia, ischemia) and inflammatory cytokines (interleukin-1, IL-1, tumor necrosis
factor alpha, TNF-a) but not appreciably by mitogenic stimuli. Most stimuli that

activate p38 also activate JNKs, but only p38 is inhibited by the anti-inflammatory drug



SB203580, which has been extremely useful in delineating the function of p38 (Lee et
al., 1994; Chen et al., 2001).

Activation of the p38 isoforms results from MEK3/6 catalyzed phosphorylation
of a conserved Thr-Gly-Tyr (TGY) motif in their activation loop (Enslen et al., 2000).
p38 was shown to be present in both the nucleus and cytoplasm of quiescent cells. Some
evidences suggests that, following activation, p38 translocates from the cytoplasm to
the nucleus (Raingeaud et al., 1995), but other data indicate that activated p38 is also
present in the cytoplasm of stimulated cells (Ben-Levy et al., 1998).

A large body of evidence indicates that p38 activity is critical for normal
immune and inflammatory responses (Ono and Han, 2000), p38 is indeed activated in
macrophages, neutrophilis, and T cells by numerous extracellular mediators of
inflammation, including chemoattractans, cytokines, chemokines, and bacterial
lipolysaccharide (Ono and Han, 2000). p38 partecipates in macrophage and neutrophil
functional responses, including respiratoty burst activity, chemotaxis, granular
exocicytosis, adherence, and apoptosis, and also mediates T-cell differentiation and
apoptosis by regulating gamma-interferon production (Ono and Han, 2000). Moreover,
using SB203580 and constitutively active forms of p38 and MEK3/6, it has been shown
that p38 regulates the expression of many cytokines, transcription factors, and cell
surface receptors (Ono and Han, 2000). While the exact mechanisms involved in p38
immune functions are starting to emerge, activated p38 has been shown to
phosphorylate several cellular targets, including cytosolic phospholipase A2, the
microtubule-associated protein Tau, and the transcription factors ATF-1 and -2,
MEF2A, NF-kB, Ets-1, Elk-1 and p53 (Ono and Han, 2000).

The only p38 isozyme whose in vivo function has been examined genetically is
p38a. Inactivation of p38a results in embryonic lethality (Tamura et al., 2000). It is no
clear whether the lack of compensation by other isoforms is indicative of distinct

biochemical functions or a marked difference in expression patterns .

Big “atypical” MAP Kkinases.

The recently identified ERKS, ERK7 and ERKS are significantly larger than the
originally identified ERK1 and ERK2 due to an extended C-terminal domain. ERKS,
also known as big mitogen-activated kinase 1 (BMKI1) (Lee et al., 1995), is a 110 kDa
protein, while ERK7 is 61 kDa protein and ERKS is 60 kDa protein. All these MAP



kinases are activated by dual phosphorylation on Thr-Xaa-Tyr motif. Recent
information indicates that the C-terminal regions of ERKS5 and ERK7 have important
regulatory functions. The C-terminal region of ERKS appears to regulate negatively its
kinase activity (Zhou et al., 1995) and contains a putative bipartite nuclear translocation
signal for ERKS that functions in vivo following activation (Yan et al., 2001). The C-
terminal region of ERKS5 also contains a myocyte enancher-binding factor 2-interacting
region and a potent transcriptional activation domain (Kasler et al., 2000). Disruption of
the gene encoding ERKS led to angiogenic defects and embryonic lethality in mice
(Yan et al., 2003)

ERK?7 is activated by autophosphorylation, which is regulated through its C-
terminal domain (Abe et al., 2001). Moreover, the C-terminal region is required for the
ability of ERK?7 to localize to the nucleus and inhibit growth (Abe et al., 1999).

ERKS is the last identified member of the MAP kinase family (Abe et al., 2002).
ERKS represents the human orthologue of the rat ERK7 and is present in brain, kidney
and lung. The overall amino acid identity of the human ERKS8 and rat ERK7 sequences
is 69%. Comparison of the kinase domains reveals a sequence identity of about 82%,
whereas the amino acid sequence identity of the C-terminal regions is only 53% (Abe et
al., 2002). By contrast, sequence identity between other ERK orthologues is
significantly higher.

The possible physiological roles of ERKS8 remain the less studied. The failure of
ERKS to phosphorylate many of tested substrates, c-jun, c-myc, histone H1, Ets-1, Elk-
1 and paxillin has not elucitated its function. Its activation following stimulation by c-
Src or cell exposure to serum hints at a function in response to mitogenic factors (Abe et
al., 2002). Obviously, many possibilities remain to be explored when describing the
function of ERKS.

The objective of the present work is to determine the relevant MAP kinase
family members involved in the signals from tyrosine kinase receptors to the nucleus. In
particular, we examined the role of JNK in c¢-myc expression induced by PDGF and

the activation c-Abl mediates RET/PTC3-dependent of the novel ERK8 MAP kinase.
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Materials and Methods

Expression vectors.

pcDNAIII/GS-Myc-V5 was purchased from Invitrogen. Expression vectors for
Racl12V and the corresponding effector domain mutants Rac12V/33N, Racl12V/37L,
Rac12V/40H were kindly provided by C.J. Der (Westwick et al., 1997). The bacterial
expression vector pGEX 4T3 GST-ATF2, and expression vectors for MEKK1 and
MLK3 were described previously (Chiariello et al., 2000; Teramoto et al., 1996).
PCDNALIII-Sis was generated by cloning the sis (PDGF BB) oncogene in the EcoRI and
Notl restriction sites. The pmycAP1 luc reporter vector was obtained by cloning two
mouse AP-1 elements in the pGL3 reporter vector (Promega). PCR amplifications of
the c-Fos and c-Jun cDNAs were cloned in the pCEFL AUS and pCEFL AUl
expression vectors, respectively. The JunDBD-SID expression vector was prepared
cloning in pCEFL HA the DNA binding domain of c-Jun and the Sin3-binding domain
of Mad. The Gal4-driven luciferase reporter plasmid pGal4 Luc was constructed by
inserting six copies of a Gal4 responsive element and a TATA oligonucleotide to
replace the simian virus 40 minimal promoter in the pGL3 vector (Promega). The Gal4-
VP16 expression vector was prepared cloning the transactivation domain of the VP16
transcription factor in frame with the DNA-binding domain of Gal4, into the pPCDNA
III vector.

The expression vectors pCEFLP-SrcYF (constitutively active) and pCEFLP-
SrcYF KM (dominant negative) were obtained by sub-cloning the corresponding cDNA
obtained from pSM-SrcYF and pSM-SrcYF KM, kindly provided by H. Varmus
(Chiariello et al., 2001). The HA-tagged form of Erk8 was generated by cloning the
corresponding cDNA, kindly provided by M. Abe (Abe et al., 2002), in the pCEFL-HA
vector. The expression vector for the dominant negative Erk8 KR molecule was also
provided by M. Abe (Abe et al., 2002). To generate the pCEFL-HA-Erk8[ 1 expression
vector, we amplified by PCR the corresponding cDNA using an “expressed sequence
tag” (est) obtained from ResGen (Clone ID 5742965). This sequence data has been
submitted to the GenBank database under accession number AY994058. The pCDNA3-
Ptc3 expression plasmid has been previously described (Melillo et al., 2001). The
Pic3¥! Pe3Y!%5) Pie3Y!%?) Pic3 Kin® and Ptc3V3™ expression plasmid were

generated by the QuikChangeTM Site-Directed Mutagenesis Kit (Stratagene), using



pCDNA3-PTC3 as a template. Expression vectors for c-Abl and its oncogenic form,
Bcer/Abl p210 (Ber/Abl), have been previously described (Lobo et al., 2005; Sanchez-
Prieto et al., 2002). The dominant negative c-Abl (Abl-KD) expression vector was
obtained by mutating a critical lysine in the kinase domain of c-Abl, contained in the
pCEFL-AUS vector. The c-myc and c-jun promoter reporter plasmids, pMyc-Luc and
pJun-Luc, respectively, and the pCDNAIII-[]-galactosidase ([]-gal) expression vector
have been previously described (Chiariello et al., 2000; Chiariello et al., 2001).

Reagents.

Human recombinant PDGF-BB (Intergen, NY) was used at a final concentration
of 12.5 ng ml™”. The selective JNK inhibitor SP600125 (Biomol, PA) was added to the
cells 30 min before stimulation, at the indicated concentrations. The PP1 inhibitor was

purchased from Biomol. All other chemicals were purchased from Sigma.

Cell culture and transfections.

293T cells and thyroid ARO cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% foetal bovine serum (FBS), 2mM L-
glutamine, and 100U/ml penicillin-streptomycin (Invitrogen). NIH3T3 fibroblasts were
maintained in DMEM supplemented with 10% calf bovine serum (Bio Whittaker),
2mM L-glutamine, and 100U/ml penicillin-streptomycin (Invitrogen). 293T and
NIH3T3 cells were transfected by the Lipofect AMINE reagent (Invitrogen), while ARO
cells were transfected by the Lipofectamine 2000 reagent (Invitrogen), respectively, in
accordance with the manufacturer’s instructions. For transfections, 200 ng of HA-Erk8
and HA-Erk88 and 100 ng of SrcYF, Abl Act., Bcr/Abl and of the different Ptc3

expression vectors were used, unless otherwise indicated.

Antibodies.

As primary antibodies rabbit polyclonal antibodies against JNK1 (C-17), Racl
(C-14), c-Jun (H-79), JunD (329), JunB (N-17), ATF2 (C-19) (Santa Cruz); Phospho c-
Jun (Ser63) and Phospho c-Jun (Ser73) (Cell Signaling Technology); Erk2 (C-14) and
c-Src (N-16) (Santa Cruz), phospho-MAPK (p42/p44) (Cell Signaling), RET and
phospho-RET (phospho-Tyr905) (Carlomagno et al., 2004); mouse monoclonal
antibodies against AUS, EGFP and haemagglutinin (HA) epitopes (HA.11; Berkley
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Antibody Company, CA); JNKI1 (PharMingen); c-Abl (BD Pharmingen) and to
phospho-tyrosine, PY (Santa Cruz and Upstate Biotechnology).

EMSA, western blots, immunoprecipitations and ChIP analysis were performed
using rabbit polyclonal antibodies against JNK1 (C-17), Racl (C-14), c-Jun (H-79),
JunD (329), JunB (N-17), ATF2 (C-19) (Santa Cruz); Phospho c-Jun (Ser63) and
Phospho c-Jun (Ser73) (Cell Signaling Technology); mouse monoclonal antibodies
against haemagglutinin (HA) epitope (HA.11; Berkley Antibody Company, CA); JNK1
(PharMingen).

Western blot analysis.

Lysates of total cellular proteins or immunoprecipitates were analyzed by
protein immunoblotting after SDS-PAGE with specific rabbit antisera or mouse
monoclonal  antibodies. Immunocomplexes were visualized by enhanced
chemiluminescence detection (ECL or ECL Plus, Amersham-Pharmacia) with the use
of goat antiserum to rabbit or mouse immunoglobulin G, coupled to horseradish

peroxidase (Amersham-Pharmacia).

