DIPARTIMENTO DI SCIENZE MEDICHE
UNIVERSITA' DEL PIEMONTE ORIENTALE “A. AVOGADRO”
DOTTORATO IN MEDICINA MOLECOLARE - XVIII CICLO

TESI FINALE

NEGATIVE REGULATION OF THE RON

TYROSINE KINASE RECEPTOR

Candidata: Serena Germano Tutore: Prof. Giovanni Gaudino

- !
i i =

Coordinatore del dottorato: Prof. Umberto Dianzani

ANNI ACCADEMICI: 2002-2006



INTRODUGCTION. .. ottt e e e e e e et e e e e e e eae e

¢ Negative Regulation of RTKs Signaling...........cooviiiiiiiiiii e

Ligand sequestration and binding inhibition...................ococ z
Interference with RTKs autophosphorylation.............c.cooi i, ¢
Inhibitory proteins that restrain downstream signalling................coooiiiiinns ¢
Ligand-induced receptor downregulation.............co.vuviiieiin i e e ¢
¢ Oncogenic Deregulation of RTKS.......oiiiiiiiiiie e 17
Mechanisms of uncontrolled RTKs signalling...........c.ccooiiiiiiiiiiiiiiieeeeee 17
Targeting RTKS SIgnalling..........oeoii i e e e e e e e 21

¢ The Ron Tyrosine Kinase Receptor.........oocvvvviiiiiiiiiiiiiii i veiiene e 0.25

Structure and biological aCtiVItieS...........ocve et 25
Cell transforming and oncogenic potential.............ccoiieiiiiiiie i 28

Y =L O I 0 )
¢ Mechanisms Underlying Ligand-induced Ron downregulation............... 31
SUIMIMIATY . ettt e et et e e e et e e et e e et et e et et e e e 31
EXperimental proCeAUIES.........ooi it e e e e e 32
R SUIES . .. e e e e 36
D TS 1] T o P | |

0 L O I 0 )

¢ Ligand-independent Downregulation of Ron and its Oncogenic Variant. 53

SUIMIMIATY . ettt e et et e e e et e e et e e et et e et et e e e 53
Experimental proCedures. .. ... ..o e e e 55

R SUIES . .. e e e e 58

D T ESY o 1= T o 73

Y =L O 1 [ ]\ | PP
¢ MicroRNAs and post-transcriptional regulation of Ron expression......76
SUIMIMIATY . et e e e e e e e e et e e et et e et et e e 76
Experimental proCedUIeS. ... ... e 78

RESUIS . .. e e e e 79
31T o B 7] o] o 86

PUBLICATIONS. ..ottt st et et e nee e e e e k0T



INTRODUCTION

Negative Regulation of RTKs Signaling

Receptor tyrosine kinases (RTKs) are involved in critical aspects of cell

physiology ranging from cell survival, proliferation, growth, migration and
differentiation (Ullrich & Schlessinger, 1990).
On engagement by their cognate trophic factor, RTKs become catalytically active and
autophosphorylation of several tyrosine residues occurs in the cytoplasmic tail of the
receptors, thus providing docking site for phosphotyrosine-binding proteins. The
specific recruitment of these proteins, which are endowed with catalytic and/or
scaffolding domains, determines the signaling output, initiating an intricate network of
protein-protein interactions (Fiorini et al., 2001).

The signals that control cell fate determination need to be regulated in both time
and space and different cellular mechanisms have evolved to ensure that the
appropriate signaling thresholds are achieved and maintained during the right period
of time and within precise spatial restrictions (Dikic & Giordano, 2003). Thereby, both
positive signals and a complex chain of events defined as “negative signaling” are
triggered upon growth factor binding to RTKs. The negative regulatory mechanisms
ultimately leads to transient attenuation or termination of signal transmission and
involve  such diverse cellular processes as membrane trafficking,
compartmentalization and regulated protein expression.

Although the molecular mediators of signal desensitization are currently under
investigation, several mechanisms through which different physiological inhibitors
antagonize and restrict trophic factor signaling have been identified, including ligand
sequestration and binding inhibition, attenuation of RTKs autophosphorylation,

induction of inhibitory proteins and ligand-induced receptor ubiquitination.
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Ligand sequestration and binding inhibition

Evidence for RTKs regulation by ligand sequestration come from studies made
in Drosophila, where activation of the Epidermal Growth Factor Receptor (EGFR)
homologue, DER, is strictly regulated and different mechanisms have been described
for modulation of this signaling.

The secreted protein Argos has been identified as an extracellular inhibitor of
DER (Golembo et al.,, 1996; Wasserman & Freeman, 1998). While Argos mutant
embryos show hyper-activation of DER signaling (Golembo et al., 1996), the addition
of Argos resulted in the abrogation of DER activation by its ligand, Spitz (Schweitzer
et al., 1995), indicating a role for Argos as a negative regulator of DER. Although
several reports have argued that Argos interacts directly with DER (Jin et al., 2000;
Vinos & Freeman, 2000), it has been demonstrated that Argos inhibits DER signaling
by sequestering its activating ligand (Klein et al., 2004); see Figure 1).

DER activation has been shown to be inhibited also by Kekkonl, a single
spanning transmembrane protein with leucine-rich repeats (LRR) and
immunoglobulin (Ig) motifs (Musacchio & Perrimon, 1996). Indeed, developmental
assays showed that loss of Kekkonl activity results in increased DER signaling,
whereas ectopic expression of the gene suppressed receptor activation. The
inhibition involves a physical interaction between both the extracellular and
transmembrane domains of Kekkonl with DER that suppresses ligand binding and
autophosphorylation of the receptor (Ghiglione et al., 1999); see Figure 1).
Interestingly, these inhibitors of receptor function are expressed in the context of
transcriptional responses triggered by DER itself, therefore representing a negative

feedback mechanism.
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While a mammalian Argos homologue has not been identified yet, LRIG1 (leucine-
rich repeats and immunoglobulin-like domain 1), the mammalian protein structurally
related to Kekkonl, has been shown to inhibit mammalian Epidermal Growth Factor

Receptor (EGFR) activation (Gur et al., 2004; Laederich et al., 2004).

Figure 1 Different mechanisms of RTK signal attenuation: ligand-sequestration and binding
inhibition. (A) Inhibitory role of the secreted protein Argos, which negatively regulates DER
signaling sequestering the DER-activating ligand Spitz. (B) Kekkonl acts as a negative
regulator of DER activity, by virtue of a physical interaction with the receptor.

(Modified form Ledda and Paratcha, 2007)

To date few natural ligands that restrain RTKs activation have been identified,
including Herstatin protein. Herstatin is a secreted protein, encoded by an
alternatively spliced form of the ErbB2 mRNA, containing a truncated extracellular
domain. Herstatin binds to ErbB2 with high affinity and has been shown to dampen
receptor dimerization and catalytic activation (Doherty et al., 1999). Consistently,
addition of Herstatin to the culture medium has been reported to hamper anchorage-
independent growth of NIH-ErbB2 transfectants (Doherty et al., 1999). Functions
similar to those of Argos have been proposed to explain Herstatin inhibition, although
it is not clear whether the soluble protein inhibits binding of NDF or other ligands to

ErbB heterodimers containing ErbB2.
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Recently, a new mechanism of RTK negative regulation has been reported,
which in contrast to ligand sequestration involves a decrease in the ligand affinity.
The cell-surface glycoprotein E-cadherin was found to interact through its
extracellular domain with EGFR, Hepatocyte Growth Factor Receptor (HGF-R/Met)
and Insulin-like Growth Factor Receptor (IGFR-1), thus lessening receptor mobility

and ligand binding (Andl & Rustgi, 2005).

Interference with RTKs autophosphorylation

Protein tyrosine phosphatases (PTPs) have been reported to mediate
dephosphorylation of activation loop sites in RTKs, leading to inactivation of the
kinase domain, while other PTPs negatively regulate RTKs activity by abrogating
receptor autophosphorylation and subsequently blocking downstream signaling
(Hunter et al., 1992). Several studies have shown that PTPs are able to
dephosphorylate specific subsets of phosphorylated tyrosines on RTKs that have
multiple phosphorylation sites, indicating a certain degree of selectivity (Kovalenko et
al., 2000; Ostman et al., 2006; Persson et al., 2004). Moreover, RTKs inactivation by
PTPs can be spatially partitioned in the cell, as reported for the interaction between
tyrosine phosphatase PTP1B with activated receptors located on the inner surface of
endocytic vescicles (Haj et al., 2003; Haj et al., 2002); see Figure 2). Other examples
of RTK-regulating tyrosine phosphatase are the RPTPag, whose activity has been
implicated in the negative regulation of EGF receptor activation and downstream
signaling (Suarez Pestana et al., 1999), the PEST-type protein-tyrosine phosphatase

BDP1, emerged as a negative regulator of ErbB2 (Gensler et al., 2004) and SHP-1,
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which has been identified as a phosphotyrosine phosphatase that negatively
regulates the nerve growth factor (NGF) receptor, TrkA (Marsh et al., 2003).

During the last years Mig6 (Mitogen-inducible gene 6, also known as RALT,
Receptor-Associated Late Transducer) was identified as a feedback inhibitor of
different RTKs. Several studies indicate that Mig6 can attenuate mitogen signaling
induced by EGF, Heregulin (HRG-B) and HGF-R/Met (Fiorentino et al., 2000; Hackel
et al.,, 2001; Pante et al., 2005; Xu et al., 2005). In the case of EGF and ErbB2
receptors, it has been reported that Mig6 is able to suppress their signaling by
directly binding to the RTKs (see Figure 2) and inhibiting the EGFR/ErB2 receptor
autophosphorylation, thereby attenuating the MAPK signaling (Anastasi et al., 2003).
Mig6 was found to inhibit HGF-dependent signaling by indirectly binding to HGF-
R/Met, through the adaptor protein Grb2 (Pante et al., 2005). Indeed, overexpression

of Mig6 negatively affected the HGF-R/Met-induced cell migration.

Figure 2. Different mechanisms of RTK signal attenuation: Inhibition of RTKs
autophosphorylation. (A) Examples of this type of inhibition include the cytosolic
adapter/scaffold protein Mig6/RALT and the PTP1B phosphatases.

(Modified form Ledda and Paratcha, 2007)
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Inhibitory proteins that restrain downstream signaling

A number of intracellular inhibitors have emerged as negative regulators of
specific pathways triggered by RTKs. The majority of the biological processes
induced upon RTKs activation by trophic factors require the stimulation of Erk/MAP
kinase family members and activation of PI3K and Akt kinases.

Increasing evidence highlights the role of Sprouty, Sef and PTEN proteins as both
selective and physiological inhibitors of Erk/MAPK and PI3K-Akt signaling pathways
respectively.

The mammalian Sprouty (Spry) family of proteins represents the major class of
trophic factor-inducible antagonists of RTK signaling. In particular, Sprouty proteins
have been reported to specifically inhibit the Ras-Raf-Erk1/2 pathway, leaving the
PI3K and other MAPK pathways unaffected (Gross et al., 2001; Hanafusa et al.,
2002; Yusoff et al.,, 2002); see Figure 3). All family members share a highly
conserved cystein-rich domain, believed to be critical for targeting them to the inner
surface of the plasma membrane, where they can bind to Grb2 and displace Grb2-
Sos complexes from activated receptors. The inhibitory role of Sprouty on
downstream signaling has been characterized for several mammalian RTKSs,
including Fibroblast Growth Factor Receptor (FGFR), HGF-R/Met, Vascular
Endothelial Growth Factor Receptor (VEGFR) and Glial Cell-line Derived
Neurotrophic Factor (GDNF) Receptor and RET (Impagnatiello et al., 2001; Kramer
et al., 1999; Reich et al., 1999; Sasaki et al., 2003). As a negative regulator, Sprouty
itself is subjected to tight control at multiple levels. Evidence indicate an increase in
the levels of the Sprouty transcripts upon growth factors stimulation, as well as a
regulated recruitment of Sprouty proteins to the plasma membrane and their tyrosine

phosphorylation (Mason et al., 2004; Rubin et al., 2003). It has been suggested that
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phosphorylation-dependent degradation of an active Sprouty protein might limit its
inhibitory effects to a defined period after receptor engagement (Fong et al., 2003;
Hall et al., 2003).

A newly identified protein that acts as signaling inhibitor is Sef (Similar
expression to fgf genes). Sef gene encodes a putative Type | transmembrane protein
highly conserved across species (Kovalenko et al., 2003). Evidence support a role for
Sef protein as a feedback-induced antagonist of the Ras/MAPK-mediated FGF
signaling (Furthauer et al., 2002). However, the precise mechanism of the inhibitory
effect of Sef remains controversial, since it has also been reported that Sef may
antagonize FGF signaling by binding to and restricing FGFR tyrosine
phosphorylation (Kovalenko et al., 2003).

SOCS (suppressor of cytokine signaling) proteins have also been implicated in
negative regulation of a number of RTKs. In particular, SOCS-3 was identified as a
feedback inhibitor of the Stat5b pathway activated by the Insulin Receptor (IR;
(Emanuelli et al., 2000). SOCS-1 has been shown to bind to ligand-activated c-Kit
competing compete with c-Kit effectors for binding to the receptor. Notably, SOCS-1
overexpression has been shown to ablate proliferative but not survival signals
propagated by the c-Kit RTK (De Sepulveda et al., 1999).

PTEN (phosphatase and tensin homologue) is a well characterized attenuator
that has been implicated in negative signaling by RTKs, specifically in inhibition of
PI3K/Akt signaling pathway, a key regulator of cell proliferation, motility and survival
(see Figure 3). PTEN antagonizes PI3K by degrading PIP3 to phosphatidyl-inositol 4,
5-biphosphate (PIP2). It has been reported that downregulation of PTEN results in an

increased concentration of PIP3 and Akt hyper-activation leading to protection from
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apoptotic stimuli (Stambolic et al., 1998), while overexpression of PTEN in cancer cell

lines results in the inactivation of Akt and cell cycle arrest (Lu et al., 1999).