Reporter gene assays.

For each well, cells were transfected by the “LipofectAMINE Reagent” with
different expression plasmids, together with 50 ng of the indicated reporter plasmid and
10 ng of pRL-null (a plasmid expressing the enzyme Renilla luciferase from Renilla
reniformis) as an internal control. In all cases, the total amount of plasmid DNA was
adjusted with empty vector.

NIH 3T3 cells were transfected with different expression plasmids together with
100 ng of the pMyc Luc reporter plasmid. ARO cells were transfected with different
expression plasmids together with 20 ng of the pJLuc reporter plasmid. After 24 h
incubation in serum-free media, the cells were lysed using reporter lysis buffer
(Promega). Luciferase activity present in cellular lysates was assayed using D-luciferin
and ATP as substrates, and light emission was quantitated using the 20"/20"

luminometer as specified by the manufacturer (Turner BioSystems).

Northern blot analysis.

11



After 24-hrs starvation, NIH 3T3 cells were washed with cold PBS and total
RNA was extracted by homogenization with Trizol (Invitrogen), in accordance with
manufacture’s specifications. Total RNA (10 pug) was fractionated in 2% formaldehyde-
agarose gels, transferred to Hybond-XL nylon membranes (Amersham-Pharmacia
Biotech) and hybridized with 32p_labelled DNA probes prepared with the Prime-a-Gene
Labelling System (Promega). As a probe, we used a 450-bp Pstl DNA fragment from
the human c-myc gene (pcDNAIII/GS-Myc-V5). The RNA membranes were pre-
hybridized for more than 2 hrs in hybridization solution (ExpressHyb; Clontech) at
70°C. The **P-labeled probe was added to the blots and hybridized for another 16 hrs at
60°C. The blots were washed twice for 30 min each in 2X SSC-0.1% SDS at room
temperature and then washed twice for 30 min each in 0.2X SSC-0.1% SDS at 60°C.
Accuracy of RNA loading and transfer was confirmed by fluorescence under ultraviolet

light after staining with ethidium bromide.

Electrophoretic mobility shift assays (EMSA).

Nuclear extracts were obtained from NIH 3T3 cells plated in 10-cm plates and
grown to 70% confluency, starved overnight and then stimulated with PDGF, when
needed. Cells were washed in cold PBS and lysed in 400 pl of buffer A (10 mM HEPES
pH=7.9; 10 mM KCI; 0.1 mM EDTA; 0. mM EGTA; 1 mM DTT; 0.5 mM PMSF).
After 15 min on ice, 25 pl of 10% NP-40 was added and vigorously vortexed for 10 sec.
Homogenates were centrifuged for 30 sec. Nuclear pellets were resuspended in 50 pl of
ice-cold hypotonic buffer C (20 mM HEPES pH=7.9, 0.42 M NaCl, 1 mM EDTA, 1
mM EGTA, 1 mM DTT, 1 mM PMSF) and rocked at 4°C for 15 min. Homogenates
were centrifugated for 5 min and the supernatants (nuclear extracts) aliquoted and
stored at —70°C. After determining protein concentrations using Bio-Rad protein assay
(Bio-Rad Laboratories), 2 g of proteins were incubated at room temperature with 1 pug
of poly-[dI-dC] and 0.1 pg of salmon sperm DNA in 20 ul binding buffer (12 mM
HEPES pH=7.8, 60 mM KCI, 2 mM MgCl,, 0.12 mM EDTA, 0.3 mM DTT, 0.3 mM
PMSF, 12% glycerol) for 15 min. Complementary synthetic oligonucleotides containing
the AP-1 responsive element plus adjacent sequences from the mouse c-myc promoter
(APIF, 5’-ATACCTGTGACTCATTCATTT-3’ and APIR, 5’-
AAATGAATGAGTCACAGGTAT-3’) were obtained from MWG Biotech and labeled
with y’P-ATP using T4 polynucleotide kinase (Invitrogen). Labeled oligos were

12



purified using G25 columns (Amersham Pharmacia Biotech) and used as probes
(20,000 cpm/reaction) added to the reactions for additional 15 min. Complexes were
analyzed on non-denaturing (4.5%) polyacrylamide gels in TGE buffer (40 mM Tris,
270 mM Glycine, 2 mM EDTA=pH 8.0), run at 13V/cm at 4°C. For super-shift assays,

1 pg of the indicated antisera were added to the binding reaction.

Chromatin Immunoprecipitation (ChIP).

ChIP assays were performed using the Chromatin Immunoprecipitation Assay
Kit (Upstate Biotechnology, NY), in accordance with the manufacturer’s instructions.
Briefly, chromatin from NIH 3T3 cells has been fixed by directly adding formaldehyde
(1% final) to the cell culture media. Nuclear extracts have been isolated from the cells
and then sonicated to obtain mechanical sharing of the fixed chromatin. Transcription
factors-bound chromatin has been immunoprecipitated with specific antibodies, cross-
linking has been reversed and the isolated genomic DNA has been amplified by PCR,
using specific primers encompassing the murine c-myc promoter: forward AP66 (5°-
ATACCTGTGACTATTCATTT-3); reverse AP67 (5-
GATGCTTCCTTGCCTAAGAC-3’). The PCR products were separated on a 2%
agarose gel. Primers used as a control for the ChIP analysis amplify an unrelated DNA

sequence located on murine chromosome 5.

In vitro Kinase assay.

Confluent plates of transfected NIH3T3 were kept two hours (JNK assay) or
overnight (MAPK assay) in serum-free medium. Cells were then washed with cold
phosphate-buffered saline, and lysed at 4° C in a buffer containg 20 mM Hepes, pH 7.5,
10 mM EGTA, 40 mM -glycerophosphate, 1% IGEPAL, 2.5 mM MgCl, , ImM
dithiothreitol, 2 mM sodium vanadate, 1mM phenylmathylsulfonyl fluoride, 20 pg/ml
aprotinin, and 20 pug/ml leupeptin. Lysates were clarified by centrifugation at 12,000 x g
for 20 min at 4° C, and supernatants were incubated with 1 pg monoclonal antibody
against JNK (PharMingen) or with 1 pug polyclonal antibody against Erk2 (C-14) (Santa
Cruz), for 1 h at 4° C. Immunocomplexes were recovered with the aid of protein A/G
PLUS-Agarose (Santa Cruz Biotechnology). Pecipitates were washed three times with
phosphate-buffered saline which contained 1% IGEPAL and 1mM vanadate, once with
100 mM Tris pH 7.5, 0.5 M LiCl, and once in kinase reaction buffer (12.5 mM MOPS,
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pH 7.5, 12.5 mM B-glycerophosphate, 7.5 mM MgCl,, 0.5mM EGTA, 0.5 mM sodium
fluoride, 0.5 mM vanadate).Assays were performed in a reaction buffer containing 1
uCi of ['y—32P]ATP, 20 uM ATP, 3mM dithiothreitol and 1 pg GST-ATF2 and myelin
basic protein (MBP, Sigma). After 30 min at 30°C, reactions were terminated by
addition of 5X Laemli buffer. Samplers were heated at 95°C for 5 min and analyzed by
SDS-gel electrophoresis on 12% acrylamide gels. Autoradiography was performed with

the aid of an intensifying screen.
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Study I

The PDGF controls c-myc expression through a JNK- and AP-1-dependent signaling
pathway.

A wide range of growth factors, cytokines and mitogens is able to induce the
expression of the c-myc proto-oncogene (Kelly et al., 1983; Roussel et al., 1991). In
turn, c-myc is necessary for cellular proliferation induced by different oncogenic
tyrosine kinases (Barone and Courtneidge, 1995) . In normal cells as well as in tumors,
the ability of c-myc to control cellular proliferation has been mostly correlated to
changes in its mRNA levels, through transcriptional and post-transcriptional
mechanisms. In fact, most of the oncogenic alterations that target c-myc result in the
increase of its messenger RNA and, in turn, of its protein (Grandori et al., 2000).
Indeed, overexpression or gene amplification and translocations of c-myc are frequent
causes of numerous solid and blood human tumors (Dang et al., 1999). In line with its
ability to promote cell cycle progression, in quiescent fibroblasts c-myc expression is
virtually undetectable. However, upon stimulation with growth factors such as the
platelet-derived growth factor (PDGF), its mRNA and then protein levels are rapidly
induced until cells progress through the G;/S boundary of the cell cycle (Chiariello et
al., 2000; Chiariello et al., 2001). Still, the mechanism by which growth factors promote
the expression of c-myc is poorly understood. In this regard, we have recently described
a Rac-dependent signaling pathway initiated by PDGF, controlling the expression of the

c-myc proto-oncogene (Chiariello et al., 2001).

Rac effector domain mutants differentially impair endogenus c-myc expression.
To investigate the signaling pathways activated by Rac, impinging on the
regulation of c-myc expression, we used specific constitutively active Rac effector
domain mutants that are differentially impaired in their downstream signaling activities
(Westwick et al., 1997; Joyce et al., 1999). We therefore compared the ability to
stimulate c-myc expression of a constitutively active Rac12V mutant with that of Rac
alleles harboring additional mutations in their effector domain (Racl12V/33N,
Rac12V/37L and Rac12V/40H). We first explored, by northern blot analysis, the ability
of Rac12V to induce c-myc expression, using PDGF as a positive control. As expected,

the activated Rac12V mutant significantly induced c-myc expression, as evidenced by
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an increase in the level of c-myc mRNA (Fig. 3A). Next, we investigated the effect of
the double mutants. As shown in fig. 3B, both the Racl12V/37L and Racl12V/40H
mutated proteins were ineffective in stimulating the expression of c-myc, while the
Rac12V/33N protein was fully competent to induce the transcription of the c-myc proto-
oncogene.

Recent work has established an impairment of JNK activation as a
consequence of the transfection of the Rac12V/37L and Rac12V/40H effector domain
mutants (Westwick et al., 1997). In line with these studies, data in fig. 3C show that
both Racl2V/37L and Racl2V/40H not only were unable to stimulate c-myc
expression, but they were also incapable to stimulate the activity of JNK, therefore
suggesting the involvement of this kinase in Rac-induced c-myc expression. Conversely,
the Rac12V/33N mutated protein activated JNK at a level similar to the positive control,
Rac12V (Fig. 3C). All the Rac mutants were expressed at comparable levels (Fig. 3D).
Together, these results strongly suggest that the JNK pathway is involved in the

regulation of c-myc expression.

JNK activity is necessary for PDGF induction of c-myc expression.

The possibility that JNK participates in the regulation of c-myc expression
prompted us to test whether the constitutive activation of this signal transduction
pathway could stimulate the expression of the endogenous c-myc proto-oncogene. We
therefore transfected NIH 3T3 cells with vectors expressing two upstream activators of
the JNK cascade, the MEKK1 and MLK3 MAP kinase kinase kinases (MAPKKK3s)
(Teramoto et al., 1996; Joyce et al., 1999). As shown in fig. 4A, both proteins induced
the transcription of the endogenous c-myc gene, at levels comparable to the positive
control, Rac12V, indicating that JNK activation is sufficient to trigger the expression of
c-myc.

Although JNKs have been isolated and characterized as stress-activated
kinases, on the basis of their strong response to environmental stresses and
inflammation stimuli, different growth factors are also able to stimulate their activity
(Davis, 2000). Moreover, they have recently been involved in mediating the
proliferative effects of some oncogenes, including the product of the bcr-abl oncogene
(Hess et al., 2002). Based on our data, we next explored the participation of JNK in the
regulation of c-myc expression induced by PDGF. We began exploring the ability of
this mitogen to activate JNK. As shown in fig. 4B, exposure of NIH 3T3 fibroblasts to
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PDGF induced activation of JNK, which peaked 30 minutes after stimulation. As an
approach to examine the involvement of JNK in PDGF-induced c-myc expression, we
took advantage of the availability of a synthetic compound, SP600125, a reversible
ATP-competitive inhibitor that blocks JNK without significantly affecting other related
kinases (Bennet et al., 2002). We first confirmed the ability of the drug to inhibit JNK-
dependent pathways, in our experimental model. Indeed, SP600125 abolished PDGF-
induced phosphorylation of the endogenous c-Jun protein in a dose dependent manner,
as scored by western blot analysis using a mix of anti-phospho-Ser63 and -Ser73 c-Jun
antibodies (Fig. 4C). Conversely, identical concentrations of the drug had no effect on
PDGF-induced Erk1/2 activation and on Erk-dependent c-Fos phosphorylation (data not
shown), indicating the specificity of the SP600125 for the JNK pathway, as compared
to other highly related MAP kinase-signaling pathways. To test the involvement of JNK
in PDGF-induced c-myc expression, we performed northern blot analysis on NIH 3T3
cells pretreated with increasing concentrations of the JNK inhibitor and then stimulated
with PDGF for 1 hour. As a result, the drug strongly inhibited PDGF-induced c-myc
expression, even at the lowest concentration of the drug (Fig. 4D). Remarkably, the
kinetic of inhibition of c-myc expression was coincident with the results obtained for the
inhibition of PDGF-induced JNK activation by SP600125 (Fig. 4C). Thus, the emerging
picture from these data is that activation of the JNK pathway may regulate c-myc
expression and, in turn, PDGF exploits JNK as a key molecule to promote c-myc
expression, possibly through phosphorylation and activation of nuclear transcription

factors.

A typical AP-1 responsive element in the c-myc promoter.

Two principal promoters, P1 and P2, drive the transcription of the human c-myc
gene (Spencer and Groudine, 1991). Despite the extraordinary complexity in the
regulation of c-myc expression, the rate of transcription from these two promoters is
mainly governed by composite negative and positive regulatory elements comprised
within a 2.3 kb domain located upstream of the promoters (Hay et al., 1987). Among
these elements, E2F, Stat-3, NF-[1B and TCF-4 binding sites have been identified
(Kiuchi et al., 1999; He et al., 1998; Wong et al., 1995; Ji et al., 1994). In search for
additional responsive elements that could mediate the JNK-dependent regulation of the
c-myc gene, we performed computer-assisted analysis of its promoter region by the

TRANSFAC database (Heinemeyer et al., 1998). Surprisingly, we could identify, 1.3 kb
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upstream the human c-myc transcription start site, a TGAGTCA motif perfectly
matching the canonical AP-1 responsive element (Shaulian and Karin, 2001) (Fig. 5A).
Interestingly, a similar analysis found conserved responsive elements also in the
promoters of murine and even drosophila c-myc genes (Fig. 5A). The sequences of the
respective responsive elements were highly related to each other (Fig. 5A, boxed
nucleotides) as opposed to their immediate flanking regions, suggesting that a strong
selective pressure was exerted to maintain these sites intact during evolution.

Several short sequences similar to known response elements are frequently
found in promoter regions of a variety of genes. However, the arrangement of these
sites in relation to neighboring sequences often determines the functionality of the
predicted binding site. Thus, we first studied the ability of an oligonucleotide containing
the murine c-myc AP-1 responsive element plus adjacent sequences, to form
DNA/proteins complexes by means of electrophoretic mobility shift assays (EMSA). As
shown in fig. 5B, left panel, proteins from NIH 3T3 nuclear extracts recognized and
strongly bound the c-myc AP-1 responsive element, as evidenced by the presence of a
shifted complex that was more prominent 4 hours after PDGF addition, as a
consequence of the accumulation of AP-1 proteins in the stimulated NIH 3T3 cells
(Lallemand et al., 1997). The binding was specific, as it was efficiently competed by
adding an excess of unlabeled c-myc AP-1 oligonucleotide (Fig. 5B, right panel). To
further investigate the nature of the transcription factors bound to the described c-myc
AP-1 element, we next performed super-shift experiments by incubating the binding
reactions in the presence of specific antibodies against Jun family members. These
proteins have been in fact described as substrates of the JNK signaling pathway and
they could therefore possibly mediate the effect of this kinase on the c-myc promoter.
As shown in fig. 5C, both c-Jun and JunD antibodies strongly decreased the
electrophoretic mobility of the complexes derived from NIH 3T3 cells stimulated 30
minutes with PDGF, whereas the JunB antibody had a much lower effect. As an
additional control, no ATF2 was detected in the complexes (Fig. 5C), in line with the
fact that Jun:ATF2 heterodimers bind more efficiently atypical 8-bp, TGACGTCA sites
(Van Dam et al., 1998). Conversely, among Fos proteins, only Fra2 was detected as part
of the complexes (data not shown). On the basis of the binding observed in vitro, we
next examined by Chromatin Immunoprecipitation (ChIP) analysis whether members of
the Jun family could actually bind, in vivo, the endogenous c-myc promoter. In NIH 3T3

cells, ChIP assays clearly demonstrated the binding of both c-Jun and JunD to the
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endogenous c-myc promoter, 30 minutes after PDGF addition (Fig. 5D), coincidently
with the time-point at which PDGF induces maximal JNK stimulation (see fig. 4B).
Conversely, we did not observe any in vivo binding of JunB to the promoter (Fig. 5D).
As expected (see above), we could not detect ATF2 bound to the c-myc promoter (Fig.
5D), whereas it was able to bind the c-jun promoter, which harbors an atypical 8-bp,
TGACATCA element (data not shown). The same analysis, performed on untreated,
quiescent NIH 3T3 cells, gave similar results (data not shown), confirming that Jun
family members are pre-bound to their responsive elements (Lallemand et al., 1997) and
can be rapidly trans-activated by phosphorylation in response to external stimuli
(Mechta-Grigoriou et al., 2001). As an additional control, no amplification was
observed from the same immunoprecipitates when using primers recognizing DNA
sequences unrelated to the c-myc promoter (Fig. 5D, lower panel). At this point it is
important to notice that, while ChIP analysis was not able to detect binding of JunB to
the c-myc promoter, EMSA experiments showed a small amount of this protein bound
to the c-myc AP-1-containing EMSA probes. We have attributed this apparent
difference to the in vitro nature of the EMSA and its limitations to precisely recapitulate
the binding of the transcription factors at the level of the endogenous promoters. At the
same time, this situation underscores the importance of the results from the ChIP assay,
showing in vivo binding of c-Jun and JunD to the promoter. Altogether, these results
indicate that proteins of the AP-1 family, specifically c-Jun and JunD, are able to
recognize and bind, in vivo, the AP-1 element present in the c-myc promoter, therefore
suggesting this element as a potential mediator of JNK-dependent regulation of c-myc

expression induced by PDGF.

The AP-1 element controls PDGF stimulation of c-myc expression.

We next investigated whether the c-myc AP-1 element was able to mediate
PDGF-induced stimulation of c-myc expression. The control of histone acetylation is a
key step in the general regulation of cellular transcriptional events (Grunstein, 1997). In
turn, a model has been recently proposed in which the trans-activation potential of c-Jun
and, possibly, of its related proteins, is constitutively repressed by a histone
deacetylases (HDACSs)-containing complex, which physically interacts with c-Jun itself
and can be released upon JNK-dependent phosphorylation of the protein (Weiss et al.,
2003). We therefore reasoned that an artificial molecule specifically targeting HDACs
to AP-1 elements could recapitulate HDAC-dependent negative regulation of AP-1
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containing promoters, but in a dominant repressive fashion (unable to be relieved by
upstream stimuli). We therefore engineered a molecule in which the DNA Binding
Domain (DBD) of c-Jun has been fused to the Sin3-binding domain of Mad (SID). The
resulting protein (JunDBD-SID) is able to bind Sin3 and, through this, recruit HDACs
(Ayer et al., 1996). We expect this repressor to be able to specifically inhibit
transcription by targeting, through the c-Jun DBD, AP-1 elements that are present in the
endogenous promoters. To control the specificity of the repressor, we first engineered a
reporter plasmid carrying the luciferase gene expressed under the control of a tandemly
repeated AP-1 element from the murine c-myc gene (pmycAP1 luc). Such construct
behaves as a typical AP-1 reporter, its activity being readily induced by the c-Jun and c-
Fos members of the AP-1 family (Fig. 6A) and by upstream stimulators of the JNK
pathway, MEKK1 and MLK3 (Teramoto et al., 1996; Minden et al., 1994) (Fig. 6B).
We hypothesized that the expression of luciferase from this construct should be strongly
inhibited by the JunDBD-SID repressor, through specific targeting to the c-myc AP-1
and recruitment of HDACs. As expected, very low amounts of the JunDBD-SID
repressor were sufficient to completely abolish the activity of the pmycAP1 Luc
reporter induced by sis, the oncogenic form of the PDGF oncogene (Fig. 6C), while not
affecting the luciferase activity induced by a Gal4-VP16 (Fig. 5D) or a p53 molecule
(data not shown), on their respective reporter vectors. These data therefore confirmed
the effectiveness and specificity of the engineered protein and the dependency of its
activity upon the presence of functional AP-1 elements. It is also important to notice
that such experiments not only control the specificity of our approach, but also
contribute to establish that the c-myc AP-1 is a fully functional element that can be
stimulated by PDGF and the JNK pathway. This further supports the hypothesis that
JNK plays a key role in the regulation of c-myc expression, possibly induced by PDGF
activation of its cognate receptors.