Figure 3. Different mechanisms of RTKs signal attenuation: negative regulation by inhibitory
proteins. Growth factor stimulation activates the Ras-Erk1/2 pathway, which ends in the
induction of the Sprouty gene. Then, Sprouty in a negative-feedback loop deactivates this
cascade by inhibiting the pathway at undetermined intermediates. The role of the
phosphatidylinositol phosphatase PTEN as a specific attenuator of the RTK-PI3K-Akt pathway is
also indicated.

(modified form Ledda and Paratcha, 2007)

Ligand-induced receptor downregulation

Negative feedback provides an effective control of RTKs signaling, however
other mechanisms, collectively known as receptor downregulation, have been
evolved to restrict RTK signaling independently of transcription (Peschard & Park,
2003; Shtiegman & Yarden, 2003; Thien & Langdon, 2001).

This type of molecular machinery limits signal propagation by removing activated
receptors from the plasma membrane, thus reducing the number of specific binding
sites on the cell surface. Once activated, RTKs are ubiquitinated, internalized and

targeted to degradative compartments.
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Role of endocytosis in negative signaling

Activated receptors generally enter the endosomal system through incorporation
into clathrin coated vesicles (CCVs). They are initially targeted to clathrin-coated
membrane invaginations that pinch off to form internalizing vescicles. The AP2
adaptor complex triggers the formation of clathrin-coated vescicles, while their
detachment from the plasma membrane is mediated by the GTPase dynamin.
Subsequent membrane fusion and budding events drive the internalized vescicles
along the endocytic pathway, from the early endosome to the late endosome. From
here receptors may recycle to plasma membrane or be selected for lysosomal sorting
by incorporation into small vescicles that bud off from the limiting membrane into the
vacuolar lumen to generate multivescicular bodies (MBVSs). Fusion of MBVs with
lysosomes leads to degradation of internal vescicles and their contents by hydrolytic
enzymes. Ubiquitination provides a sorting signal that is proposed to engage with the
MVB sorting machinery (Hicke & Dunn, 2003; Raiborg et al., 2002; Urbe et al., 2003).
It has been reported that non-ubiquitinated RTKs are not sorted in the bilayered
clathrin coat, but are recycled back to the cell surface and escape lysosomal
degradation (Katzmann et al., 2002); see Figure 4)

Growing evidence indicate that membrane trafficking plays an important role in
controlling the localization of signaling interactions and in regulating degradation and
recycling of activated receptors. Since RTKs can transmit signals from the membrane
of the endosomes, the molecular machinery that regulate trafficking of receptors from
early endosomes to degradative lysosomes plays an important role in controlling the
localization of signaling interactions and in regulating degradation and recycling of

activated receptors.
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Figure 4 Model for clathrin dependent endocytosis of activated RTKs. Activated receptors are
sorted into clathrin-coated pits. Following formation of a clathrin-coated vesicle and the
subsequent shedding of clathrin to from the early endosome, ubiquitinated receptors (green)
receptors undergo sequestration in inner vescicular structures of multivesicular bodies (MBVS).
Fusion of MBVs with lysosomes leads to the degradation of inner vesicles and their content by
lysosomal proteases. RTKs that are not ubiquitinated (red) are not sequestered in the bilayered
clathrin coat of the sorting endosomes and can be recycled to the cell surface where they can
be reactivated.

(Modified form Peschard and Park, 2003)

Clathrin dependent endocytosis represents the best characterized endocytic
pathway involved in downregulation of a number of RTKs. Less well characterized
are clathrin-independent endocytic pathways, including caveolae/raft-dependent.
Caveolae are cholesterol- and sphingolipid-rich small uncoated invaginations of the
plasma membrane that partition into raft fractions and whose expression is
associated with caveolin-1 (Parton, 1996). Caveolae are thus considered a
subdomain of the biochemically defined glycolipid raft.

The caveolae- and raft- dependent endocytic pathways differ from clathrin-mediated

endocytosis for a number of components of the endocytic machinery, like adaptor

10
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proteins, involvement of cytoskeletal proteins (Pelkmans & Helenius, 2002). As for
calthrin-madiated endocytosis, the caveolae/raft-dependent endocytosis of various
molecules has been reported to be inhibited by microinjection of anti-dynamin
antibodies or by overexpression of a dominant-negative dynamin K44A mutant
devoid of GTP hydrolytic activityand (Dessy et al., 2000; Lamaze et al., 2001;
Pelkmans et al., 2002). Other features typical of these pathways are the sensitivity to
cholesterol depletion and the morphology and lipid composition of the vescicular
intermediates. The internalization of caveolae may be facilitated by disruption of the
actin cytoskeleton and by inhibition of phosphatases, while it is prevented by kinase
inhibitors (Mundy et al., 2002; Thomsen et al., 2002).

Growing evidence indicate that caveolin-1 acts not as determinant of caveolae
invagination and internalization, but rather as a regulator that stabilizes caveolae at
the plasma membrane and reduces the endocytic potential of caveolae/raft domains
(Le et al., 2002; Oh & Schnitzer, 2001). Moreover, internalization of some caveolar
ligands is a signal-mediated process that requires caveolin-1 expression (Minshall et
al., 2000; Razani et al., 2001). This observation together with the existence of
multiple caveolin-1 partners (Liu et al., 2002) implicates caveolin-1 as a scaffolding
molecule that determines the cargos for caveolae/raft-dependent endocytosis.

Interesting insights into the function of caveolar/raft-dependent endocytosis
have come from studies following endocytosis and signaling of the Transforming
Growth Factor-B (TGF-B) receptor (Di Guglielmo et al., 2003). TGF- B receptor has
been found in both clathrin-coated pits and caveolae at the cell surface and after
internalization the receptor is localized in non-acidic caveolin-1 associated vescicles
(caveosomes) as well in endosomes. The clathrin-dependent entry has been

associated with increased receptor signaling, while the caveolar pathway has been

11



INTRODUCTION

reported to lead to receptor degradation and turnover (Di Guglielmo et al., 2003).
TGF- B receptor can bind directly to caveolin-1 and this interaction may play a role in
targeting of receptor to caveolin-1-positive organelles (Razani et al., 2001).
Association with caveolin-1 has been described for other signaling receptors to
interact with, including the RTKs EphB1 receptor and Insulin Receptor (Bickel, 2002;
Vihanto et al., 2006). Interestingly, in caveolin-1 null mice any alterations in insulin
tolerance were detected but they were characterized by significantly low levels of
Insulin Receptor (Cohen et al.,, 2003). Studies on EGFR have led to a model
according which low concentrations of EGF lead to receptor internalization by
clathrin-coated pits, while high doses of the ligand stimulate receptor internalization
and degradation through a raft-dependent mechanism (Aguilar & Wendland, 2005;
Sigismund et al., 2005); see Figure 5). However, it has been recently demonstrated
by live-cell microscopy that incubating cells with high doses of EGF did not increase
the mobility of caveolae (Kazazic et al., 2006). These findings prompt a role for
caveolar/raft-dependent endocytosis in the regulation of turnover, rather than

signaling.

Figure 5 Model for ligand-induced EGFR downregulation. High [EGF] induces Ub modification
and degradation through a clathrin-independent caveolar pathway. Low [EGF] promotes
recognition by the AP2 cargo adaptor and internalization via clathrin-coated vesicles, leading to
efficient signal transduction.

(Modified form (Aguilar & Wendland, 2005)
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Role of ubiquitination in negative signaling

Ligand-induced RTKs downregulation is controlled by protein ubiquitination, an
evolutionarily conserved post-translational modification where the small protein
ubiquitin is covalently conjugated to a lysine residue within the substrate (Pickart,
2001). Protein ubiquitination is mediated by an enzymatic cascade composed of a
ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a
ubiquitin-ligase (E3). Multiple classes of E3 ubiquitin-ligases provide the specificity of
ubiquitination reaction by binding substrates (Weissman, 2001). These include HECT
domain-containing proteins, such as Nedd4 family, proteins containing RING finger
domains, such as Cbl family and U-box containing proteins, such as CHIP.

When a single or multiple 76 amino acid ubiquitin moiety is appended to the
lysine residue of substrate proteins monoubiquitination or multiple monoubiquitination
occur, respectively. Ubiquitin itself contains seven lysine residues that can be
substrate for the conjugation of other ubiquitin molecules, allowing the formation of
polyubiquitin chains (see Figure 6). It has been reported that all seven lysine residue
can be involved in chain formation in vivo.

The functional relevance of differential ubiquitination is not yet completely
understood. However, the consensus view is that mono- and multi-ubiquitination are
non-proteolytic signals involved in endocytosis, endosomal sorting, histone
regulation, DNA repair and nuclear export (Mukhopadhyay & Riezman, 2007).
Polyubiquitination through Lys48 linkage is involved in targeting for degradation via
the proteasome 26S (Pickart & Fushman, 2004). Much less is known about specific
functions of chains linked through other lysine residues. In addition, recent studies
have reported the identification of branched chains containing different types of

linkages, but their function is still unclear (Kirkpatrick et al., 2006).
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Figure 6 Schematic representation of different ubiquitin modifications with their functional roles.

(Modified form (Woelk et al., 2007)

Several different families of ubiquitin-protein ligases, including Cbl, Nedd4 and
CHIP have been reported to regulate ubiquitination of RTKs in mammalian cells
(Joazeiro & Weissman, 2000; Katz et al., 2002; Xu et al., 2002). The Hsp70/Hsp90-
associated U-box ubiquitin ligase CHIP is preferentially involved in degradative
pathways initiated by receptor misfolding, and thus triggered by mutations or drug-
induced misfolding (Citri et al., 2002; Germano et al., 2006). Recently, the E3
Ubiquitin ligase Nedd4-2 as been identified as an enzyme that binds specifically to
the C-terminal portion of the TrkA receptor, leading to receptor downregulation,
thereby modulating neuronal survival by NGF (Arevalo et al., 2006).

However, accumulating evidence suggest that the Cbl family of ubiquitin ligases
plays a major role in mediating ligand-dependent downregulation of RTKs (Thien et

al., 2001). Several activated receptors, such as EGFR, Platelet-Derived Growth

14



INTRODUCTION

Factor receptor (PDGFR), RET, HGFR/MET and Ron receptors are ubiquitinated
upon interaction with c-Cbl, the most studied member of the Cbl family. Cbl ubiquitin-
protein ligases contain a conserved N-teminal tyrosine kinase binding (TKB) domain
and a RING finger domain in addition to other protein interaction motifs (Thien &
Langdon, 2001). c-Cbl can directly associate with activated receptors by binding to
specific tyrosine residues on the receptor through its TKB domain. Additionally, it has
been reported that c-Cbl can also interact with the SH3 domain of Grb2, an adaptor
protein known to associate with phosphorylated receptors and link RTK to the
activation of the Ras pathway. Thus, in mammalian cells Grb2 can indirectly recruit c-
Cbl to EGFR, RET, HGFR/MET and Ron receptors (Jiang et al., 2003; Penengo et
al., 2003; Peschard et al., 2001; Scott et al., 2005). It has been suggested that Cbl
may sequester Grb2 from the guanine nucleotide exchange factor Sos, thus inhibiting
Ras activation (Dikic & Giordano, 2003).

The precise involvement of c-Cbl in ligand-dependent downregulation remains
elusive, as several evidences prompt a role for c-Cbl also in the regulation of RTKs
endocytosis. The overexpression of c-Cbl has been shown to enhance the kinetic of
internalization of EGFR (Soubeyran et al., 2002), whereas in c-Cbl null macrophage
a slower internalization rate was detected for Colony-Stimulating Factor-1(CSF-1)
Receptor (Lee et al.,, 1999). It has been proposed that c-Cbl promotes the
internalization of RTKs by binding to the CIN-85-Endophilin complex, a step required
for the invagination of the plasma membrane into the coated-pits (Petrelli et al., 2002;
Soubeyran et al.,, 2002). Interfering with CbI-CIN85-Endophilin interaction was
sufficient to hamper RTKs endocytosis and degradation, without disrupting the ability
of Chl to ubiquitinate activated receptors (Petrelli et al., 2002; Soubeyran et al.,

2002). The binding of Cbl to activated RTKs thus regulates ligand-dependent RTKs
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downregulation by promoting receptor ubiquitination and by regulating the endocytic
pathway through the interaction with CIN85-Endophilin complexes. However, Cbl-
mediated ubiquitination of RTKs seems more critical for sorting into MBVs vescicles
rather than for the initial internalization step. Indeed, it has been demonstrated that
Cbl can associate with and ubiquitinated activated EGFR at the plasma membrane
(Stang et al., 2000) but also remain associated with the receptor throughout the
endocytic pathway. Colocalization of Cbl with activated EGFR in internal vescicles of
MBVs has been reported (de Melker et al., 2001). Interestingly, dominant negative
mutants of Cbl have been reported to inhibit RTKs degradation and accelerate
recycling, while any effect on the internalization rate was detectable (Thien &
Langdon, 2001).

Early lines of evidence indicate that ubiquitination of both receptor cargos and
components of the endocytic machinery is required for correct functioning of the
degradative machinery (Di Fiore et al., 2003; Marmor & Yarden, 2004). Indeed,
several Ub binding domains (UBDs), have been identified in endocytic regulatory
proteins, including Hrs, Eps15, Stam, Epsin and Tsgl101 (Bienko et al., 2005; Hicke
et al., 2005). They are responsible for ubiquitin binding and for directing self-
monoubiquitination. Ubiquitin has thus emerged as a recognition element in RTKs
sorting, coupling ubiquitinated cargos with the endocytic machinery and coordinating
their trafficking to degradative compartments.