Finally, to prove the ability of the AP-1 element to regulate the transcription of
the c-myc promoter, we analyzed by northern blot the RNAs produced by PDGF-treated
cells expressing the JunDBD-SID protein. Strikingly, the AP-1 repressor clearly
inhibited PDGF-induced accumulation of c-myc mRNA (Fig. 6E). Altogether, these
findings strongly support the idea that the AP-1 sequence identified in the c-myc
promoter is functional, being able to control the c-myc expression induced by PDGF,
through the recruitment of members of the AP-1 family of transcription factors. In all,

these findings also contribute to understand some of the molecular mechanisms by
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which c-Jun acts as a positive regulator of the cell cycle (Shaulian and Karin, 2001;
Mechta-Grigoriou et al., 2001) as only very few c-Jun targets involved in the control of
the cell cycle, have been yet identified. This study, in fact, add c-myc to the short list of
prototypes genes, such as cyclin DI and p53 (Albanese et al., 1995; Schreiber et al.,
1999), that are regulated by c-Jun and involved in cellular proliferation. Our finding
also show that JunD is bound to the c-myc promoter and can regulates c-myc
expression, which may help to explain the role of this protein as mediator of cellular
survival (Weitzman et al., 2000; Lamb et al., 2003). Interestingly, although several
studies have described a pro-apoptotic effect for JNK (Davis, 2000), more recent
evidences show that downstream of this kinase, JunD acts as a sensor that transmit
survival or apoptotic signals depending on the state of others transcription factors
(Lamb et al., 2003). As c-myc itself has been involved in both pro- and anti-apoptotic
responses, the mechanism by which regulation of c-myc expression by JNK-c-Jun/JunD

relates to these two opposite responses will warrant further investigation.
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Study I1

Activation of the ERK8 MAP kinase by RET/PTC3, a constitutively active form of the
RET proto-oncogene.

RET is a typical trans-membrane receptor tyrosine-kinase (RTK), essential for
the development of the sympathetic, parasympathetic and enteric nervous system and of
the kidney (Schuchardt et al., 1994). In complex with four glycosylphosphatidylinositol
(GPI)-anchored coreceptors, GFR-] 1-4, the RET protein binds growth factors of the
glial-derived neurotrophic factor (GDNF) family, mediating their intracellular signaling
(Airaksinen & Saarma, 2002). As for other RTKSs, ligand interaction triggers
autophosphorylation of different RET intracellular tyrosine residues that work as docking
sites for several adaptor and effector signaling molecules (Santoro et al., 2004). Among
such tyrosines, while Tyr981 is a binding site for c-Src, Tyr1062 has been shown to mediate
the interactions with most of RET effectors and to be responsible for activation of the
Ras/Erk, PI3K/Akt, Jnk, p38 and ErkS5 signaling pathways (Kurokawa et al., 2003).
Finally, Tyr'®"® is a recognized docking site for PLCy (Borrello et al., 1996).

Gain-of-function mutations of RET have been repeatedly described in several
human tumors (Pasini et al., 1996). RET germline point mutations are in fact responsible
for the three clinical subtypes of the Multiple Endocrine Neoplasias type 2 (MEN2)
syndrome, MEN2A, MEN2B and Familial Medullary Thyroid Carcinoma (FMTC)
(Santoro et al., 2004). In addition, fusion of the intracellular kinase domain of RET with
heterologous genes, caused by chromosomal inversions or translocations, generates the
RET/PTC oncogenes, which represent the genetic hallmark of papillary thyroid
carcinomas (PTC), accounting for more than 80-90% of all thyroid carcinomas (Sherman,
2003). Among the at least ten different RET/PTC rearrangements, RET/PTCI and
RET/PTC3, generated by the fusion with the H4 and RFG genes, respectively, are the
most common types, accounting for more than 90% of all rearrangements (Nikiforov,

2002).

Erk8 is activated by RET-dependent signaling pathway.
We performed an in silico analysis of Erk8 gene expression in mouse tissues,
through the public Mouse Gene Prediction Database resource

(http://mgpd.med.utoronto.ca/) (Zhang et al., 2004). Among other tissues, Erk8 was
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expressed at very high levels in the thyroid, therefore suggesting a role for this kinase in
signaling pathways involved in the homeostasis and/or pathology of this organ. As the
RET/PTC oncogenes are frequently involved in human papillary thyroid carcinomas
(Santoro et al., 2004), we decided to investigate their ability to modulate Erk8 activation.
In particular, we investigated the role of RET/PTC3, a chimeric oncogene generated by
the fusion of RET with the RFG gene (Fig. 7A) (Santoro et al., 1994).

As an approach to score Erk8 activation, we used an anti-phospho-MAPK
(Erk2) antibody that recognizes phosphorylation in the conserved MAP kinase TEY
motif. We performed western blot analysis of 293T cells transfected with an HA epitope-
tagged form of the Erk8 kinase, as previously described (Abe et al., 2002), and then
distinguished the transfected HA-Erk8 and the endogenous Erk2 by their different
molecular weights, ~60 kDa and ~45 kDa, respectively. As shown in figure 8B,
RET/PTC3 overexpression readily induced Erk8 activation, at a level comparable to an
activated form of c-Src (Src YF), used as a positive control (Abe et al., 2002). Of note, no
signal in the ~60 kDa range was detected in the absence of HA-Erk8 transfection (Fig.
7B), indicating that the anti-phospho-MAPK antisera specifically recognized the Erk8
protein. As an additional control for the activity of RET/PTC3 and Src YF, both proteins
activated the Erk2 MAP kinase (Fig. 7B), also scored by anti-phospho-MAPK western
blot. Altogether, these results indicate that RET/PTC3 stimulates Erk8 activity.

The Erk8 carboxy-terminal modulates activation of the MAP kinsase by RET/PTC3.

While classical MAP kinases such as Erks, Jnks and p38s are only slightly larger
than their minimum Ser/Thr kinase core, the atypical ErkS, Erk7 and Erk8 MAP kinases
all contain long C-terminal domains whose functions are largely unknown. Yet, recent
experiments performed on Erk5 (Buschbeck & Ullrich, 2005) and Erk7 (Abe et al., 2001)
have demonstrated a role for their C-terminal tail in the regulation of kinase intracellular
localization and activity. Thus, we set up to investigate a role for the Erk8 C-terminal
domain in RET/PTC3-dependent activation of the kinase.

The genomic organization of the Erk8 gene has been previously described (Abe
et al., 2002). By in silico analysis of available “expressed sequence tags” (est) clones we
identified an Erk8 cDNA whose corresponding protein, when expressed, presented a
molecular weight shorter (~35 kDa) than the described Erk8 protein (~60 kDa) (Fig. 8A).
We named this protein Erk8([! (accession # AY994058). Comparative analysis of the
sequences for ErkS, Erk86 and the Erk8 gene
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(http://www.ncbi.nlm.nih.gov/genome/guide/human/) revealed that Erk8d corresponded
to an alternatively spliced form of Erk8 in which an alternative exon 8 (exon 8a)
contained a “stop” codon (Fig. 8B), therefore determining a 254-aminoacid long protein,
lacking the Erk8 C-terminal domain (Fig. 8C). Thus, we took advantage of the
availability of this naturally occurring C-terminally truncated protein, to evaluate the role
of this domain in RET/PTC3-dependent Erk8 activation. As shown in figure 8D,
RET/PTC3 was not able to induce Erk83 activation while, as a control, it strongly
activated Erk8. In the same experimental condition, Src YF, a described activator of Erk8
(Abe et al.,, 2002), also failed to stimulate Erk8d activation (Fig. 8D), therefore
establishing a key role for the C-terminal domain of Erk8 in the activation of this MAP

kinase by various upstream stimuli.

Tyrosine 981 of RET/PTC3 is necessary for Erk8 activation.

Tyrosine phosphorylated residues in the kinase domain of RET, as well as of its
derivate oncogenes, usually represent docking sites for adaptor proteins and enzymes that
are able to propagate the signal to the intracellular environment (Santoro et al., 2004). We
therefore used RET/PTC3 molecules in which different tyrosine phosphorylation sites
have been inactivated by mutating them to phenylalanines, to ascertain the dependency of
RET/PTC3-induced Erk8 activation on the presence of these specific residues. Also, as
these tyrosines have already been linked to the activation of different specific signaling
pathways (Santoro et al., 2004), this approach could grant us the possibility to suggest the
participation of some of these effectors in the modulation of Erk8 activity. In particular,

1015

tyrosine” binds c-Src (Encinas et al., 2004), tyrosine is a docking site for PLCy

(Borrello et al., 1996) and tyrosine1062

is a multiple docking site that mediates most of
RET signaling pathways (Kurokawa et al., 2003), including Erk2 activation (Chiariello et
al., 1998). 293T cells were transiently transfected with the HA-Erk8 molecule, together
with RET/PTC3, RET/PTC3"™! RET/PTC3"'"" or RET/PTC3"'%? respectively
(numbers indicating RET/PTC3 tyrosine residues correspond to their position in the wild-

1062 .
mediates most

type RET receptor). Surprisingly, based on the observation that tyrosine
of RET signaling pathways (Kurokawa et al., 2003), the RET/PTC3Y'%* mutant activated
Erk8 at an extent comparable to the RET/PTC3 molecule while, as expected (Chiariello et
al.,, 1998), this mutation strongly affected Erk2 activation (Fig. 9). The tyrosine"

mutation, involving a known binding site for PLCy (Borrello et al., 1996), also did not
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affect Erk8 activation by RET/PTC3 (Fig. 9). Conversely, tyrosine’® mutation
determined a dramatic reduction in RET/PTC3-dependent Erk8 activation, although
resulting irrelevant to Erk2 activation (Fig. 10). As a control, RET/PTC3 Kindead, a
kinase-inactive form of RET/PTC3 containing a mutation in the ATP-binding catalytic
lysine (Lys75 8), was unable to activate both Erk8 and Erk2 (Fig. 9). These results therefore

imply tyrosine”™'

of RET/PTC3 as a major site recognized by signaling molecules
mediating RET/PTC3-dependent Erk8 activation. In addition, as tyrosine” has been
previously recognized as a key residue for the binding of c-Src to RET (Encinas et al.,
2004), they also suggest a role for c-Src in mediating RET/PTC3-initiated signals

impinging on Erk8 activation.