Moreover, ubiquitination is a dynamic and reversible process, as
deubiquitinating enzymes (DUBs) can mediate the rapid removal of ubiquitin from
substrate proteins (Wilkinson, 2000). The reversibility of ubiquitination thus represent
an additional level of regulation and the balance between activity and subcellular

localization of DUB enzymes and ubiquitin ligases allows for fine tuning of responses.
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Oncogenic Deregulation of RTKs

Aberrant RTKs signaling is associate with the development and progression of
many human malignancies. The dysregulation of approximately fifty percent (30 of
58) of the genes known to encode RTKs has been associated with human tumors
(Blume-Jensen & Hunter, 2001) and frequently correlate with poor responsiveness to

conventional therapies.

Mechanisms of uncontrolled RTKs signaling

Several mechanisms that dysregulate RTKs have been characterized, including
overexpression, point mutations, partial deletions and gene rearrangements (Blume-
Jensen & Hunter, 2001; Lamorte & Park, 2001). These molecular changes result in
ligand-independent autophosphorylation or enhanced catalytic activity of RTKs, thus
leading to prolonged cell stimulation (see Figure 7).

Gene amplification and /or overexpression of RTKs is a recurrent theme in
human tumors, that leads to abnormal accumulation, dimerization and constitutive
activation of the receptors resulting in dysregulated cell proliferation. Important
examples can be found in EGFR and HGF-R/Met family of tyrosine kinase receptors.
Overexpression and/or gene amplification of ErbB2 occurs in a significant proportion
of adenocarcinomas and clinical studied have demonstrated that elevated ErbB2
expression correlates with poor prognosis in multiple malignancies, including breast
and ovarian cancer (Klapper et al., 2000; Ouyang et al., 2001). In the case of EGFR
the predominant mechanism leading to receptor overexpression is gene amplification

with up to 60 copies per cell reported in certain tumors (Libermann et al., 1985).
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As well, the MET gene has been found amplified in liver metastasis of colorectal
carcinomas and the Met protein overexpressed in tumors of specific histotypes,
including thyroid and pancreatic carcinomas (Di Renzo et al., 1995).

Activating point mutations represent another common mechanism responsible
for altered RTKs signaling. They have been detected in the extracellular domain of
the tyrosine kinase receptor Ret, where they are associated with multiple endocrine
neoplasia (MEN) type 2A and familial medullary thyroid carcinoma (FMTC). In
addition, a M—T mutation directly affecting the tyrosine kinase domain has been
implicated in the MEN type 2B syndrome (Hofstra et al., 1994). Interestingly, the
same conserved residue among RTKs, was found mutated in the tyrosine kinases Kit
and Met and associated to human mast cell leukaemia and mastocytosis (Longley et
al., 1996) and to human papillary renal carcinoma (HPRC; (Schmidt et al., 1997).
Somatic mutations in the kinase domain of EGFR, including L858R point mutation
and exon 19 deletion have been reported in 10% of non-small cell lung cancers
(NSCLC;(Lynch et al., 2004). The oncogenic form of Neu, p185™"*, represents a
model of constitutive activation that occurs by alteration of the transmembrane
domain. In this case a V—E substitution induces tyrosine kinase autophosphorylation
and cell transformation (Weiner et al., 1989).

Examples of gene rearrangements can be found in the ret proto-oncogene.
Indeed, rearrangement of the 3’ sequence of ret with the 5 sequences of
H4/D10S170, the type la regulatory subunit of cyclic AMP-dependent protein kinase
and the ELE1 gene have been detected from DNA extracts from PTC (Papillary
Thyroid Carcinoma; (Bongarzone et al.,, 1993). The resulting rearranged genes
produce hybrid proteins with a constitutively active Ret kinase. The nerve growth

factor receptor (NGF-R) can undergo a gene rearrangement with tropomyosin, in
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which the extracellular domain of the receptor is lost and tropomyosin is fused to the
kinase domain (Martin-Zanca et al., 1986). Similarly, the tyrosine kinase HGF-R/Met
can acquire oncogenic properties by gene rearrangements with sequences from
chromosome 1 called tpr (translocated promoter region). In the resulting Tpr-Met
hybrid protein, that lacks the extracellular and transmembrane domains of Met, the
leucine zipper motif of Tpr mediates the dimerization (Rodrigues & Park, 1993).
Finally, another important mechanism of constitutive RTKs signaling involves
autocrine—paracrine stimulation through growth factor loops and has been described
for the EGFR, PDGFR IGF-IR receptor families. This potent mechanism of activation,
reported in many solid tumors, occurs when RTKs are overexpressed in the presence
of their cognate ligands, or when overexpression of the ligand occurs in the presence

of its associated receptor.

Figure 7. Schematic view of different mechanisms leading to RTKs constitutive activation.

(Modified form Manash et al., 2004)

19



INTRODUCTION

Growing evidence support the idea that also failure of RTKs to be appropriately
deactivated may be a cause of unrestrained proliferative ability and neoplastic growth
(Dikic & Giordano, 2003). Indeed, alterations that uncouple RTKs from c-Cbl
mediated ubiquitination and downregulation are strictly associated with the
pathogenesis of cancer. Examples include CSF-1R, HGF-R/Met, c-Kit and EGFR. It
has been reported that mutation of a C-terminal tyrosine, which is the c-Cbl direct
binding site, enhances the transforming abilities of CSF-1R in fibroblasts. Moreover,
mutations of the c-Cbl binding site are frequently observed in CSF-1R in human
myelodysplasia and acute myeloblastic leukaemia (Ridge et al., 1990). Similarly, loss
of c-Cbl recruitment and c-Cbl-mediated ubiquitination is likely to contribute to the
oncogenic deregulation of Tpr-Met (Peschard et al., 2001).

The Stem Cell Factor (SCF) Receptor/c-Kit recruits c-Cbl indirectly via the
adaptor containing PH and SH2 domains (APS). The deletion of APS binding sites in
c-Kit greatly enhances its transforming potential, although part of the effect may be
due to enhanced catalytic activity of the receptor (Herbst et al., 1995).

Finally, an EGFR mutant lacking only the direct c-Cbl binding site elicits stronger
mitogenic signals than the wild-type receptor (Waterman et al., 2002). In addition, it
has been demonstrated that EGFR/ErbB2 heterodimers recruit c-Cbl to a lesser
extent than EGFR homodimers and escape form the degradative fate by rapidly
being recycled at the cell surface (Muthuswamy et al., 1999). Hence, the
overexpression of ErbB2 constitutes a mechanism by which EGFR avoids c-Cbl-
mediated downregulation.

Together these receptors are examples of how different oncoproteins can escape
from downregulation mechanisms by loss of the c-Cbl binding sites or inefficient c-

Cbl recruitment.
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Consistent with its role in the downregulation of RTKs, mutant c-Cbl proteins
that lack ubiquitin ligase activity have been identified in mouse tumors (Thien &
Langdon, 2001). Moreover, c-Cbl is itself regulated by several proteins that are
implicated in potentially carcinogenic signaling pathways, including the adaptor
protein Sprouty2 and the cytosolic tyrosine kinase Src (Polo et al., 2004). It was
shown that active Src induce tyrosine phosphorylation and poly-ubiquitination, with
consequent proteasomal degradation, of c-Cbl leading to upregulation of EGFR
expression and signaling (Bao et al., 2003). Consistently, mutational activation of Src
occurs in cancer and frequently correlates with simultaneous overexpression of

EGFR (Summy & Gallick, 2003).

Targeting RTKs signaling

The mechanisms of altered RTK signaling that leads to cancer represent
promising areas for the development of target-selective anticancer drugs. Several
approaches towards the prevention or inhibition of RTKs signaling have been
followed, thanks to the understanding of the mechanisms of signal generation and
regulation by RTKs and of the crystallographic structure of many RTKs. Strategies
include the development of selective components that target either the extracellular
ligand-binding domain, the intracellular tyrosine kinase or the substrate-binding

region (see Figure 8).
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Figure 8. Schematic structure of different approaches for RTKs inhibition. Abbreviations: MADb,
monoclonal antibody; ODN, oligodeoxynucleotides; IT, immunotoxin; TKI, tyrosine kinase
inhibitor.

(Modified form Manash et al., 2004)

Recombinant antibody technology has enabled the production of humanized or
human neutralizing antibodies directed against the extracellular domain of RTKs.
They can bind to the receptor and inhibit its activation, either by blocking the
interaction with the ligand or by inducing receptor internalization and degradation.
The humanized monoclonal antibody against ErbB2 receptor Herceptin
(Trastuzumab) mainly acts by inducing receptor downregulation and gave significant
results in the treatment of metastatic breast cancers in which ErbB2 was
overexpressed (Vogel et al., 2002). As well, the monoclonal antibody Cetuximab
(C225), which is directed against the extracellular domain of the EGFR, has shown

growth-inhibiting and anti-tumor effect in a variety of human cancer cells including
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pancreatic, renal and breast carcinomas (Overholser et al., 2000). Recently, it has
been reported that treatment of carcinoma cell lines with a monoclonal antibody
against HGF-R/Met (DN30) resulted in impaired HGF-induced signal transduction
and enhanced receptor downregulation, associated with weakened anchorage-
independent growth and invasiveness (Petrelli et al., 2006).

An alternative strategy to force RTKs towards degradative pathways is based on
Heat shock protein 90 (Hsp90) inhibitors. Indeed, many kinases require the
activity of molecular chaperones to maintain their activation competent conformation
(Kamal et al., 2004). Chaperone-based inhibitors other than interacting with protein
kinases, prevent the associated chaperones from maintaining the activation
competent conformation of the kinase. The ansamycin antibiotic geldanamycin and
its derivatives are able to compete with ADP/ATP in the nucleotide binding pocket of
Hsp90, inhibiting the intrinsic ATP-dependent chaperone activity and thus directing
the ubiquitin-mediated proteasomal degradation of the misfolded kinases (Stebbins
et al., 1997).

Another promising approach to interfere with aberrant RTKs signaling is the
development of small-molecule inhibitors that selectively interfere with their
intrinsic tyrosine kinase activity thus blocking receptor autophosphorylation and
activation of downstream signal transducers (Levitzki, 1999). Several of these
compounds are low molecular weight molecules that compete with the ATP-binding
site of the receptor. The major examples are BCR-ABL kinase inhibitor Imatinib
mesylate (Gleevec, STI 571), that also affects the activity of two related RTKs,
PDGFR and c-Kit and the EGFR kinase inhibitor Iressa (ZD-1839).

Additional strategies for the inhibition of receptor tyrosine kinase signaling

include immunotoxins and antisense oligonucleotides. Natural immunotoxins are
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fused or chemically conjugated to a specific ligand, such as monoclonal antibodies,
or growth factors and once internalized by cancer cells can induce apoptosis. One
promising immunotoxin is the EGF fusion protein DAB389EGF, which contains
domains of diphtheria toxin fuse with sequences for human EGF (Sweeney &
Murphy, 1995).

Antisense oligodeoxynucleotides (ODN) are 15-25bp nucleotides designed to
interact with the mRNA and inhibit RNA function in several ways including the steric
block of RNA translation and the alteration of RNA processing. Preclinical studies
have shown that antisense ODN targeting IGF-1R induces apoptosis in malignant
melanoma and is also effective in breast cancer (Andrews et al., 2001). The silencing
of HGF-R/Met expression has been achieved by using antisense ODN delivered in
vivo through liposomes, resulting in impaired growth of different xenografts models
(Stabile et al., 2004).

Another way to inhibit protein expression is represented by the RNA interference
(RNAI) technique. Indeed, it has been proven to achieve almost complete Met
silencing in vitro and in xenografts models. Although it represents a challenging and
powerful technique several limitations arise form difficulties in efficient delivery. The
production of chemically modified siRNAs suitable for in vivo administration offers

new hints for clinical translation.
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The Ron tyrosine kinase receptor

The product of the proto-oncogene RON has been identified as the receptor for
Macrophage Stimulating Protein (MSP), belonging to the subfamily of the HGF-R/Met
(Gaudino et al., 1994; Wang et al., 2005). The RON gene contains 20 exons and 19
introns and is located on chromosome 3p21, a region frequently altered in certain
cancers (Zabarovsky et al., 2002). The cDNA encoding human Ron was originally
cloned from keratinocytes (Ronsin et al., 1993) and its murine homologue, named
stem cell-derived tyrosine kinase (Stk) was isolated from bone marrow cells (lwama

et al., 1994).