Src activity is dispensable for RET/PTC3-dependent Erk8 activation

Based on the above information and on the observation that c-Src activates Erk8
(Abe et al., 2002), we next sought to investigate if c-Src was able to mediate RET/PTC3-
dependent Erk8 activation. A classical approach to establish a role for Src kinases in
cellular processes takes advantage of a pyrazolo-pyrimidine compound, PP1, which binds
the ATP-binding pocket of these kinases therefore blocking their enzymatic activity
(Hanke et al., 1996) and biological functions (Chiariello et al., 2001). Although PP1 has
been described to affect RET kinase activity (in vitro 1C50=100 nM) (Carlomagno et al.,
2002), a specific mutation in valine®”* in the RET kinase domain confers resistance (>50-
fold increase of the ICsp) to the compound (Carlomagno et al., 2004). We, therefore,
introduced such mutation in the RET/PTC3 kinase domain (RET/PTC3V804) rendering its
activity significantly resistant to PP1, as scored by RET/PTC3V** auto-phosphorylation
and activation of Erk2 (Fig. 10A). As expected, kinase activity of the parental RET/PTC3
molecule was completely abolished at comparable concentrations (compare the 5-10 uM
PP1 lanes) as evidenced by both RET/PTC3 auto-phosphorylation and activation of Erk2
(Fig. 10B). Surprisingly, while strongly inhibiting Src (data not shown), PP1 treatment of
RET/PTC3"**-transfected cells only slightly affected Erk8 activity even at the highest
doses tested (10 uM) (Fig. 10C) and after extensive times of treatment (up to 10 hrs
treatment, at 5 UM concentration) (Fig. 4D), thus excluding a role for c-Src and its related
kinases (Hanke et al., 1996) in the control of RET/PTC3-induced Erk8 activation. As a
complementary approach to ascertain the role of Src kinases in RET/PTC3 activation of

Erk8, we also used a dominant negative form of c-Src, Src YF KM (Chiariello et al.,
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2001). As shown in figure 10E, overexpression of the dominant negative molecule did not
affect Erk8 activation while it effectively inhibited PDGF-induced activation of the c-myc
promoter (Fig. 10F) (Chiariello et al., 2001). Altogether, these data clearly indicate that
RET/PTC3 can use a Src-independent pathway to activate the Erk8 MAP kinase.

c-Abl mediates RET/PTC3-dependent Erk8 activation.

c-Abl, the cellular homologue of the Abelson murine leukemia virus, has been
implicated in different cellular processes ranging from cell growth to survival, cellular
stress, DNA-damage response and cell migration (Hantschel & Superti-Furga, 2004).
From the structural point of view, c-Abl contains SH3, SH2 and tyrosine kinase domains
whose arrangement and sequence very much resemble that of c-Src (Hantschel & Superti-
Furga, 2004). These observations prompted us to investigate whether, similarly to Src, an
activated form of c-Abl could induce Erk8 activation and, in turn, whether c-Abl could
mediate RET/PTC3 activation of Erk8. As shown in figure 11A, an oncogenic, activated
form of c-Abl, the Bcr/Abl fusion protein, readily induced Erk8 activation, at a level
comparable to an activated form of c-Src (Src YF), used as a positive control (Abe et al.,
2002). Thus, we decided to investigate whether c-Abl is able to act as a link between
RET/PTC3 and the stimulation of Erk8. As an approach, we used a kinase-defective,
dominant negative form of c-Abl, Abl-KD. This dominant negative molecule strongly
inhibited the RET/PTC3-dependent activation of Erk8 (Fig. 11B), thus suggesting that c-
Abl is a likely mediator in the pathway connecting RET/PTC3 to the activation of the
Erk8 MAP kinase.

To control a vast range of cellular processes, c-Abl interacts with a large variety
of cellular proteins, including phosphatases, kinases, signaling adaptors, transcription
factors, cytoskeletal proteins and cell cycle regulators (Hantschel & Superti-Furga, 2004).
To determine whether c-Abl can interact with Erk8 in vivo, 293T cells were transfected
with HA-Erk8 and either wild-type c-Abl or the control vector, immunoprecipitated with
an anti-HA antibody and then analized by western blot with an anti-abl antisera. As
shown in figure 11C, c-Abl clearly co-immunoprecipitated with Erk8, therefore
suggesting a role for physical interaction in the control of Erk8 activation by c-Abl.

We have previously shown that tyrosine”™' in RET/PTC3 mediates RET/PTC3-
dependent Erk8 activation (Fig. 9), representing a major site recognized by signaling
molecules intervening in such process. We therefore investigated whether the tyrosine”'

residue was also able to mediate RET/PTC3 activation of c-Abl. Taking advantage of the
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observation that tyrosine phosphorylation of c-Abl correlates with its activation (Plattner
et al., 1999), we cotransfected an autophosphorylation-impaired, AUS5-tagged, c-Abl
molecule, together with RET/PTC3, RET/PTC3"**!, RET/PTC3Y'°"® or RET/PTC3Y'%,
respectively, immunoprecipitated these samples by anti-AUS antibodies and analyzed
them by anti-phospho-tyrosine western blot. As show in figure 11D, RET/PTC3 clearly
induced Abl phosphorylation. Importantly, RET/PTC3Y*®' was strongly impaired in its
ability to induce phosphorylation of the c-Abl protein, as compared to RET/PTC3 (Fig.
11D). In the same experiment, RET/PTC3"'%* and RET/PTC3"'"* exerted more limited
or no effects, as compared to RET/PTC3 (Fig. 11D). Ultimately, the RET/PTC3 Kin®
was unable to induce c-Abl phosphorylation, establishing a requirement for RET/PTC3
kinase activity in c-Abl activation (Fig. 11D). Together, these results clearly indicate that
RET/PTC3, through its tyrosine981, can utilize an Abl-dependent pathway to stimulate

Erk8 activation.

A kinase-defective mutant for Erk8 interferes with RET/PTC3 signaling.

The expression of the c-jun proto-oncogene is rapidly and transiently induced by
different growth factors and cellular oncogenes (Marinissen et al., 1999). Among them,
an oncogenic rearrangement of the RET proto-oncogene is able to strongly induce c-jun
expression (Ishizaka et al., 1991), therefore establishing this gene as part of RET
signaling pathway. To investigate whether the RET/PTC3 oncogene was able to stimulate
the activity of the c-jun promoter, we took advantage of the availability of a reporter
plasmid carrying the luciferase gene under the control of the murine c-jun promoter
(Chiariello et al., 2000; Marinissen et al., 1999). Cotransfection of thyroid ARO cells with
this reporter plasmid and increasing concentrations of the RET/PTC3 cDNA revealed that
this oncogene could strongly induce the activity of the c-jun promoter (Fig. 12A). To
evaluate whether Erk8 activation is involved in RET/PTC3 signaling to the c-jun
promoter, we next used a dominant negative, kinase defective (data not shown) Erk8
molecule. For these experiments, we therefore cotransfected RET/PTC3 with the c-jun
reporter plasmid and increasing amounts of the Erk8 KR expression vector. As shown in
figure 12B, the dominant negative Erk8 molecule caused a strong, although incomplete
inhibition of RET/PTC3-dependent c-jun promoter stimulation, suggesting the existence
of both Erk8-dependent and -independent pathways linking RET/PTC3 to the expression

of the c-jun proto-oncogene.
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Fig. 7 RET'PTCY induces ERKS activation.

[&) Schematic representation of the wild-type RET protein and of its activated form, the

RET/PTC3 oncogene. The position of three tyrosine autophosphorylation sites and of

important protein domains are also showed. 5P signal peptide; TMD, trans-membrane
domain; TE, tyrosine kinase; %, tyrosine; RFG, RET Fused Gene. Mumbers indicating

RET/PTC3 tyrosine residues correspond to their position in the wild-type RET receptor.
[B) RET/PTCY imnduces ERKE activation. Analysis of HA-EkE activation in 293T cells
cotransfected with the RET/FTCI (PTC3) and SicYF espression wectors and anmalyzed
by western blot with anti-phospho MAPK antisera. Activation of endogencus Erk2 by
RET/PTC3 and Src YF wias used as an additional control fior the activity of the two oncogenes.
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RET/PTC3 {re-RET panel) was also confirmed.

Control: cells transfected with [} -galatosidase; o anti.
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[E), Analysis of ErkE activation {jupper o-P-MAPK panel} in 2937 cells transfected with
Ha&-Erk8, RET/PTC3 and increasing concentrations (250 and 500 ng) of the dominant
negative 5SrcYF KM. The expression of HA-Erk8 (o-HA panel) was also confirmed.
Control: cells transfected with b-galatosidase; a:anti. (F), Inhibition of PDGF-induced
c-myc promoter activity by Src YF KM, Stimulation of c-myc promoter transcriptional
activity in MIH 3T3  ells transfected with the c-miyc promoter reporter plasmid
[oMyc-Luc) and a Src dominant megative exprassing wectors (Src YFEM) and then
stimulated for 4 b with PDGF {125 ng mi-1). Results represent luciferase activity in
each sample, normalized for the cormesponding efficiency of transfection and they
are the average = standard errors of triplicate samples from a typical experiment.
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Fig. 10 Erks activation by RET/FTC3 does not depend on ¢-Src.

[A), Effect of FF1 on RET/FTCIVE0M auto-phosphorylation (e-P-RET panel), in 293T cells
transfected as indicated, pre-treated three hours with different concentrations of the
inhibitor and then anmalyzed by an anti-phospho RET specific antisera. As a control,
activation of endogencus Erk2 was also scored by western blot with anti-phospho MAPK
antisera [o-P-MAPK panel). Expression of RET/FTC3VE04 and Erk2 was confirmed by
western blot performed with anti-RET and anti-Erk2 antisera, respectively (-RET and
a-Erk2 panels). (Bl Same asin A, usimg RET/PTC3 to  activate Erk8. (C), Same as
in A, amalyzing RET/PTCIVAMd-dependent Erk& activation. (D), Effect of PP1 on
RET/PTC3VEO4-dependent Erkd activation (c-P-MAPK pamel), in 2937 cells transfected as
indicated and pre-treated with PP1 {5 uM) for increasing times. Erk# expression was also

confirmed [m-HA panel).

39



E F phye Lue

PTC3 5 6
T o 3
Sre¥FEM - - =] §
a-P-MAPK SRS, T E 4
T
re=HA %
- . W -Crks o2
:
B
2 0
PDGF + +
Sre ¥F KM +

[E), Analysis of ErkE activation {jupper o-P-MAPK panel} in 2937 cells transfected with
Ha&-Erk8, RET/PTC3 and increasing concentrations (250 and 500 ng) of the dominant
negative 5SrcYF KM. The expression of HA-Erk8 (o-HA panel) was also confirmed.
Control: cells transfected with b-galatosidase; a:anti. (F), Inhibition of PDGF-induced
c-myc promoter activity by Src YF KM, Stimulation of c-myc promoter transcriptional
activity in MIH 3T3  ells transfected with the c-miyc promoter reporter plasmid
[oMyc-Luc) and a Src dominant megative exprassing wectors (Src YFEM) and then
stimulated for 4 b with PDGF {125 ng mi-1). Results represent luciferase activity in
each sample, normalized for the cormesponding efficiency of transfection and they
are the average = standard errors of triplicate samples from a typical experiment.
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Fig. 11 e-Abl mediates RET/PTC3-dependent ERKE activation.