Structure and biological activities

Ron is a disulphide-linked heterodimer (p185) composed of an extracellular 35-
kDa o chain and a 150-kDa transmembrane [ chain with intrinsic tyrosine kinase
activity. Both chains are derived from proteolytic cleavage of a single-chain precursor
(prl70) by a furin-like protease (Gaudino et al.,, 1994; Wang et al., 1994). The
extracellular moiety contains a Sema domain of 500 amino acids, which is known to
be a protein-protein interaction domain, a eight-cysteine motif of 80 amino acids
termed Met-related sequence (MRS) and four domains Immunoglobulin-like fold
domains shared by plexin and transcription factors (IPT;(Comoglio et al., 1999).
Although the functional role of these domains remains partially unknown, it has been
reported that a soluble molecule representing the Sema domain of Ron negatively
affects ligand-induced receptor activation, thus suggesting that this domain

participate in ligand-binding by the full length receptor (Angeloni et al., 2004). The

25



INTRODUCTION

intracellular portion of the receptor comprises a juxtamembrane region that contains
a conserved tyrosine residue (T1017) which is a potent negative regulation site for
Met receptor, the tyrosine kinase catalytic domain and a C-terminal docking tail
comprising two conserved tyrosine residues that form the multifunctional docking site
for SH2-containing proteins  (Y***VQLPATY™*°MNL;(Ponzetto et al., 1994). By
expressing active Ron with the Sf9/baculovirus system Yokoyama and co-workers
presented evidence for an autoinhibitory role of the C-terminal tail, that may regulate
Ron kinase activity via an interaction with the catalytic domain (Yokoyama e Miller
2005). This is in accordance with the observation that the C-terminal domain of Met
acts as an intramolecular modulator of receptor activity (Bardelli et al., 1999). Within
the HGF-R/Met subfamily, a distinctive feature of Ron is the presence of a
proline/arginine-rich sequence (RRPRPLS™*EPPRPT) in the last 20 amino acids of
the receptor, which function as protein-protein interaction motif. Indeed, it has been
reported that serine phosphorylation at residue 1394 generate a 14-3-3 binding site,
connecting Ron with o634 integrin (Santoro et al., 2003).

The only ligand for Ron was identified as MSP, also known as HGF-like protein,
a serum protein that belongs to the family of plasminogen-related growth factor
(Gaudino et al., 1994; Yoshimura et al., 1993). MSP is synthesized as single-chain
precursor and secreted into the plasma, where it undergoes activation by serum
proteases of the intrinsic coagulation cascade, nerve growth factor-y, epidermal
growth factor-binding protein and membrane-bound proteases (Wang et al., 1994).
The mature heterodimeric form of MSP consists of 65-kDa o chain, containing four
disulfide loop structure called kringle domains, and a 30kDa 8 chain, endowed with a
serine protease-like domain devoid of enzymatic activity (Yoshimura et al., 1993). As

for HGF, it is established that the major receptor binding site is located on MSP 3
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chain (Wang et al., 1997), even though analysis of the intermolecular interactions in
the crystal lattice of B-chain of MSP demonstrated the absence of a conserved mode
of dimerization of the serine protease homology domains of HGF and MSP (Carafoli
et al., 2005). Complete knockout of the mouse MSP gene has been reported to
produce no visible phenotypic changes, implying that additional ligands for Ron might
exist, which could compensate fro the loss of MSP (Bezerra et al., 1998).

On engagement by its cognate ligand, Ron activates multiple intracellular
signaling pathways including Ras/MAPK (Li et al., 1995), PI-3K/Akt (Wang et al.,
1996), JNK/SAPK(Chen et al., 2000), B-Catenin (Danilkovitch-Miagkova & Leonard,
2001) and NF-kB (Santoro et al., 2003), mediating cellular proliferation, survival,
migration and differentiation on cells of different origins. In particular MSP has been
shown to stimulate proliferation of mammary duct epithelial cells and keratinocytes,
maturation of megakaryocytes, motility of keratinocytes and bone resorption and
contraction of osteoclasts (Banu et al.,, 1996; Kurihara et al., 1996; Santoro et al.,
2003; Wang et al., 1996). Ron is a critical negative regulator of macrophage function
and inflammation. In vitro activation of Ron in macrophages has been shown to
inhibit inducible nitric oxide synthase (INOS) expression and nitric oxide (NO)
production, following lipopolysaccharide (LPS) or interferon y treatment (Wang et al.,
1994). Accordingly, targeted disruption of Ron in mice leads to deregulated
inflammatory responses (Correll et al., 1997). Moreover, overexpression of Ron in
monocytes/macrophages has been reported to inhibit HIV-1 proviral transcription
(Lee et al., 2004). The MSP-Ron pathway has been proposed as a novel regulatory
mechanisms within the central nervous system (CNS), on the basis of observations in

an animal model of multiple sclerosis. Indeed, neurological desease in Ron-deficient

27



INTRODUCTION

animals showed a more rapid and severe onset after induction of experimental
autoimmune encephalomyelitis (EAE;(Tsutsui et al., 2005).

Functional interaction of Ron with a number of receptors has been reported,
namely erythropoietin receptor HGF-R/Met, EGFR (Follenzi et al., 2000; Peace et al.,
2003). These studies highlight the importance of the extracellular and
transmembrane domains of Ron beside the tyrosine kinase domain in intracellular

signaling and prompt a role for Ron in complex and interacting networks.

Cell transforming and oncogenic potential

In physiological conditions Ron activation is a transient event, whereas its
deregulated activation is involved in cancer progression and metastasis in humans
(Wang et al., 2003) and in murine models (Peace et al., 2005). Oncogenic activation
of Ron can occur through a variety of mechanisms, including overexpression, partial
deletions, point mutations and gene rearrangements, resulting in constitutive
activation of the kinase.

The RON gene is normally transcribed at relatively low levels in cells of
epithelial origins, while overexpression and subsequent aberrant activation have
been observed in primary breast carcinomas (Maggiora et al., 1998), in non-small cell
lung tumors (Willett et al., 1998) and colorectal adenocarcinomas (Zhou et al., 2003).
Moreover, Ron expression is positively associated with histological grading, larger
size and tumor stage in bladder cancer specimens (Cheng et al., 2005).

Abnormal accumulation and activation of Ron might play a critical role in vivo in the
progression of malignant human epithelial cancers. Indeed, studies from transgenic
animals provided evidence indicating that overexpression of Ron can lead to

formation of lung tumors in vivo (Chen et al., 2002). Additionally, silencing RON gene
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expression by RNA interference has been shown to hamper in vivo tumor formation
of established colorectal carcinoma cells (Xu et al., 2004).

Altered Ron expression is also accompanied by generation of biologically active
splice variants in cancerous cells. Several Ron mRNA splicing products have been
characterized so far. The first Ron variant, designated as RonA165 or A-Ron, was
found in a stomach cancer cell line and in colon cancer specimens and is the result
of an in frame deletion of 49 amino acid in the extracellular domain of B chain (Collesi
et al., 1996). This deletion prevents the proteolytic conversion of the single chain
precursor into the two-chains form and causes the protein to be retained in the
cytoplasm. The intracellular activation of RonA165 by disulphide-linked intracellular
oligomerization confers invasive properties in vitro. A second Ron variant, RonA160 ,
was cloned from colon cancer cell lines and later was found in colorectal
adenocarcinoma samples (Wang 2000). The in frame deletion of 109 amino acids in
the extracellular region of B chain, rather than affecting the proteolytic processing of
the protein, results in abnormal dimerization due to an unbalanced number of
cysteine residues. The splicing variant RonA155, identified in primary colorectal
adenocarcinoma samples, has a deletion of 158 amino acids in the extracellular
domain of B chain and is a constitutively active non-processed single-chain protein
retained in the cytoplasm (Zhou et al., 2003). Even though the involvement of these
Ron variants in the progression of colorectal adenocarcinomas has not been
completely elucidated, they provide a molecular mechanism for post transcriptional
activation of Ron in cancer. Bardella and co-workers identified a short RON mRNA in
several human cancers, including ovarian carcinomas. This transcript encodes a
truncated protein lacking most of the extracellular domain, but retaining the whole

transmembrane and intracellular domains. Expression of this constitutively active

29



INTRODUCTION

truncated kinase results in loss of epithelial phenotype and drives tumor cell
progression (Bardella et al., 2004).

To date, naturally occurring oncogenic mutant forms of Ron have not been
identified. We have demonstrated that introducing single point mutations (D1232V
and M1254T) in the activation loop of the Ron kinase domain, that mimic those found
in c-Kit and Ret, results in activation of its transforming and tumorigenic potential
(Santoro et al., 1998). These oncogenic substitutions induce constitutive activation of
the kinase and yield a dramatic increase in catalytic efficiency, suggesting a direct
correlation between kinase activity and oncogenic potential. Mutational analysis
revealed that the Y—F conversion of the tyrosine residue at position 1317
significantly impairs tumorigenic and metastatic properties of the oncogenic

RonM1254T

, indicating that the transforming activity of this mutant is dependent on
Y1317 phosphorylation and suggesting a shift in intramolecular substrate specificity
(Santoro et al., 2000). Moreover, Ron"'#*T can exert cell transforming and metastatic
activities without a functional docking site, supporting the idea that increased Ron
kinase activity alone is sufficient to transduce oncogenic signaling.

Altogether this evidence strongly support a role for Ron tyrosine kinase in the

onset or progression of tumor, even though additional studies focusing on the cellular

and molecular mechanisms of Ron-mediated biological effects are required.
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Mechanisms Underlying Ligand-induced
Ron Downregulation

Summary

Decoration of ligand-activated receptors by ubiquitin acts as a signal controlling
receptor internalization and routing to degradative compartments. EGFR and PDGFR
tyrosine kinase receptors have been shown to be primarily modified by addition of
single ubiquitin moieties at different lysine residues following ligand stimulation
(Haglund et al., 2003; Mosesson et al., 2003) and this kind of modification has
become recognized as the principal signal responsible for receptor internalization
and routing to the lysosome for degradation (Haglund et al., 2003). However, a
recent study based on a mass spectrometry approach has demonstrated that, in
addition to multiple monoubiquitination, the EGFR is modified by short lys63-linked
polyubiquitin chains within the kinase domain (Huang et al., 2006). Similarly, Geetha
and co-workers have reported that the nerve growth factor receptor TrKA requires
lys63 chains for internalization (Geetha et al., 2005). The mechanism by which lys63-
linked chains could regulate internalization remain unknown, even though NMR
studies suggest that the extended, linear conformation of ubiquitin chains formed
through this lysine residue, might be recognized and function as a signal topologically
similar to monoubiquitin (Varadan et al., 2004). Different structural features have
been attributed to lys48-linked chains, such as a closed conformation and contact
between hydrophobic residues of adjacent ubiquitin moieties. These structural
requirements seem to be essential for the recognition of the modified proteins by the

proteasome 26S subunits (Eddins et al., 2006; Thrower et al., 2000).
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Altogether these findings indicate the existence of multiple ubiquitin signals on
activated RTKs, that might account for distinct degradative fates. Furthermore,
studies on TGFBR and EGFR have demonstrated the existence of different
internalization pathways (clathrin-dependent or caveolae/raft-dependent) regulated
by receptor ubiquitination state, and involved in the generation of signaling diversity
(Di Guglielmo et al., 2003; Sigismund et al., 2005).

Previous work in our laboratory, performed on a chimaeric receptor generated
by fusing the C-terminus of the EGFR transmembrane domain with the N-terminus of
the Ron intracellular domain (ER), reported that activated Ron recruits to the
multifunctional docking site the E3 ubiquitin ligase c-Cbl, a critical modulator of
several RTKs (Penengo et al., 2003). c-Cbl recruitment to this site, as well as to
juxtamembrane tyrosine autophosphorylation site, results in receptor ubiquitination
and internalization.

The aim of this study was to shed light on the molecular mechanisms involved in
Ron endocytic trafficking and degradative fate following ligand-induced activation,

that play a critical role in regulating signaling magnitude and specificity.

Experimental procedures

Reagents and antibodies

MG-132, lactacystin, concanamycin and bafilomycin were purchased from Alexis.
MSP was obtained by R&D System; monensin was from Sigma. Monoclonal antibody
against Ron extracellular domain Zt/c1 was kindly provided by M.H. Wang (Texas
Tech University, Amarillo, USA). Polyclonal antibody against Ron C-terminal domain

(c-20) and against EGFR (1005) were from Santa Cruz Biotechnology, Inc.;
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monoclonal anti-a-tubulin  (B-5-1-2), anti-phospho-Erk1/2 (MAPK-YT), and anti-
Erk1/2 (ERK-NP2) were purchased from Sigma; polyclonal phospho-Akt (Ser*’®) and
polyclonal anti-Akt were from Cell Signaling Technology; monoclonal anti-Cbl (7G10)
and anti-phospho-tyrosine (4G10) were from Upstate Biotechnology, Inc.
Monoclonal anti ubiquitin PD41 and FK1 were from Covance and BIOMOL
International, respectively. Anti-HA antibody was from Roche, anti-caveolin and anti-
clathrin heavy chain antibodies from BD Transduction laboratories and anti-
transferrin receptor from Zymed Laboratories, Inc. Horeseradish peroxidase-
conjugated anti-mouse and anti-rabbit were purchased from Cell Signaling

Technology, Inc.

Plasmids

pMT2-Ron was obtained as described previously (Santoro et al., 1998), c-Cbl in
pcDNA3, HA-tagged ubiquitin and its KO mutant in pMT123 were kindly provided by
Y. Yarden (Weizmann Institute of Science, Rehovot, Israel). pCCLsin.PPT.nhPGK.GF
P.Wpre transfer plasmid was used to express three independent siRNAs (5'-
GATCGACCTGGTCAACCGC-3'; 5-GCAATGAGCTGTTTGAAGA.-3’; 5'-GAAGCGA
GATATCCCTGAC-3), targeting caveolin-1 or clathrin heavy chain transcripts or an
unrelated sequence as negative control. The expression was under the
transcriptional control of the H1 promoter. The vector carries an independent GFP

expression cassette, to allow for the identification of transfected cells.

Cell culture and transfection
FG2 cells were maintained in RPMI-1640, Hela cells were maintained in MEM

medium (Invitrogen) with non-essential amino acids and sodium pyruvate, HEK293T

33



SECTION |

and NIH-3T3 cells were maintained in Dulbecco’s modified Eagle’s medium (Sigma),
supplemented with 10% fetal bovine serum (Invitrogen) in a 5% CO»-humidified
atmosphere. Hela stably expressing Ron were obtained by infection with a lentiviral
vector (p156RRLsin.PPT.NCMVMCS.pre) encoding human Ron. NIH-3T3 stably
expressing Ron were obtained as described previously (Santoro et al., 1998), NIH-
3T3 stably expressing EGFR were kindly provided by L. Moro (University of Piemonte
Orientale, Novara, Italy). Transient transfection of HEK293T cells was performed with
calcium-phosphate using the CellPhect transfection kit (GE Healthcare).
Lipofectamine was used for transfection of FG2 and Hela cells according to the

manufacturer’'s recommendations.

Immunoprecipitation and Immunoblotting

Total cellular proteins were extracted in RIPA buffer (50 mM Tris-HCI pH 7.4, 150
mM NaCl, 0.5% sodium deoxycholate, 1% Triton X-100, 0.1% SDS) containing
protease and phosphatase inhibitors (10 pg/ml aprotinin, 10 pg/ml leupeptin, 10
pg/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 2
mM sodium fluoride). Lysates were clarified by centrifugation, quantified with the BCA
Protein Assay Reagent Kit (Pierce) and dissolved in Laemmli sample buffer. For
immunoprecipitation, cells were lysed in Solubilization buffer (20 mM Tris-HCI pH 7.4,
5 mM EDTA, 150 mM NaCl, 10% glycerol, 1% Triton X-100) with protease inhibitors.
500-pg aliquots of clarified cell lysates were incubated with 1ug of the indicated
antibody immobilized on protein A-Sepharose 4B packed beads (GE Healthcare) for
2 h at 4°C. After extensive washes, precipitated proteins were dissolved in Laemmli
sample buffer. Proteins were resolved by SDS-PAGE, transferred to nitrocellulose

membrane and probed with respective antibodies. For ubiquitin immunoblotting,
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proteins were transferred to PVDF membranes, incubated for 30 min in 20 mM Tris-
HCI containing 6 M guanidine hydrochloride and 5 mM 2-mercaptoethanol, then
probed with ubiquitin antibodies. Detection was performed by the ECL system (GE
Healthcare) and Chemidoc exposure system (Bio-Rad). Image analysis was

performed with Quantity One (Bio-Rad).

Cell surface biotinylation assay

Surface proteins were labelled fro 30 minutes at 4°C with 0.5 mg/ml Ez-Link® sulfo-
NHS-Biotin (Pierce) in buffer A (1.3 mM CaCl,, 0.4 mM MgSO,4-7H,0, 5 mM KCI, 138
mM NacCl, 5.6 mM D-glucose, 25 mM HEPES, pH 7.4). After extensive washes with
Dulbecco’s modified Eagle’s medium containing 0.6% bovine serum albumin and 20
mM HEPES, pH 7.4, cells were lysed. Biotinylated proteins were detected by

streptavidin immunoprecipitation or avidin-HRP blotting as indicated.

Immunofluorescence

Cells were plated onto glass coverslips at a density of 2 X 10% . After serum
starvation, medium was removed by extensive washes with PBS containing 1%
bovine serum albumin and labeling with the appropriate antibodies was performed on
ice for 1 hour in PBS containing 3% bovine serum with or without MSP or EGF.
Fixing was performed with 4% paraformaldheyde solution for 5 minutes at room
temperature. Permeabilization with 0.4% Triton X-100 was followed by 30 minutes
incubation with 1% normal goat serum and 30 minutes staining with HRP-linked
Alexa Fluor 488 anti-mouse or Alexa Fluor 555 anti-rabbit antibodies (Invitrogen) in a
humidified chamber. Coverslips were mounted with Pro-Long Gold Antifade reagent

(Invitrogen). DRAQ-5 (Alexis) was added 5 minutes before fixation.
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Results

Activated Ron is preferentially modified through the conjugation of ubiquitin chains.
To gain a better understanding of the physiological consequences of ligand-
induced Ron ubiquitination, we characterized the type of modification occurring on
the receptor following activation. To this end we made use of a previously
characterized (Mosesson et al., 2003) mutant from of ubiquitin, harbouring lysine-to-
arginine (K—R) substitutions at all sites involved in chain branching, thus deficient in
the formation of polyubiquitin chains. We transiently expressed the HA-tagged
mutant form (Ub-KO), together with Ron or EGFR and c-Cbl, in HEK293T cells and
compared its ability to mediate receptor ubiquitination with that of wild type ubiquitin
(Ub-WT; Figure 1A). Ron ubiquitination pattern was severely affected in Ub-KO
expressing cells. In contrast, in cells transfected with EGFR as a comparison, the
ubiquitination signal was only slightly influenced by expression of the mutant form of
ubiquitin. As expected, in a similar experiment, Ub-KO abolished the typical ladder of
ubiquitinated B-catenin, a well characterized substrate for polyubiquitination (data not
shown). These results provide evidence indicating that ligand-activated Ron
preferentially undergoes polyubiquitination, rather than multiple monoubiquitination.
We further investigated receptor ubiquitination in FG2 pancreatic carcinoma
cells expressing endogenous Ron, by using two commercially available antibodies
against ubiquitin, one recognizing polymeric chains only (FK1), the other able to
detect both ubiquitin chains and single monomers (P4D1). Moreover, in line with
previous reports on EGFR indicating differential effects of ligand concentrations on
the ubiquitination state of the receptor (Sigismund et al., 2005), we tested increasing
amount of MSP, all within the physiological range. Detectable Ron ubiquitination was

observed following stimulation with doses of MSP starting from 50 ng/ml (Figure 1B).
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The kind of modification entails polymeric chains conjugations, even at the highest
dose of MSP tested, as it is efficiently recognized by FK1 antibodies. Interestingly,
we observed a strong correlation between Ron ubiquitination and its tyrosine
phosphorylation. Indeed, a marked Ron phosphorylation was detectable at a
concentration of MSP of 50 ng/ml or higher, although activation of the two major

downstream effectors Akt and Erk1/2 occurred even at lower doses.
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Ub KO
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IP: Ron IP: EGFR
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Figure 1. MSP induces Ron polyubiquitination. A) HEK293T cells expressing c-Cbl and
either Ron or EGFR along with the indicated form of HA-tagged ubiquitin were stimulated with
100 ng/ml MSP or 100 ng/ml EGF and cell lysates were immunoprecitated (IP) with Ron or
EGFR antibodies. HA immunoblotting (IB) was used to detect receptor ubiquitination. Receptor
levels were monitored with the appropriate antibodies. B) FG2 cells endogenously expressing
Ron were stimulated with increasing MSP concentrations. Equal protein amounts were
immunoprecipitated with Ron antibodies and polyubiquitin chains were detected with FK1
antibodies. After stripping, the filter was probed P4D1. Receptor activation was monitored with
phospho-tyrosine antibodies. C) Protein from cell lysates of FG2 cells stimulated as described in
B were analyzed by IB with the indicated antibodies.
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Polyubiquitination is required for MSP-induced Ron degradation.

Since ubiquitination has been shown to be critical for proper sorting of activated
RTKs to degradative compartments, we characterized MSP-induced Ron
degradation. At this end, cells endogenously expressing Ron were treated with
increasing concentration of MSP for 8 hours and cell lysates were analyzed by
immunoblotting. We observed that Ron degradation was strongly induced upon
stimulation with MSP concentrations sufficient to promote receptor ubiquitination.
Indeed, prolonged exposure of the cells to media containing 50-100 ng/ml of MSP
resulted in a marked reduction (up to 60%) of both precursor and mature form of the
receptor (figure 2A).

To address the role of polyubiquitination in controlling the fate of activated
receptor, we analyzed MSP-induced Ron degradation in the presence of the Ub-KO
mutant. As shown in figure 2B, in cells transfected with wild-type ubiquitin, Ron
underwent time-dependent degradation, which was completely abolished in cells
overexpressing Ub-KO. Thus, the mutant form of ubiquitin acted as a dominant
negative, indicating that Ron polyubiquitination is required for its proper sorting to

degradative compartments.
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Figure 2. MSP promotes polyubiquitination-dependent Ron degradation. A) FG2 cells
endogenously expressing Ron were stimulated with increasing MSP concentrations for 8 hours.
Equal protein amounts were analyzed by Immunoblotting (IB) with Ron antibodies. 3T3-Ron or
3T3-EGFR cells were preincubated for 1 h with either lactacystin or concanamycin and then
cultured in medium with or without MSP (100 ng/ml) or EGF (100 ng/ml) for 8 hours. Following
cell surfaces biotinylation, equal amounts proteins were subjected to immunoprecipitation with
the indicated antibodies. Immunoprecipitated proteins and total cell lysates were analyzed by
immunoblotting. B) HEK293T cells expressing Ron and either wild-type (Ub WT) or mutant (Ub
KO) ubiquitin were stimulated with 100 ng/ml MSP for the indicated time. Protein from cell
lysates were analyzed by immunoblotting with the indicated antibodies.

Proteasome inhibition prevents MSP-dependent Ron degradation.

The major downregulation mechanism described for RTKs involves targeting of
activated receptors to lysosomes for degradation and multiple monoubiquitination
has became recognized as a critical sorting signal (Di Fiore et al., 2003; Haglund et
al., 2003). However, at least for some receptors, it has been demonstrated that
proteasomal activity is required for their proper downregulation (Pierchala et al.,
2006; Sehat et al., 2007).

To identify the pathway that account for Ron degradation, a pharmacological

approach was taken. In NIH-3T3 fibroblasts stably expressing Ron (3T3-Ron) or
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EGFR (3T3-EGFR), here used as a prototype of RTKs undergoing lysosomal
degradation, we performed a time-course ligand stimulation in presence of well-
known inhibitors of lysosome or proteasome activity.

In 3T3-Ron cells pretreated with the selective inhibitor of lysosomal proteases
concanamycin, the rate of MSP-induced Ron degradation was comparable to that
observed in untreated cells (Figure 3A, upper panel). This was not a consequence of
the ineffectiveness of the inhibitor, since when concanamycin was used under the
same condition in 3T3-EGFR cells, it effectively impaired receptor degradation upon
ligand stimulation (Figure 3A, lower panel). Conversely, pretreatment with the highly
specific proteasome inhibitor lactacystin almost completely abolished Ron
degradation, with receptor levels being significantly different when compared to
stimulated control cells at all time points (figure 3B, upper panel). Since Ron was still
ubiquitinated upon ligand stimulation in treated cells, we excluded the possibility that
the inhibitory effect of lactacystin on receptor degradation could be due to a depletion
of cellular pool of free ubiquitin (data not shown). As expected, in a parallel
experiment on 3T3-EGFR cells, receptor degradation was only slightly affected
(figure 3B, lower panel). Similar results were obtained on FG2 cells endogenously
expressing Ron when either MG132 or bafilomycin was used to inhibit proteasome
and lysosomal proteases respectively (data not shown).

Interestingly, inhibition of Ron downregulation resulted in accumulation of
phosphorylated forms of Erk-1/2 and Akt, crucial mediators of two major downstream
signaling pathways triggered by MSP (Figure 3B).

Taken together, these results suggest the requirement of receptor degradation
for an efficient switching off of its signaling activity and indicate the proteasome as a

key player in this process.
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Figure 3. Proteasome is required for MSP-induced Ron degradation, whereas lysosome
activity is dispensable. NIH-3T3 cells stably expressing Ron or EGFR were preincubated for

30 minutes with either 100 nM concanamycin

(A) or 20 uM lactacystin (B). Cells were then

cultured in medium with or without 100 ng/ml MSP or 100ng/ml EGF. Equal amounts of lysates
from cells harvested at the indicated time were subjected to immunoblotting (IB) with the
indicated antibodies. Densitometry on Ron Immunoblotting and values, normalized to the
relative a-tubulin control bands, were plotted as percentage of vehicle treated cells. Each data
point represents the mean + S.E. of three independent experiments. *P,< 0.05; **P,< 0.005.
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Activated Ron accumulates at the cell surface upon proteasome inhibition

We next investigated if activated receptor molecules accumulate at the plasma
membrane in conditions of impaired proteasome or lysosome activity. In a cell
surface biotinylation assay, 3T3-Ron or 3T3-EGFR cells were ligand-stimulated in
presence or absence of lactacystin or concanamycin, then surface protein labelled
with biotin and analyzed by immunoprecipitation and avidin blotting. Prolonged MSP
stimulation resulted in a measurable decrease of cell surface mature Ron when
compared to unstimulated cells (Figure 4, left panel). Notably, lactacystin treatment
completely prevented the MSP-dependent reduction of the amount of receptor
exposed at the plasma membrane, while lysosome inhibition was almost totally
ineffective. On the contrary, EGFR was efficiently removed from cell surface in all
experimental conditions tested. Although concanamycin treatment prevented EGFR
degradation, it could not block its removal from cells surface (Figure 4, right panel), in
line with previous observations indicating that ubiquitination is necessary and

sufficient to drive receptor internalization (Haglund et al., 2003).

MSP: = + + + - - -
EGF: - - - - + + +
lactacystin: - - + - = = + -
concanamycin: - - % i = +
Lagul [f - —— e — - IB: avidin-HRP
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Figure 4. Proteasome inhibition stabilizes Ron at the cell surface. 3T3-Ron or 3T3-EGFR
cells were preincubated for 1 h with either lactacystin or concanamycin and then cultured in
medium with or without MSP (100 ng/ml) or EGF (100 ng/ml) for 8 hours. Following cell surfaces
biotinylation, equal amounts proteins were subjected to immunoprecipitation with the indicated
antibodies. Immunoprecipitated proteins and total cell lysates were analyzed by immunoblotting.
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These findings indicate that proteasome inhibition sustains Ron downstream
signaling pathways not only by preventing its degradation, but also by stabilizing

activated receptor molecules at the cell surface.