[&), Analysis of HA-ErkE activation in 293T cells cotramsfected with Src¥F and the oncogenic
form of c-Abl Borfdbl. Samples were analyzed by western blot with anti-phospho MAPE
antisera. The expression of HA-Erk8 (ce-HA panel} and Bor/Abl (oe-Abl panel) were confirmed.
[Bl, Analysis of Erk8 activation (o-P-MAPK panel) in 2937 cells tramsfected with HA-ErkS,
RET/PTC3 and increasing concentrations (100, 250 and 500 ng} of the dominant negative Akl-kKD.
The expression of HA-ErkE (o-HA panell and of Abl-KD (e-AUS panel] were also confirmed.
[C), In wivio interaction of Efkl with c-AbL 293T cells were co-transfected with an expression vector
for c-Abl (500 ng) together with plasmids for HA-ErkS (500 ngl or control vector (-galactosidase).
Samples were next immunoprecipitated by anti-HA antibodies and then analyzed by anti-Abl
antibodies. The expression of HA-Erk8 [middle panel) and RET/PTCS wild-type and mutants
lower panel) was also confirmed. (D), Stimulation of c-Abl phosphorylation by RET/FTCS (PTC3)
and by tyrosine mutated forms of the oncogeme. 2937 cells were co-transfected with an
expression vector for AUS-Abl-KD together with plasmids for RET/PTC3 and its tyrosine mutants.
Samples were next immunoprecipitated by anti-AUS antibodies and then analyzed by
anti-phospho-tyrosine  antibodies  (-PY). The expression of AUS-ABKD (c-AUS panel) and
RET/PTC3 wild-type and mutants (e-RET panel) was also confirmed.

Control: cells transfected with f-galatosidase; o anti.
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Fig.12 Inibition of c-jun promoter activation by a dominant negative ErkE mutant.
[A), Stimulation of c-jun promoter transcriptional activity in ARO cells transfected
with the c-jun promoter reporter plasmid (plluc) and increasing concentrations
of a RET/FTC3 expressing vectors. (Bl Inhibition of RET/PTC3-induced c-jun
promoter activity by Src ¥F KM, Stimulation of c-myc promoter transcriptional
activity im MIH 3T3 cells co-transfected with pJLuc, RET/FTC3 and a Erkd dominant
negative expressing wector (ErkB KR). Results represent luciferase activity in each
sample, normalized forthe corresponding  efficiency of transfection and they are
the average =standard errors of triplicate samples from a typical experiment.
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Discussion

PDGF induces c-myc expression through the Src-dependent activation of the
Vav2 exchange factor, acting on the small GTPase Rac (Chiariello et al., 2001). By
studying the downstream components of the Rac pathway, in the first study, we show that
JNK and two AP-1 family members, c-Jun and JunD, are essential components of the
signaling cascade that mediates PDGF stimulation of c-myc expression (Fig. 13), which,
significantly, establishes a new functional connection between Jun proteins and the c-myc
proto-oncogene. The proposed pathway also suggests a mechanism by which both JNK
and Jun proteins might exert their proliferative or apoptotic potential, through the
expression of the c-myc proto-oncogene. Further work will be required to establish the
contribution of the “JNK-Jun pathway” to the biological responses of tyrosine kinase
receptors such as the PDGF receptors as well as other membrane receptors that use the c-
Myc protein to signal cellular proliferation (Iavarone et al., 2003).

The complexity of the mechanisms mediating intracellular signaling by RET and
its activated forms, the RET/PTC and MEN2 oncogenes, has just begun to be appreciated.
Indeed, the biological functions of these proteins result from the coordinated activity of
multiple kinase cascades, whose integrated signals control renal development,
histogenesis of the enteric nervous system and, possibly, tumor formation (Nikiforov,
2002; Pasini et al., 1996; Santoro et al., 2004). In the second study, finding that
RET/PTC3 activates Erk8 raises the possibility of a novel Erk8-dependent signaling
pathway controlling RET biological functions. Interestingly, we have shown that Erk8

1062 mutation does not

activation depends on the integrity of tyrosine’®', while tyrosine
affect RET/PTC3-dependent activation of the kinase. This result clearly differentiates
Erk8 from other MAP kinases already involved in RET signaling whose activation, on the
contrary, strictly depends on RET tyrosine'* (Hayashi et al., 2000).

Although RET tyrosine™' has been previously recognized as a docking site for
c-Src (Encinas et al., 2004) and this kinase modulates Erk8 activation (Abe et al., 2002),
surprisingly, RET/PTC3 activation of Erk8 does not depend on c-Src. This result
therefore suggests that additional molecules interact with tyrosine”™' of RET/PTC3 and
are responsible for the control of Erk8 activity. Indeed, in this report we present evidences
that c-Abl controls RET/PTC3-dependent Erk8 activating phosphorylation (Fig. 14). As a
corollary to this finding, for the first time we show that c-Abl is able to mediate RET-

dependent signaling pathways. Not only RET/PTC3 induces c-Abl phosphorylation but
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such phenomenon also seems to be mediated by tyrosine”®', in line with our observation
that this tyrosine mediates Erk8 activation. These findings strongly support each other,
especially considering that, up to now, the only known signaling molecule downstream of
this tyrosine was c-Src, while most of the other RET effectors depended on the integrity
of tyrosine'**.

c-Abl as well as c-Src contain well characterized SH3 domains, with an high
degree of conservation in terms of sequence identity and structure (Hantschel & Superti-
Furga, 2004). In c-Abl, this domain is important both for interaction with different
proteins and for participation to an intramolecular regulatory mechanism (Wang, 2004).
On the other hand, Erk8 contains two putative SH3-binding sites in its C-terminal tail
(Abe et al., 2002). As the c-Src SH3 domain interacts in vitro with Erk8 (Abe et al., 2002)
and we have demonstrated that c-Abl interacts in vivo with this MAP kinase, it is possible
that this interaction is mediated by the c-Abl SH3 domain. This hypothesis is currently
under investigation.

The more recently identified ErkS, Erk7 and Erk8 molecules differentiate from
classical MAP kinases (Erks, Jnks and p38s) in that they present long carboxy-terminal
domains with no strong homology to other mammalian proteins. By using a naturally
occurring Erk8 splice variant, Erk89, lacking the long carboxy-terminal domain, we show
a key role for this domain in RET/PTC3-dependent activation. It is intriguing the
possibility that distinct stimuli differently activate the Erk8 and Erk83 proteins and,
conversely, that Erk8 may represent a modulator of Erk8 activation.

Upon activation of different MAP kinases, a large number of transcription
factors appears to control the expression of several growth promoting genes, such as c-jun
and c-fos, and, through these, control a vast variety of cellular functions. Specifically, the
c-jun promoter has already been show to represent a key site for the integration of signals
coming from both cellular oncogenes (Chiariello et al., 2000) and extracellular ligands
(Marinissen et al., 1999). It is therefore not surprising our observation that a dominant
negative Erk8 molecule only partially inhibits the activation of the c-jun promoter.
Indeed, we have previously demonstrated that signaling from RET impinges on the
activation of at least another MAP kinase, Jnk (Chiariello et al., 1998), which is able to
control the activity of the c-jun promoter (Marinissen et al., 1999). We can therefore

expect Erk8 to be part of the complex network of kinases, whose activation ultimately
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determines the specific biological response to the activation of RET and its related

oncogenes in different cellular environments.
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Conclusions

In mammals, MAP kinases signaling cascades regulate important cellular
processes including gene expression, cell proliferation, cell motility, cell survival and cell
death. The continual characterization of MAP kinases signaling complexes and the
identification of novel substrates should reveal overlapping and unique biological
functions for the various MAP kinases (Roux and Bleins, 2004). Less than a decade ago
the kinases constituting mammalian MAPK pathway were identified through intense
efforts in attempt to understand the molecular events underlying cellular responses to
extracellular signals. During this decade the kinases constituting MAPK pathways have
come to be appreciated as key cellular signal transducers and thus attractive targets for
drug development. Successful drug development has required the demonstration that a
large gene family with highly conserved catalytic core could be targeted with specific and
potent small-molecule inhibitors. These efforts are now beginning to be useful with
initiation of clinical trials in multiple human diseases (English and Cobb, 2002).

In conclusion, the data shown in this work illustrate the role of two relevant
MAP kinase family members involved in the activation of nuclear signals primarly
elicited by PDGF and Ret receptors: the former, JNK on transcriptional acivation of c-
myc; the latter, ERK8 on the signaling c-Abl mediates RET/PTC3. Further work will be
required to estabilish how these signals integrate and regulate the transcription of target

genes.

48



Bibliography

Abe, M.K., Kahle, K.T., Saelzler, M.P., Orth, K., Dixon, J.E., and Rosner, M.R. ERK7 is
an autoactivated member of the MAPK family. 2001. J. Biol Chem., 276: 21272-21279.

Abe, M.K., Kuo, W.L., Hershenson, M.B., and Rosner, M.R. 1999. Extracellular signal-
regulated kinase 7 (ERK7), a novel ERK with a C-terminal domain that regulates its
activity, its cellular localization, and cell growth. Mol. Cell. Biol., 19: 1301-1312.

Abe, M.K., Saelzler, M.P., Espinosa, R. 3rd, Kahle, K.T., Hershenson, M.B., Le Beau
M.M., and Rosner, M.R. 2002. ERKS, a new member of the mitogen-activated protein
kinase family. J. Biol. Chem., 277: 16733-16743.

Airaksinen M.S., and Saarma M. 2002. The GDNF family: signalling, biological

functions and therapeutic value. Nat. Rev. Neurosci., 3: 383-394.

Albanese, C., Johnson, J., Watanabe, G., Eklund, N., Vu, D., Arnold, A., and Pestell, R.G.
1995. Transforming p21ras mutants and c-Ets-2 activate the cyclin D1 promoter through

distinguishable regions. J Biol Chem., 270: 23589-23593

Ayer, D.E., Laherty, C.D., Lawrence, Q.A., Armstrong, A.P., and Eisenman, R.N. 1996.
Mad proteins contain a dominant transcription repression domain. Mol. Cell. Biol., 16:

5772-5781.

Barone , M.V., and Courtneidge, S.A. 1995. Myc but not Fos rescue of PDGF signalling
block caused by kinase-inactive Src. Nature. 378: 509-512.

Ben-Levy, R., Hooper, S., Wilson, R., Paterson, H.F., and Marshall, C.J. 1998. Nuclear
export of the stress-activated protein kinase p38 mediated by its substrate MAPKAP
kinase-2. Curr. Biol., 8: 1049-1057.

Blume-Jensen, P., and Hunter, T. 2001. Oncogenic kinase signalling. Nature, 411: 355-
365.

49



Borrello, M.G., Alberti, L., Arighi, E., Bongarzone, 1., Battistini, C., Bardelli, A., Pasini,
B., Piutti, C., Rizzetti, M.G., Mondellini, P., Radice, M.T., and Pierotti, M.A. The full
oncogenic activity of Ret/ptc2 depends on tyrosine 539, a docking site for phospholipase
Cgamma. 1996. Mol Cell Biol. 16: 2151-2163.

Buschbeck, M, and Ullrich, A. The unique C-terminal tail of the mitogen-activated
protein kinase ERKS regulates its activation and nuclear shuttling. 2005. J. Biol. Chem.
280: 2659-2667.

Carlomagno, F., Guida, T., Anaganti, S., Vecchio, G., Fusco, A., Ryan, A.J., Billaud, M.,
and Santoro, M.. 2004. Disease associated mutations at valine 804 in the RET receptor

tyrosine kinase confer resistance to selective kinase inhibitors. Oncogene, 23: 6056-6063.