Internalization is a critical step in ligand-induced Ron downregulation

The majority of growth factor receptors respond to ligand with an enhanced rate
of internalization. To further assess the effect of ligand activation on Ron trafficking,
the subcellular localization of receptor molecules was evaluated by
immunofluorescence analysis at different time points following MSP stimulation.
Staining with anti-Ron antibodies of serum starved cells kept on ice resulted in an
intense fluorescent signal distributed along all the cell surface (Figure 5A). Following
incubation at 37°C in the presence of MSP, the membrane associated fluorescence
was decreased, with a parallel accumulation of clustered receptor molecules in the
cytoplasm (Figure 5 B-D). Interestingly, we observed a delayed internalization rate for
Ron, when compared to that observed for EGFR in the same cell line stimulated with
EGF (Figure 5 F-H). Moreover, one hour after ligand stimulation EGFR was mainly
found in large spots surrounding the cell nucleus, with a staining pattern
characteristic of late endosomes (Figure 5G) and after fluorescence started to
decrease most likely as a consequence of receptor degradation (Figure 5H). In
contrast, Ron was still scattered as small spots in the cytoplasm even at later time

points.
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Figure 5. MSP induces Ron internalization. Serum starved HelLa-Ron cells expressing
exogenous Ron and endogenous EGFR were labelled on ice with anti-Ron (upper panels) or
anti-EGFR (lower panels) antibodies directed against their extracellular domains. Cells were
then immediately fixed (A and E) or incubated at 37°C in medium with MSP (100 ng/ml) or EGF
(100 ng/ml) for 30 minutes (B and F respectively), 1 hour (C and G respectively) or 3 hours (D
and H respectively). After permeabilization and incubation with Alexa Fluor 488-conjugated
secondary antibodies, cells were analyzed by a Leica LS2 laser scanning confocal microscope.
Blue signal represents DraQ-5 nuclear staining.

We next addressed weather Ron internalization is required for MSP-induced
receptor degradation. We performed a time course of MSP stimulation in cells
expressing an HA-tagged mutant form of the GTPase dynamin Il (dynamin K44A)
under the control of a tet-off promoter. Overexpression of this dominant negative
mutant acts as a general inhibitor of endocytosis (Henley et al., 1998). In cells
cultured in the absence of tetracycline, and thus expressing dynamin K44A, MSP-
induced Ron degradation was severely impaired, demonstrating the requirement of

active endocytosis to target the activated receptor for degradation (Figure 6).
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Dynamin K44A
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Figure 6. Ligand-induced Ron degradation is hampered in endocytosis-impaired cells.
Ron cDNA was transiently transfected in HeLa cells stably transduced with a vector encoding for
a dominant negative dynamin Il (dynamin K44A) under the control of a tet-off promoter. Cells
were cultured in the presence or absence of tetracycline for 48 hours and then stimulated with
100 ng/ml MSP for the indicated time. Equal amount of proteins from cell lysates were analyzed
by immunoblotting with the indicated antibodies.

Since confocal microscopy analysis indicated that Ron undergoes internalization
upon MSP stimulation in a process that does not involve substantial translocation to
late endosomes at time points as long as 3 hours, we tested the hypothesis that the
receptor could be recycled back to cell surface before degradation. Thus, we treated
cells with the carboxylic ionophore monensin, which mediates proton movement
across membranes and has been shown to allow receptor internalization but not the
traffic of intracellular vesicles, leading to the inhibition of both routing to the
lysosomes and recycling to the plasma membrane (Wang et al., 2002). Indeed, it was
shown that cell treatment with monensin could block shuttling back to the cell
membrane of the transferrin receptor (Tfr), which recycles for the purpose of
transporting critical nutrients into the cells (Moos & Morgan, 2000).

In unstimulated cells we observed a reduction in the amount of cell surface Ron

following monensin treatment, at a similar extent of that detected for transferrin
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receptor, indicating that Ron displays an increased degradation rate in condition of
impaired recycling (Figure 7). The effect of monensin on Ron levels were only slightly
augmented in MSP stimulated cells.

These results suggest that Ron undergoes recycling both in the presence and

absence of ligand activation.

MSP (4h): - - + +
monensin: - + - 4+
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Figure 7. Monensin treatment results increased Ron degradation. FG2 cells were
preincubated for 1 hour with 100uM monensin and subjected to cell surfaces biotinylation. Cells
were then cultured in medium with or without MSP (100 ng/ml) for 4 hours. Equal amounts
proteins from cell lysates were subjected to streptavidin immunoprecipitation.
Immunoprecipitated proteins and total cell lysates were analyzed by immunoblotting. a-tubulin
immunoblotting was used as loading control.

Caveolae/raft-dependent endocytosis mediates MSP-induced Ron degradation
Based on observations indicating dynamin as a major player in both clathrin-
and caveolae/raft-dependent endocytosis (Oh et al.,, 1998), we tested the
involvement of these endocytic pathways in Ron downregulation. To address this
issue, we made use of gene silencing approach, analyzing Ron expression following
MSP stimulation in cells infected with lentiviral vectors that encode siRNAs designed

to selectively target clathrin heavy chain or caveolin-1 expression.
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In cells depleted of clathrin, we could not observed any significant perturbation

in ligand-induced receptor degradation (Figure 8A).

Conversely, caveolin-1 gene

siliencing severely impaired ligand-induced Ron downregulation, that was not clearly

detectable even at later time points of MSP stimulation. To exclude the possibility

that the involvement of the two endocytic pathways could diverge at different ligand

concentration, we performed a similar experiment by using lower MSP doses, down

to 20 ng/ml. Caveolin-1 depletion resulted in impaired receptor degradation at all

concentration of MSP tested (Figure 8C), suggesting that caveolar endocytosis is a

general mechanism involved in ligand-induced Ron downregulation.
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Figure 8. Caveolar endocytosis is involved in MSP-induced Ron downregulation. FG2
cells were transfected siRNA targeted to clathrin (A) or caveolin-1 (B and C) transcript or to an
unrelated sequence. 72h after transfection, cells were stimulated with 100 ng/ml MSP for the
indicated times (A and B) or with different MSP concentrations for 8 hours (C). Equal quantities
of cell lysates were analyzed by Immunoblotting with the indicated antibodies. a-tubulin

immunoblotting was used as loading control.
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To go better inside in the role of caveolin-1 in the regulation of ligand-induced
Ron downregulation, we tested the possibility that the receptor could be found in
complex with caveolin-1. By co-immunoprecipitation experiments we observed
association between Ron and caveolin-1, already present in unstimulated cells and
increased upon MSP stimulation (Figure 9A). Moreover, confocal microscopy
analysis revealed a partial overlay of Ron and caveolin-1 signals in untreated cells
and a clear relocalization of Ron in structures containing caveolin-1 upon ligand
stimulation (Figure 9B). Our findings thus reveal that Ron can directly interact with

caveolin-1 and interference with caveolae/raft-dependent endocytosis affects Ron

degradation.
A %oo
Sl
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Figure 9. Ron associates with caveolin-1. (A) HelLa-Ron cells stably expressing Ron were
stimulated or not with 100 ng/ml MSP for 20 minutes. Equal protein amounts were
immunoprecipitated with Ron antibodies and association of caveolin-l to the Ron
immunocomplex was detected by immunoblotting. (B) The same cells were treated as described
above and then fixed and permeabilized. After incubation with primary antibodies, Alexa Fluor
488- or 555-conjugated antibodies were added to detect antigen bounds anti-Ron (green signal)
or anti-caveolin-1 (red signals) antibodies. In yellow, superimposition of the two signals.
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Discussion

Ligand-induced downregulation of RTKs as emerged as a key negative
regulatory mechanism that can achieve long-lasting signalling attenuation by
removing activated receptor from the cell surface and committing them to
degradation. The maintenance of the appropriate extent and duration of signals
elicited by activated RTKs is critical for preventing over-stimulation, that could
potentially lead to cellular transformation (Di Fiore & Gill, 1999). Studies on the ErbB
family of RTKs have provided important hints on how controlled receptor trafficking to
degradative compartments regulate the potency of mitogenic signalling. It has been
reported that different ErbB receptor ligands, namely EGF and TGF-a, invoke distinct
signalling potencies in term of mitogenic potential. High mitogenic responses
correlate with increased recycling and decreased downregulation that occur in the
presence of TGF-a (Waterman et al.,, 1998). Moreover, considerable evidence
suggests that escape from ligand-induced downregulation plays an important role in
RTKs deregulation and may be mechanism in cancer (Peschard & Park, 2003).

Several reports have established that ubiquitination plays a major role in RTKs
downregulation, by driving activated receptors throughout the endocytic route to
degradative compartments. Some evidence supports that EGFR, PDGFR and HGF-
R/Met undergo multiple monoubiquitination following ligand stimulation (Carter et al.,
2004; Haglund et al., 2003; Mosesson et al., 2003) and a single ubiquitin moiety has
been demonstrated to be sufficient to drive receptor internalization (Haglund et al.,
2003). While the requirement of ubiquitination at the initial step of internalization
remains still controversial, the best characterized role for RTKs ubiquitination is to
regulate their sorting to lysosome for degradation. The identification of ubiquitin-

binding proteins (Ub-receptors) compartmentalized along the endocytic pathway has
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lead to hypothesize that multiple monoubiquitin signals on activated RTKs might
determine the specificity and the strength of their interactions with Ub-receptors
(Haglund et al., 2003). This contention has been challenged by recent reports, in
which authors used ubiquitin-containing reporter proteins to argue that low-affinity
interactions via monoubiquitin are not sufficient for endocytosis, whereas
polyubiquitin chains are preferentially recognized by the endocytic machinery
(Barriere et al., 2006; Madshus, 2006). In addition, Carter and co-workers indicated a
requirement of Lys-48-linked polyubiquitin chains for HGF-R/Met endosomal
trafficking, even though activted receptor undergoes multiple monoubiquitination
(Carter et al., 2004). More recently, mass spectrometry analysis of immunopurified
EGFR demonstrated the occurrence of Lys63-linked polyubiquitin chains within the
kinase domain of the receptor following stimulation (Huang et al., 2006). Thus, in
addition to multiple monoubiquitination the EGFR is modified also by
polyubiquitination, although the mechanism through which Lys63-linked chains could
regulate internalization and sorting of activated receptor is not known. At present the
functional relevance of different lysine linkages in vivo is a matter of debate and
growing evidence points to additional levels of complexity in the ubiquitin system.

Moreover, the accepted view that activated RTKs are ultimately sorted to
lysosome for degradation has been challenged by several observations indicating a
role for proteasome 26S in downregulation of some RTKs, including IGF-1R and Ret
(Pierchala et al., 2006; Sehat et al., 2007), and cytokine receptors such as the
erythropoietin receptor (EpoR; (Walrafen et al., 2004).

The Ron tyrosine kinase receptor has been implicated in cancer progression
and malignancy (Wang et al., 2006). The mechanisms by which Ron can acquire

oncogenic potential has been extensively characterized, including overexpression,
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point mutations and truncations (reviewed in (Wang et al., 2003). Much less is known
about the negative regulation of Ron signalling and its alterations in human cancers.

We have previously identified the E3 ubiquitin ligase c-Cbl as a critical
modulator of Ron, as it mediates ligand-induced receptor ubiquitination and
downregulation (Penengo et al., 2003). In the present work we characterized the role
of ubiquitination and endocytic trafficking in the negative regulation of Ron. Our
findings indicate that the type of modification occurring on activated Ron involves the
conjugation of polyubiquitin chains, rather than single ubiquitin moiety at multiple
sites. At present the nature of lysine linkages of polyubiquitin chains as well as the
lysine residues specifically modified by ubiquitin remain obscure. Ubiquitin mutants
harbouring single lysine to arginine substitutions and mass spectrometry analysis will
help us to verify the occurrence of specific lysine-linked chains on Ron, like lys63
chains, as reported for EGFR and TrkA (Geetha et al., 2005; Huang et al., 2006), or
others never identified on activated RTKs so far.

The different ubiquitination pattern displayed by activated Ron, with respect to
that generally described for RTKs, may account for the peculiar degradative fate of
this receptor. Indeed, our results indicate that lysosomal activity is dispensable and
identify the proteasome 26S as the major player in MSP-induced Ron degradation.
Moreover we present evidence indicating that recycling back to cell surfaceis a
critical mechanism in Ron downregulation, that might regulate the amount of receptor
exposed at the plasma membrane either at steady-state and following ligand
stimulation. The decrease in receptor expression level observed upon treatment with
monensin suggests that Ron is continuously internalized, even in absence of ligand
activation, and when the internalized receptor is kept inside the cell by impaired

recycling, it is forced to proteasome degradation. Although the ultimate and long-
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lasting effect of endocytosis is to terminate signalling, several evidences for signaling
within endosomal compartments have emerged. Based on these findings, it will be of
interest to assess whether recycling is a mechanism through which activated Ron
might regulate duration and compartmentalization of signals. Our recent observations
suggest that in conditions of impaired recycling MSP-dependent signaling to PI3K/Akt
pathway.