Carlomagno, F., Vitagliano, D., Guida, T., Napolitano, M., Vecchio, G., Fusco, A., Gazit,
A., Levitzki, A., and Santoro, M. 2002. The kinase inhibitor PP1 blocks tumorigenesis
induced by RET oncogenes. Cancer Res., 62: 1077-10882.

Chang, L., and Karin, M. 2001. Mammalian MAP kinase signalling cascades. Nature,
410, 37-40.

Chen, R.H., Sarnecki, C., Blenis, J. 1992. Nuclear localization and regulation of the erk-
and rsk- encoded protein kinases. Mol. Cell. Biol., 12: 915-927.

Chen, Z., Gibson, T.B., Robinson, F., Silvestro, L., Pearson, G., Xu, B., Wright, A.,
Vanderbilt, C., and Cobb, M.H. 2001. MAP kinases. Chem. Rev., 101: 2449-2476.

Chiariello M, Visconti R, Carlomagno F, Melillo, R.M., Bucci, C., De Franciscis, V.,
Fox, G.M., Jing, S., Coso, O.A., Gutkind, J.S., Fusco A, Santoro M. 1998. Signalling of
the Ret receptor tyrosine kinase through the c-Jun NH2-terminal protein kinases (JNKS):
evidence for a divergence of the ERKs and JNKs pathways induced by Ret. Oncogene,
16: 2435-2445.

50



Chiariello, M., Gomez ,E., and Gutkind , J.S. 2000. Regulation of cyclin-dependent
kinase (Cdk) 2 Thr-160 phosphorylation and activity by mitogen-activated protein kinase
in late G1 phase. Biochem J., 349: 869-876.

Chiariello, M., Marinissen, M.J., and Gutkind, J.S. 2000. Multiple mitogen-activated

protein kinase signaling pathways connect the cot oncoprotein to the c-jun promoter and

to cellular transformation. Mol. Cell. Biol. 2000. 20: 1747-1758.

Chiariello, M., Marinissen, M.J., and Gutkind, J.S.. 2001. Regulation of c-myc expression
by PDGF through Rho GTPases. Nat. Cell. Biol., 3: 580-586.

Dang, C.V., Resar, L.M., Emison, E., Kim, S., Li, Q., Prescott, J.E., Wonsey, D., and
Zeller, K. 1999. Function of the c-Myc oncogenic transcription factor. Exp. Cell. Res.,
253: 63-717.

Davis RJ. 2000. Signal transduction by the JNK group of MAP kinases. Cell, 103: 239-
252.

Encinas, M., Crowder, R.J., Milbrandt, J., Johnson, EM. Jr. 2004. Tyrosine 981, a
novel ret autophosphorylation site, binds c-Src to mediate neuronal survival. J Biol

Chem., 279: 18262-18269.

English, J.M., and Cobb, M.H. Pharmacological inhibitors of MAPK pathway. 2002.
Trends Pharmacol. Sci., 23: 40-45.

Enslen, H., Brancho, D.M., and Davis, R.J. 2000. Molecular determinants that mediate
selective activation of p38 MAP kinase isoforms. EMBO J., 19: 1301-1311.

Eynott, P.R., Adcock, I.M., and Chung, P. 2001. The effects of selective c-Jun N-terminal

kinase inhibition in a sensitized Brown Norway rat model of allergic asthma. Am. J.

Respir. Crit. Care Med., 49, S102.

51



Ganiatsas, S., Kwee, L., Fujiwara, Y., Perkins, A., Ikeda, T., Labow, M.A., and Zon, L.I.
1998. SEK1 deficiency reveals mitogen-activated protein kinase cascade crossregulation

and leads to abnormal hepatogenesis. Proc. Nat. Acad. Sci. U.S.A., 95: 6881-6886.

Giroux, S., Tremblay, M., Bernard, D., Cardin-Girard, J.F., Aubry, S., Larouche, L.,
Rousseau, S., Huot, J., Landry, J., Jeannotte, L., and Charron, J. 1999. Embryonic death
of Mek1-deficient mice reveals a role for this kinase in angiogenesis in the labyrinthine

region of the placenta. Curr. Biol., 9: 369-372.

Grandori, C., Cowley, S.M., James, L.P., and Eisenman, R.N. 2000. The Myc/Max/Mad
network and the transcriptional control of cell behavior. Annu. Rev. Cell. Dev. Biol., 16:

653-699.

Grunstein, M. 1997. Histone acetylation in chromatin structure and transcription. Nature,

389: 349-352.

Hallberg, B., Rayter, S.I., and Downard, J. 1994. Interaction of Ras and Raf in intact
mammalian cells upon extracellular stimulation. J. Biol. Chem., 269: 3913-3916.
Han, J., Lee, J.D., Bibbs, L., and Ulevitch, R.J. 1994. A MAP kinase targeted by

endotoxin and hyperosmolarity in mammalian cells. Science, 265: 808-811.

Hanke, J.H., Gardner, J.P., Dow, R.L., Changelian, P.S., Brissette, W.H., Weringer, E.J.,
Pollok, B.A., Connelly, P.A. 1996. Discovery of a novel, potent, and Src family-selective
tyrosine kinase inhibitor. Study of Lck- and FynT-dependent T cell activation. J Biol
Chem., 271: 695-701.

Hantschel, O, and Superti-Furga, G. 2004.  Regulation of the c-Abl and Bcr-Abl
tyrosine kinases. Nat. Rev. Mol. Cell. Biol., §: 33-44.

Hay, N., Bishop, J.M., and Levens, D. 1987. Regulatory elements that modulate

expression of human c-myc. Genes Dev., 1: 659-671.

52



He, T.C., Sparks, A.B., Rago, C., Hermeking, H., Zawel, L., da Costa, L.T., Morin, P.J.,
Vogelstein, B., and Kinzler, K.W. 1998. Identification of c-MYC as a target of the APC
pathway. Science, 281: 1509-1512.

Heinemeyer, T., Wingender, E., Reuter, 1., Hermjakob, H., Kel, A.E., Kel, O.V.,
Ignatieva, E.V., Ananko, E.A., Podkolodnaya, O.A., Kolpakov, F.A., Podkolodny, N.L.,
and Kolchanov, N.A.. 1998. Databases on transcriptional regulation: TRANSFAC,
TRRD and COMPEL. Nucleic Acids Res., 26: 362-367.

Hess, P., Pihan, G., Sawyers, C.L., Flavell, R.A., and Davis, R.J. 2002. Survival
signaling mediated by c-Jun NH(2)-terminal kinase in transformed B lymphoblasts. Nat.
Genet., 32: 201-205.

Hibi, M., Lin, A., Smeal, T., Minden, A., and Karin, M. 1993. Identification of an
oncoprotein- and UV-responsive protein kinase that binds and potentiates the c-Jun

activation domain. Genes Dev., 7, 2135-2148.

Iavarone, C., Catania, A., Marinissen, M.J., Visconti, R., Acunzo, M., Tarantino, C.,
Carlomagno, M.S., Bruni, C.B., Gutkind, J.S., and Chiariello, M. 2003. The platelet-
derived growth factor controls c-myc expression through a JNK- and AP-1-dependent

signaling pathway. J Biol Chem., 278(50):50024-50030.

Ishizaka, Y., Takahashi, M., Ushijima, T., Sugimura, T., and Nagao, M. 1991.A high
phosphorylation state and increased activity of the TRE motif in the NIH3T3 cell
transformant induced by retTPC. Biochem Biophys Res Commun., 179:1331-1336.

Ji, L., Arcinas, M., and Boxer, L.M. 1994. NF-kappa B sites function as positive
regulators of expression of the translocated c-myc allele in Burkitt's lymphoma. Mol Cell

Biol. 14: 7967-7974.

Jiang, G., and Hunter, T. 1999. Receptor signalling: when dimarization is not enough.

Curr. Biol., 9: 568-571.

53



Joyce, D., Bouzahzah ,B., Fu, M., Albanese, C., D'Amico, M., Steer, J., Klein, J.U., Lee,
R.J., Segall, J.E., Westwick, J.K., Der, C.J., and Pestell, R.G.. 1999. Integration of Rac-
dependent regulation of cyclin D1 transcription through a nuclear factor-kappaB-

dependent pathway. J. Biol. Chem., 274: 25245-2549.

Kasler, H.G., Victoria, J., Duramad, O., and Winoto, A. 2000. ERKS is a novel type of
mitogen-activated protein kinase containing a transcriptional activation domain. Mol.

Cell. Biol., 20: 8382-83809.

Kelly, K., Cochran, B.H., Stiles, C.D., and Leder, P. 1983. Cell-specific regulation of the
c-myc gene by lymphocyte mitogens and platelet-derived growth factor. Cell, 35: 603-
610.

Kiuchi, N., Nakajima, K., Ichiba, M., Fukada, T., Narimatsu, M., Mizuno, K., Hibi, M.,
and Hirano, T.  1999. STAT3 is required for the gp130-mediated full activation of the c-
myc gene. J Exp. Med., 189: 63-73.

Kohno, M., and Pouyssegur, J. 2003. Pharmacological inhibitors of the ERK signalling
pathway: application as anticancer drugs. 2003. Prog. Cell Cycle Res. 5: 219-224.

Kurokawa, K., Kawai, K., Hashimoto, M., Ito, Y., Takahashi, M. Cell signalling and
gene expression mediated by RET tyrosine kinase. 2003. J. Intern. Med.,253: 627-633.

Kyriakis, J.M:, and Avruch, J. 2001. Mammalian mitogen-activated protein kinase signal

transduction pathways activated by stress and inflammation. Physiol. Rev., 81, 807-869.
Lallemand, D., Spyrou, G., Yaniv, M., and Pfarr, C.M. 1997. Variations in Jun and Fos
protein expression and AP-1 activity in cycling, resting and stimulated fibroblasts.

Oncogene, 14: 819-830.

Lamb, J.A., Ventura , J.J., Hess, P., Flavell, R.A., and Davis, R.J. 2003. JunD mediates
survival signaling by the JNK signal transduction pathway. Mol. Cell, 11: 1479-1489.

54



Lee, J.C., Laydon, J.T., McDonnell, P.C., Gallagher, T.F., Kumar, S., Green, D.,
McNulty, D., Blumenthal, M.J., Heys, J.R., Landvatter, S.W., and et al. 1994. A protein
kinase involved in the regulation of inflammatory cytokine byosynthesis. Nature, 372:

739-746.

Lee, J.D., Ulevitch, R.J., and Han, J. 1995. Primary structure of BMKI1: a new

mammalian map kinase. Biochem. Biophys. Res. Commun., 213: 715-724.

Liebmann, C. 2001. Regulation of MAP kinase activity by peptide receptor signalling
pathway: paradigms of multiplicity. Cell Signal., 13: 777-785.

Marinissen, M.J., Chiariello, M., Pallante, M., and Gutkind, J.S. 1999. A network of
mitogen-activated protein kinases links G protein-coupled receptors to the c-jun

promoter: a role for c-Jun NH2-terminal kinase, p38s, and extracellular signal-regulated

kinase 5. Mol. Cell. Biol., 19: 4289-4301.

Mechta-Grigoriou F, Gerald D, and Yaniv M. 2001. The mammalian Jun proteins:
redundancy and specificity. Oncogene, 20: 2378-89.

Melillo, R.M., Santoro, M., Ong, S.H., Billaud, M., Fusco, A., Hadari, Y.R., Schlessinger,
J., and Lax, 1. 2001. Docking protein FRS2 links the protein tyrosine kinase RET and its
oncogenic forms with the mitogen-activated protein kinase signaling cascade. Mol. Cell.

Biol., 21: 4177-4187.

Minden, A., Lin, A., McMahon, M., Lange-Carter, C., Derijard, B., Davis, R.J., Johnson,
G.L., and Karin, M. 1994. Differential activation of ERK and JNK mitogen-activated
protein kinases by Raf-1 and MEKK. Science, 266: 1719-1723.

Mizukami, Y., Yoshioka, K., Morimoto, S., and Yoshida, K. 1997. A novel mechanism of
JNKI1 activation. Nuclear translocation and activation of JNKI1 during ischemia and

reperfusion. J. Biol. Chem., 272: 16657-16662.

Nanberg, E., and Westmark, B. 1993. Platelet-derived growth factor increases the

55



turnover of GTP/GDP on Ras in permeablized fibroblasts. J. Biol. Chem. 268: 18187—
18194.

Nikiforov, Y.E. RET/PTC rearrangement in thyroid tumors. 2002. Endocr. Pathol., 13: 3-
16.

Ono, K., and Han, J. 2000. The p38msignal transduction pathway: activation and
function. Cell Signal. 12: 1-13.

Pages, G., Guerin, S., Grall, D., Bonino, F., Smith, A., Anjuere, F., Auberger, P., and
Pouyssegur, J. 1999. Defective thymocyte maturation in p44 MAP kinase (Erkl)
knockout mice. Science, 286: 1374-1377.

Pasini B, Ceccherini I, and Romeo G. 1996. RET mutations in human disease. Trends

Genet., 12:138-144.

Plattner, R., Kadlec, L., DeMali, K.A., Kazlauskas, A., and Pendergast, A.M. 1999. c-Abl
is activated by growth factors and Src family kinases and has a role in the cellular

response to PDGF. Genes Dev., 13:2400-2411.

Pouyssegur, J.V:, Volmat, V., and Lenormand, P. 2002. Fidelity and spatiotemporal
control in MAP kinase (ERKSs) signalling. Biochem. Pharmacol., 64: 755-763.

Qi, M., Elion, E.A. 2005. MAP kinase pathways. J. Cell Science, 118: 3569-3572.

Raingeaud, J., Gupta, S., Rogers, J.S., Dickens, M., Han, J., Ulevitech, R.J., and Davis,
R.J. 1995. Pro-inflammatory cytokines and environmental stress cause p38 mitogen-
activated protein kinase activation by dual phosphorylation on tyrosine and threonine. J.

Biol. Chem., 270: 7420-7426.

Roussel, M.F., Cleveland, JL, Shurtleff, SA, and Sherr, C.J. 1991. Myc rescue of a mutant
CSF-1 receptor impaired in mitogenic signalling. Nature. 353: 361-363.

56



Roux, P.P., and Bleins, J. 2004. ERK and p38 MAPK-Activated Protein Kinases: a family
of protein kinases with diverse biological functions. Microbiology and Molecular Biology

Reviews, 68: 320-344.

Sabapathy, K., Jochum, W., Hochedlinger, K., Chang, L., Karin, M., and Wagner, E.F.
1999. Defective neural tube morphogenesis and altered apoptosis in the absence of both

JNK1 and JNK2. Mech. Dev., 89:115-124.

Sanchez-Arevalo Lobo, V.J., Aceves Luquero, C.I., Alvarez-Vallina, L., Tipping, A.J.,
Viniegra, J.G., Hernandez Losa , J., Parada Cobo, C., Galan Moya, E.M., Gayoso Cruz J.,
Melo, J.V., Ramon y Cajal, S., and Sanchez-Prieto, R. 2005. Modulation of the p38
MAPK (mitogen-activated protein kinase) pathway through Bcr/Abl: implications in the
cellular response to Ara-C. Biochem. J., 387: 231-238.

Sanchez-Prieto, R., Sanchez-Arevalo, V.J., Servitja, J.M., and Gutkind, J.S. 2002.
Regulation of p73 by c-Abl through the p38 MAP kinase pathway.

Santoro M, Melillo RM, Carlomagno F, Vecchio G, Fusco A. Minireview: RET: normal
and abnormal functions. 2004. Endocrinology, 145: 5448-5451.

Santoro, M, Dathan, NA, Berlingieri, MT, Bongarzone, I, Paulin, C, Grieco, M, Pierotti,
MA, Vecchio, G, and Fusco, A. 1994. Molecular characterization of RET/PTC3; a novel
rearranged version of the RET proto-oncogene in a human thyroid papillary

carcinoma.1994. Oncogene, 9: 509-516.
Satoh T., Fantl, W.J., Escobedo, J.A., Williams, L.T., and Kaziro, Y. 1993. Platelet-
derived growth factor receptor mediates activation of ras through different signaling

pathways in different cell types. Mol Cell Biol., 13:3706-3713.

Schlessinger, J. 2000. Cell signalling by receptor tyrosine kinases. Cell, 103: 211-225.

57



Schuchardt, A., D'Agati, V., Larsson-Blomberg, L., Costantini, F., and Pachnis, V. 1994.
Defects in the kidney and enteric nervous system of mice lacking the tyrosine kinase

receptor Ret. Nature, 367: 380-383.

Sebolt-Leopold, J.S., and Herrera, R. 2004. Targeting the Mitogen-Activated Protein

Kinase cascade to treat cancer. Nature Reviews. 937-947.

Shaulian E, and Karin M. 2001. AP-1 in cell proliferation and survival. Oncogene, 20:
2390-2400.

Sherman, S.I. Review of undifferentiated thyroglobulin-positive thyroid cancer 45 years

after treatment for papillary primary. 2003. Clin. Adv. Hematol. Oncol. 1: 243.

Spencer, C.A., and Groudine, M. 1991. Control of c-myc regulation in normal and

neoplastic cells. Adv. Cancer Res., 56: 1-48.

Su, B., Jacinto, E., Hibi, M., Kallunki, T., Karin, M. and Ben-Neriah, Y. 1994. JNK is

involved in signal intregation during costimulation of T lymphocites. Cell, 77: 727-736.

Tamura, K., Sudo, T., Senftleben, U., Dadak, A.M., Johnson, R., and Karin, M. 2000.
Requirement for p38a in erythropoietin expression: A role for stress kinases in

erythropoiesis. Cell, 102: 221-231.

Teramoto, H., Coso, O.A., Miyata, H., Igishi, T., Miki, T., and Gutkind, J.S. 1996.
Signaling from the small GTP-binding proteins Racl and Cdc42 to the c-Jun N-terminal
kinase/stress-activated protein kinase pathway. A role for mixed lineage kinase 3/protein-

tyrosine kinase 1, a novel member of the mixed lineage kinase family. J Biol. Chem., 271:

27225-27228.

Van Dam, H., Huguier, S., Kooistra, K., Baguet, J., Vial, E., van der Eb, A.J., Herrlich,
P., Angel, P., and Castellazzi, M. 1998. Autocrine growth and anchorage independence:

58



two complementing Jun-controlled genetic programs of cellular transformation. Genes

Dev., 12: 1227-1239.

Weiss, C., Schneider, S., Wagner, E.F., Zhang, X., Seto, E., Bohmann, D. 2003. JNK
phosphorylation relieves HDAC3-dependent suppression of the transcriptional activity of

c-Jun. EMBO J., 22: 3686-3695.

Weitzman, J.B., Fiette, L., Matsuo, K., and Yaniv, M. 2000. JunD protects cells from
pS3-dependent senescence and apoptosis. Mol Cell, 2000. 6: 1109-1119.

Weston, C.R., and Davis, RJ. 2002. The JNK signal transduction pathway. Curr. Opin.
Genet. Dev., 12: 14-21.

Westwick, J.K., Lambert, Q.T., Clark, G.J., Symons, M., Van Aelst, L., Pestell, R.G., and
Der, C.J. 1997. Rac regulation of transformation, gene expression, and actin organization

by multiple, PAK-indipendent pathways. Mol. Cell. Biol. 17: 1324- 1335.

Widmann, C., Gibson, S., Jarpe, M. B., and Johnson, G.L. 1999. Mitogen-Activated
Protein Kinase: conservatiion of a three-kinase module from yeast to human.

Physiological Reviews, 79, 143-180.

Wong KK, Zou X, Merrell KT, Patel AJ, Marcu KB, Chellappan S, and Calame K. 1995.
v-Abl activates c-myc transcription through the E2F site. Mol. Cell. Biol., 15:6535-6544.

Yan, C., Luo, H., Lee, J.D., Abe, J., and Berk, B.C. 2001 Molecular cloning of mouse
ERKS5/BMKI1 splice variants and characterization of ERKS5 functional domains. J. Biol.
Chem., 276: 10870-10878.

Yan, L., Carr, J., Ashby, P.R., Murry-Tait, V., Thompson, C., and Arthur J.S. 2003.

Knockout of ERKS causes multiple defects in placental and embryonic development.

BMC Dev. Biol,, 3: 1-21.

59



Zhang, W., Morris, Q.D., Chang, R., Shai, O., Bakowski, M.A., Mitsakakis, N.,
Mohammad, N., Robinson, M.D., Zirngibl, R., Somogyi, E., Laurin, N., Eftekharpour, E.,
Sat, E., Grigull, J., Pan, Q., Peng, W.T., Krogan, N., Greenblatt, J., Fehlings, M., van der
Kooy, D., Aubin, J., Bruneau, B.G., Rossant, J., Blencowe, B.J., Frey, B.J., and Hughes,
T.R. 2004. The functional landscape of mouse gene expression. J. Biol., 3: 21.

Zhou, G., Bao, Z.Q., and Dixon, J.E. 1995. Components of a new human protein kinase

signal transduction pathway. J. Biol. Chem., 270: 12665-12669.

60



Acknowledgements

I am grateful to Prof. Enrico Vittorio Avvedimento and Prof. Silvestro Formisano
who provided me their support for scientific research and for discussion and critical
reading of the manuscript.

I am grateful to Prof. Bruno Carmelo Bruni that also supported me for scientific
research and in whose laboratory this experimental work was performed.

I am especially grateful to my lab chief Dr. Mario Chiariello who always encouraged
me, handing on me his enthusiasm for scientific research and providing me his support
and critical advices.

I would like also to thank my colleagues, Dr. Mario Acunzo and Dr. Nancy Catania
who supported me on my research projects.

Finally, I am grateful to Prof. Massimo Santoro, Dr. Silvio Gutkind and components
of their laboratories for continuos scientific discusson and their availability to share

ideas and reagents.

61