Although the existence of different endocytic routes is well known, how they
orchestrate distinct biochemical pathways and biological behaviour remains still
elusive. Studies on TGF-f3 receptor have reported that clathrin-mediated endocytosis
sustains continuous shuttling of the receptor between the plasma membrane,
whereas the fraction of receptors internalized through caveolae/raft- dependent
endocytosis is delivered to a degradative compartment (Di Guglielmo et al., 2003).
Moreover, it has been demonstrated that while the raft-dependent pathway is
preferentially associated with EGFR degradation, clathrin-dependent internalization
appears to contribute primarily to EGFR recycling and signaling (Sigismund et al.,
2005). In line with these observations, we found that caveolae/raft-dependent
endocytosis is required for MSP-induced Ron degradation, even with low doses of
ligand. This is further confirmed by the enhanced association between the receptor
and caveolin-1 observed following MSP stimulation. Although our data clearly
indicate that clathrin-mediated endocytosis is not involved in the degradative fate of
activated Ron, we cannot exclude a role for this endocytic pathway in the regulation
of MSP-dependent signaling. A complete understanding of these pathways is of great
importance to highlight the role of ubiquitination and endocytic trafficking in the
negative regulation of Ron, thereby providing novel attractive approaches to target

altered Ron signaling in cancer.
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Ligand-independent Downregulation
of Ron and its Oncogenic Variant

Summary

RTKs downregulation can be induced by ligand-stimulation but also by
activating mutations that lead to accelerated turnover. In these conditions, the
mechanisms controlling receptor degradation can be partially independent from the
activity of the RING finger E3 ligase c-Cbl and require the activity of other ubiquitin
ligases such as the chaperone-interacting protein CHIP. The carboxyl-terminal U-box
domain of the protein is endowed with ubiquitin ligase activity, while the amino-
terminal tetratricopeptide (TPR) domain mediates binding to the chaperones Hsp70
and Hsp90 (Jiang et al., 2001).

A wide array of proteins involved in signal transduction pathways depend on
Hsp90 and other chaperone components for functional maturation, regulation and
stability (Pratt & Toft, 2003). CHIP has been reported to associate with and convert
Hsp90 multichaperone complexes from a chaperone function to one that promotes
ubiquitination and degradation of client proteins (Connell et al., 2001). A role for
CHIP in mediating proteasomal degradation of Hsp90 client proteins has been
demonstrated in the case of the glucocorticoid receptor (Connell et al., 2001), the
cystic fibrosis transmembrane-conductance regulator (Meacham et al., 2001), c-Raf
kinase and both wild-type and mutant p53 proteins (Esser et al., 2005). Moreover, it
has been reported that ErbB2 tyrosine kinase receptor, which is resistant to c-Cbl
mediated downregulation, requires association with the Hsp90 for its stability and is

efficiently ubiquitinated and degraded by the E3 ligase CHIP (Xu et al., 2002).
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CHIP-mediated ubiquitination thus seems critical in all the situations where
receptors are conformationally altered, such as point mutations or rearrangement. It
is also conceivable that CHIP plays a role in down-regulation of receptors that are
unable to interact with Cbl, as a consequence of mutation of the Cbl tyrosine kinase
domain, Cbhl sequestration by intracellular proteins or receptor mutation in the Cbl-
interaction site.

In addition, CHIP has been proposed to mediate the effects of geldanamycins,
a class of Hsp90 inhibitors that compete with ADP/ATP for the nucleotide binding
pocket of Hsp90 and restrain its ATP-dependent chaperone activity and thus
directing the proteasomal degradation of the client proteins (Schneider et al., 1996;
Zhou et al., 2003). Sensitivity to geldanamycins has been described for several
RTKs. Treatment of breast and other cancer cells with geldanamycin has been
reported to cause ubiquitination of cell surface ErbB2 molecules, followed by their
proteasome-dependent degradation (Mimnaugh et al., 1996). Moreover,
geldanamycins have been shown to downregulate HGF-R/Met preventing HGF-
mediated tumor cell motility and invasion (Xie et al., 2005) and to deplete mature
EGFR proteins harbouring mutations in the kinase domain (Shimamura et al., 2005).

Based on preliminary observations suggesting the ability of an oncogenic Ron

variant harbouring a single point mutation (Ron"?>*T

) in kinase domain to escape
from c-Cbl mediated downregulation, we addresses the possibility of alternative
degradative pathways triggered by different E3 ligase such as CHIP.

In this context we explored the effects of geldanamycin and its derivatives on Ron

stability and on deregulated signalling triggered by the oncogenic mutant.
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Experimental procedures

Reagents and antibodies

Geldanamycin and 17-AAG were purchased from Alexis. MSP was obtained by R&D
System. Polyclonal antibody against Ron C-terminal domain (c-20) and monoclonal
anti Hsc-70 (B-6) were from Santa Cruz Biotechnology, Inc.; monoclonal anti-a-
tubulin (B-5-1-2), anti-phospho-Erk1/2 (MAPK-YT), and anti-Erk1/2 (ERK-NP2) and
anti-FLAG (M2) were purchased from Sigma; polyclonal phospho-Akt (Ser*”®) and
polyclonal anti-Akt were from Cell Signaling Technology; monoclonal anti-Cbl (7G10)
was from Upstate Biotechnology, Inc. and monoclonal anti-Hsp90 antibody from BD
Transduction laboratories; monoclonal anti ubiquitin (FK2) was from Stressgen and
CHIP rabbit polyclonal antiserum was from Calbiochem (Merck). Horeseradish
peroxidase-conjugated anti-mouse and anti-rabbit were purchased from Cell

Signaling Technology, Inc.

Plasmids

pMT2-Ron and pMT2-Ron"*?**T were described previously (Santoro et al., 1998), c-
Cbl, c-Cbl70z, CHIP, CHIPK30A and CHIPAU-box were in pcDNA3 (Ballinger et al.,
1999; Waterman et al., 1999). GST-CHIP and GST-CHIPAU-box in pGEX4T-2
vector were kindly provided by H. Band (Brigham and women’s Hospital, Boston,
MA). pCCLsin.PPT.hPGK.GFP.Wpre transfer plasmid was used to express two
independent siRNAs (5-ACCACGAGGGTGATGAGGA-3'; 5-GAAGCGAGATATCCC

TGAC-3"), targeting CHIP transcript or an unrelated sequence as negative control.

55



SECTION I

Cell culture and transfection

FG2 cells were maintained in RPMI-1640, COS-7 and NIH-3T3 cells were maintained
in Dulbecco’s modified Eagle’s medium (Sigma), supplemented with 10% fetal bovine
serum (Invitrogen) in a 5% CO,-humidified atmosphere. NIH-3T3 stably expressing

Ron or Ron“1?%4T

were obtained as described previously (Santoro et al., 1998).
Transient transfection of COS-7 cells was performed with DEAE-dextran using the
CellPhect transfection kit (GE Healthcare). Transfection of FG2 cells was performed

as described in Experimental Procedures of Section I.

Biochemical assays

Immunoprecipitation, immunoblotting and cell surface biotinylation assay were
performed as described previously (see Experimental Procedures, Section I). For in
vitro ubiquitination assay GST-CHIP and GST-CHIPAU-box were expressed in E.coli
and affinity-purified according to the manufacturer's recommendations. Receptors
were immunoprecipitated from 800 pg aliquots of cell lysates with protein A-
Sepharose beads. Following purification Sepharose beads were extensively washed
and incubated in a 50 pl reaction for 90 min at 37 °C with 275 ng purified E1, 400 ng
E2 (UbcH5a), 5 ng/ul biotin Nterminal ubiquitin, 10 ng/pl ubiquitin (Boston Biochem
Inc.) and 5 pg of the indicated GST fusion proteins in a buffer containing 50 mM Tris-
HCIl pH 7.5, 2.5 mM MgCI2, 2 mM ATP, 2 mM DTT. After extensive washes the
ubiquitylated receptors were detected by SDS-PAGE and Western Blotting with

HRPconjugated streptavidin (GE Healthcare).
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Cell proliferation assay

Cells were plated on 96-well plates at a density of 4 x 10% well and cultured in
appropriate medium supplemented with 10% fetal bovine serum in presence or
absence of 100 nM 17-AAG. Cells were fixed in 11% glutaraldehyde 0, 24, 48 and 72
hours after drug addition and stained in Crystal Violet. Staining was solubilized in

10% acetic acid and absorbance at 595nm was measured with a microplate reader.

Cell migration assay

Cell motility was assayed using 8 UM pore size Transwell® chambers (Corning). The
lower side of the membrane was coated with 10 pg/ml fibronectin for 2 hours, and
then blocked with 0.2% BSA. Cells were detached with 1 mM EDTA and
resuspended with 2% fetal bovine serum. 1 x 10° cells were plated on the upper side
and allowed to migrate for 6 hours in presence of 100 nM 17-AAG towards the lower
chamber containing appropriate medium supplemented with 10% fetal bovine serum.
Cells remaining in the upper chamber were mechanically removed and those

migrated to the lower side were fixed and stained as described above.

Transforming assay

Focus forming assay was performed on NIH-3T3 fibroblasts (5 x 10° cells) with 5 ug
of recombinant plasmid as described previously (Santoro et al., 1998). Two days
after transfection, 17-AAG were added to cultures and renewed every 48 hours. Cell
cultures were maintained at confluence and screened for foci formation 10 = 18 days

after transfection. Spontaneous formation of foci was negligible.

57



SECTION I

Results

Oncogenic mutant Ron"*?**T displays c-Cbl-independent ubiquitination

According to our previous results, indicating that E3 ubiquitin ligase c-Cbl
physically interacts with Ron and promotes its ligand-dependent ubiquitination and
degradation, we sought to determine if a similar mechanism could be involved in
downregulation of the oncogenic mutant Ron"*?**"_ Interestingly, in COS-7 cells co-

M1254T

expressing c-Cbl and Ron , the mutant receptor failed to coimmunoprecipitate

the ubiquitin ligase, even upon MSP stimulation (Figure 1A upper panel). Likewise, in

the reciprocal experiment, wild-type Ron, but not Ron"'?**T

, was present in c-Cbl
immunoprecipitates of the same cells (Figure 1A lower panel).
On the basis of these results, we evaluated if the lack of association with c-Cbl

M1254T

could affect Ron ubiquitination. In COS-7 cells co-transfected with wild-type or

mutant receptor along with c-Cbl and a flag-tagged form of ubiquitin, the

ubiquitination of Ron**#>*7

was preserved and was ligand independent (Figure 1B).
These data suggest that also c-Cbl independent mechanisms might responsible
for receptor ubiquitination, at least for mutant Ron"*#**". This oncogenic variant
harbours a point mutation responsible for constitutive activation of the kinase and for
overcoming the requirement for the multifunctional docking site. The subversion of

substrate specificity that characterize this mutant might thus account for its c-Cbl

independent ubiquitination.
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Figure 1. Oncogenic mutant Ron
COS-7 cells were transiently transfected with Ron or Ron"****T, along with c-Cbl and FLAG-
tagged ubiquitin. 72 hours after transfection, serum starved cells were stimulated with 100 ng/ml
MSP for 20 min and equal protein amounts of cell lysates were immunoprecipitated with Ron
(upper panel) or c-Cbl (lower panel) antibodies. Associated c-Cbl or Ron were detected with the
appropriate antibodies. B) Ron immunoprecipitation described in A was followed by
immunoblotting with FLAG antibodies to detect ubiquitylated receptors. The immunoprecipitated

receptor was detected by Ron Immunoblotting.

Ron and Ron“t2%4T

associate with a chaperone complex containing CHIP E3 ligase
Among several ubiquitin ligases, we focused our attention on CHIP (C-terminal
Hsc70-interacting protein), as it has been involved in the negative regulation of
molecules responsible for oncogenic transformation. This E3 ligase has been
reported to mediate degradation of signaling proteins, relying on the association with
chaperone proteins Hsp90 and Hsc70. Based on these indications, we sought

M1254T

evidence of the association of Ron and Ron with the chaperone complex
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containing CHIP. We co-transfected COS-7 cells with cDNAs encoding either

RonM1254T

or wild-type Ron and CHIP. Endogenous Hsp90 and Hsc70, as well as
CHIP, were detected in Ron immunocomplexes and were more abundant in
immunocomplexes from cells expressing the oncogenic receptor (Figure 2A). The

stronger interaction between CHIP and Ron"*#*T

was confirmed by the reciprocal
experiment.

CHIP has the ability to bind Hsc70 by means of the amino-terminal
tetratricopeptide (TPR) domain, while its E3 ubiquitin ligase activity is mediated by its
C-terminal U-box domain (Jiang et al., 2001). To better characterize the interaction
between the receptor and the ubiquitin ligase we tested the ability of CHIP proteins
harboring a mutation in the TPR (K30A) or lacking the U-box (AU-box) domain to
interact with Ron. The K30A mutant, which does not bind to either Hsp90 or Hsc70
(Xu et al., 2002), failed to co-immunoprecipitate with Ron. This suggests that these
chaperone intermediates are involved in the Ron-CHIP interaction. Conversely, the
deletion of the U-box domain did not impair the complex formation (Figure 2B).

Taken together, these results indicate that in live cells Ron and its oncogenic

variant Ron"*?**T forms a complex with the chaperones Hsp90 and Hsc70, which

mediate receptor association with the E3 ubiquitin ligase CHIP.
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Figure 2. CHIP interacts with Ron and Ron"***" by a chaperone intermediate. A) COS-7
MI2¥4T along with CHIP. 72 hours after

transfection equal protein amounts of cell lysates were immunoprecipitated with Ron or CHIP

cells were transiently transfected with Ron or Ron

antibodies and presence of CHIP, Ron, Hsp90, Hsc70 in the immunocomplexes was detected

M1254T

with the appropriate antibodies. Ron, Ron and CHIP expression was monitored by

immunoblotting. B) COS-7 cells were transiently transfected with Ron and either CHIP or
different CHIP mutants. Cells were lysed and equal protein amounts were immunoprecipitated
with Ron antibodies. Association of Hsp90, Hsc70 and CHIP to the Ron immunocomplex was
detected with the appropriate antibodies. Anti-CHIP immunoblotting of cell lysates was used to
control transfection efficiency.

Ron and Ron“t2%4T

associate with a chaperone complex containing CHIP E3 ligase
To verify whether CHIP could directly mediate Ron ubiquitination, we performed
an in vitro ubiquitination assay on immunocomplexes from 3T3-Ron fibroblasts, by
using purified GST-CHIP fusion proteins in the presence of biotinylated ubiquitin and
E1l and E2 enzymes. Wild type (GST-CHIP), but not U-box-deleted (GST-CHIP AU-
box), fusion protein catalyzed the receptor ubiquitination. No ubiquitination was
observed in the presence of GST protein alone, as well as when the reaction was

performed in absence of immunoprecipitated Ron (Figure 3A). These data indicate

that CHIP can serve in vitro as an E3 ligase for Ron.
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M1254T

We next addressed whether Ron ubiquitination in vivo could rely on the

ubiquitin ligase activity of CHIP. We over-expressed CHIP or the defective ligase
CHIP AU-box in COS-7 cells. Endogenous CHIP was sufficient to promote Ron“2%47
ubiquitination, which was increased by overexpression of recombinant CHIP and
almost totally abrogated in cells overexpressing CHIP AU-box (Figure 3B). This
demonstrates that CHIP is a functional E3 ubiquitin ligase for this oncogenic
receptor.

These data altogether indicate that Ron and Ron"*?**T differentially interact with

the E3 ligase CHIP, which is responsible for the c-Cbl and ligand independent

ubiquitiNation of the oncogenic receptor.

A B
Ron: - - - + + o+
GST: + - - + - - o+
GST-CHIP: - + - - + - & \)‘,0
GST-CHIPAU-box: - - + - - + CHIP: - X ©
IB: streptavidin IB: FLAG-Ub

160—

160—

160— unu IB: Ron 160'@] IB: Ron

IP: Ron

cell lysates

Figure 3. CHIP serves as an E3 ligase for Ron in vitro and in vivo. A) Proteins from 3T3-
Ron cell lysates were immunoprecipitated with Ron antibodies or pre-immune rabbit serum.
Immunoprecipitates were subjected to in vitro ubiquitination assay in the presence of GST or
GST-CHIP fusion proteins, biotin-labeled ubiquitin, E1 and E2 enzymes. The ubiquitinated
receptors were detected by immunoblottin& with streptavidin-HRP. B) Proteins from cell lysates
of COS-7 transiently transfected with Ron"****" and FLAG-tagged ubiquitin, along with CHIP or
CHIP AU-box or empty vector, were subjected to immunoprecipitation with Ron antibodies and
analyzed by anti-FLAG and anti-Ron immunoblotting. Anti-CHIP immunoblotting on cell lysates
was used to control transfection efficiency.
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M1254T turnover

CHIP regulates Ron and Ron
A number of reports assigned a role for CHIP in the regulation of the turnover of
several Hsp90 client proteins (Connell et al., 2001). We have thus investigated the

M1254T stability. To address

possibility that CHIP may normally regulate Ron and Ron
this issue, NIH-3T3 fibroblasts stably expressing Ron (3T3-Ron) or the oncogenic
mutant (3T3-Ron"**") were transfected with a vector encoding a siRNA to target
CHIP expression and cicloheximide was used to evaluate the half-life of the receptor
in condition of impaired de novo synthesis (Figure 4). In cells transfected with a
control vector, 8 hours treatment with cicloheximide were sufficient to observe a
marked reduction of Ron expression, due to concomitant block of neosynthesis and
degradation of mature receptor. Even more pronounced was the decrease of

M1254T protein levels, suggesting the oncogenic receptor undergoes a more rapid

Ron
turnover. Conversely, in cells expressing CHIP targeted siRNAs, we could not
observe any significant reduction in receptor level upon cicloheximide treatment,

demonstrating CHIP ubiquitin ligase plays an essential role in the regulation of the

turnover of both wild-type and mutant Ron.

3T3-Ron 3T3-RonM1254T

SiRNACHIP = = + + = = + 4
CHX(8h) - + = + = + - 4+

160—| M S M - o o d i | [B: RON

O | —— - - == |B: CHIP

50— | e — ——e essv-emss e (|3 tubulin

cell lysates

Figure 4. CHIP controls Ron and Ron"***" stability. 3T3-Ron or 3T3-Ron"***" cells were
transfected with siRNA targeted to CHIP transcript or to an unrelated sequence. 72h after
transfection, cells were treated with cicloheximide or vehicle for 8 hours. Equal quantities of
lysates were analyzed by immunoblotting with Ron antibodies.
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CHIP mediates Ron degradation induced by geldanamycins

It has been reported that CHIP mediates the effects of the Hsp90 inhibitor
geldanamycin (GA), by promoting ubiquitination and degradation of Hsp90 client
proteins.

We first investigated the sensitivity of Ron to GA, by performing a time-course
experiment on 3T3-Ron cells and FG2 cells, expressing recombinant and
endogenous Ron, respectively. After cell exposure to GA for different times, we
observed a robust reduction of both precursor and mature form of the receptor within
6 hours. Noteworthy, Ron protein levels declined with similar rates in both cell lines,
upon GA treatment. Similar effects, at a slightly lesser extent, were observed with the
same concentration of the less toxic GA derivative 17-AAG, (Figure 5A). Ron
destabilization upon Hsp90 inhibition was obtained also by using a chemically
unrelated Hsp90 inhibitor, the macrolactone antibiotic radicicol (data not shown).

We further investigated if Ron depletion following GA or 17-AAG exposure was due
to impaired maturation of the nascent chains only, or also cell-surface exposed
receptors were targeted for degradation. By surface biotinylation of 3T3-Ron and
FG2 cells, followed by Ron immunoprecipitation, we observed an accelerated
decrease of cell surface mature Ron after exposure to GA or 17-AAG for 6 hours
(Figure 5B). This indicates that GA and 17-AAG, albeit with minor efficacy, are able

to destabilize the receptor even after its exposure to the plasma membrane.
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Figure 5. Geldanamycins induce degradation of both precursor and mature cell surface
Ron. A) 3T3-Ron and FG2 cells were treated with or without 1 uM GA or 1 uM 17-AAG for the
indicated times. Cell lysates were analyzed by immunoblotting with Ron antibodies. o-tubulin
immunoblotting was used as loading control. B) 3T3-Ron and FG2 cells were cell-surface
biotinylated and then cultured in medium with or without 1 uM GA or 1 uM 17-AAG for 6 hours.
After immunoprecipitation of cell lysates with streptavidin-Sepharose surface-labeled mature
Ron was detected by anti-Ron Immunoblotting.

Since GA-induced degradation of the client proteins is reported to involve the
ubiquitin-proteasome pathway (Sepp-Lorenzino et al., 1995), we analyzed Ron
ubiquitination upon GA or 17-AAG treatment of 3T3-Ron of FG2 cells. In these
conditions a marked ubiquitylation of the receptor was observed as early as 15
minutes after drug addition (Figure 6A). This indicates that receptor ubiquitylation is

an early step in GA-induced Ron degradation.
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Moreover, pre-treatment of both cell lines with the proteasome inhibitor MG-132
impaired Ron depletion induced by geldanamycins (Figure 6B), indicating that this
destabilizing effect on Ron requires proteasomal activity. Conversely, when cells
were pre-treated with the lysosomal inhibitor Concanamycin A, GA retained full
activity on Ron (data not shown).

Taken together these results show that cell-surface exposed mature Ron is

destabilized by GA-induced degradation, involving the ubiquitin proteasome pathway.
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Figure 6. The ubiquitin-proteasome pathway is involved in Ron degradation induced by
geldanamycins. A) Proteins from lysates of 3T3-Ron and FG2 cells treated with or without
1uM GA, or 1 uM 17-AAG for 15 minutes were immunoprecipitated with Ron antibodies. Anti-
ubiquitin immunoblotting was used to detect the ubiquitinated receptor molecules. The
immunoprecipitated receptor was detected by Ron immunoblotting. B) 3T3-Ron and FG2 cells
were treated with or without 1 uM GA, or 1 uM 17-AAG in presence or absence of the
proteasome inhibitor MG-132 (20 uM). Cells were incubated with MG-132 for 1 hour before
drugs addition. Equal quantities of lysates from cells harvested at the indicated times were
analyzed by anti-Ron immunoblotting.
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Based on these observations we evaluated the involvement of CHIP in GA-
induced Ron degradation. To this end we made use of COS-7 cells expressing the
wild-type E3 ligase or the deletion mutant CHIP AU-box, which despite its lack of
ubiquitin ligase activity still associates with the receptor. Overexpression of the
dominant negative CHIP AU-box resulted in abrogation of GA-induced Ron
degradation (Figure 7A).

We previously reported that the E3 ubiquitin ligase c-Cbl physically interacts
with Ron, promoting its ligand-dependent ubiquitylation and downregulation. To verify
the role for c-Cbl in receptor destabilization driven by GA, we performed the parallel
experiment in COS-7 transfected with c-Cbl or the dominant negative c-Cbl-70Z
(Weissman, 2001). Impairment of c-Cbl activity had no effect on GA-induced Ron
degradation (Figure 7B).

To confirm the key role of CHIP in GA mediated Ron destabilization, we
analyzed cells deprived of CHIP by expression of targeted siRNAs sequences. FG2
cells were engineered by means of vectors to express sSiRNAs designed to
selectively inactivate CHIP transcripts or targeted to an unrelated sequence as
control. Cells expressing CHIP-targeted siRNAs displayed markedly reduced levels
of CHIP. In these conditions, Ron was refractory to the degradation induced by GA,
whereas in cells expressing control siRNAs receptor degradation still occurred.
Similar results were obtained with the same concentration of 17-AAG. (Figure 6C).

We conclude that the ubiquitin ligase activity of CHIP is necessary to mediate

Ron degradation induced by geldanamycins.
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Figure 7. The ubiquitin ligase activity of CHIP is necessary to mediate Ron degradation
induced by geldanamycins. A) COS-7 cells were transiently transfected with Ron and either
CHIP or CHIP AU-box. 72 hours after transfection cells were treated with or without 1 uM GA
for 6 hours and equal amounts of cell lysates were analyzed by immunoblotting with Ron and
CHIP antibodies. B) COS-7 cells were transiently transfected with Ron and either c-Cbl or c-Chl-
70Z. Lysates from cells treated with or without 1 uM GA for 6 hours were analyzed by
immunoblotting with Ron and c-Cbl antibodies. C) FG2 cells were transfected with siRNAs
targeted to CHIP transcript or to an unrelated sequence. Cells were treated with or without 1 pM
GA, or 1 uM 17-AAG. Equal quantities of lysates from cells harvested at the indicated times
were analyzed by immunoblotting with Ron antibodies. Densitometry of Ron immunoblotting was
performed and values, normalized to the relative a-tubulin control bands, were plotted as
percentages of vehicle-treated cells. Unrelated siRNA: white columns; CHIP siRNA: black
columns. Each data point represents the mean +SE of three independent experiments.
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Oncogenic M1254T substitution increases Ron sensitivity to geldanamycins.

As oncogenic Ron™2%4T

is recruited into the CHIP-chaperone complex more
efficiently than wild-type Ron, we tested the activity of GA and 17-AAG on the
stability of the wild-type Ron and of its oncogenic counterpart. The treatment with
both inhibitors revealed an accelerated degradation rate for the mutant receptor, as
compared to wild-type Ron (Figure 8A). Interestingly, Ron"?**" degradation was
paralleled by an evident de-phosphorylation of Akt and Erkl/2 effectors. We next
evaluated the relative sensitivity of wild-type and oncogenic Ron to these inhibitory
drugs in a dose-response experiment. GA or 17-AAG concentration as low as 0.1 uM

M1254T

was efficient in degrading the mutant Ron , While at least 1uM concentration was

required to induce detectable degradation of the wild-type receptor (Figure 8B).
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Figure 7. Ron"****" displays higher sensitivity to geldanamycins than wild-type receptor.
A) 3T3-Ron and 3T3-Ron""?**" cells were treated with or without 1 pM GA or 1 uM 17-AAG for
the indicated times. Equal amounts of cell lysates were analyzed by immunoblotting with Ron,
phospho-Akt and phospho-Erk1/2 antibodies. B) 3T3-Ron and 3T3-Ron"'%*T cells treated with
increasing amounts of GA or of 17-AAG for 6 hours. Equal amounts of cell lysates were
analyzed by immunoblotting with Ron antibodies.
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The destabilizing effects of GA have been attributed to altered association of
Hsp90 with its client proteins (Xu et al., 2001)). Therefore, we tested Ron interaction
with Hsp90 upon GA or 17-AAG treatment of 3T3-Ron and 3T3-Ron"*?**T cells in a
short term experiment. In both cell types the receptor co-precipitated with Hsp90, and
geldanamycins caused an evident decrease in the amount of Hsp90 associated with
Ron immunocomplexes. However, the dissociation of the Ron-Hsp90 complex occurs
earlier, starting within 15 minutes of drugs exposure, as compared to the Ron-Hsp90
complex (Figure 9A). Consistently, by using the lowest effective concentration of GA
and 17-AAG (0.1 pM) able to induce degradation of Ron"*?**T put not of wildtype
Ron, we observed dissociation of Hsp90 from the mutant receptor only (Figure 9B).
These results indicate that the oncogenic M1254T substitution in the Ron receptor is
associated with increased sensitivity to geldanamycins, and with a more dynamic

interaction with Hsp90.
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Figure 7. Hsp90 dissociation from Ron“**" is more rapid and occurs at lower

geldanamycins concentrations compared to wild-type receptor. A) 3T3-Ron and 3T3-
Ron"#*T cells were treated with or without 1 pM GA, or 1 uM 17-AAG for the indicated times.
Equal protein amounts of cell lysates were subjected to immunoprecipitation with Ron antibodies
and associated Hsp90 was detected by immunoblotting with the appropriate antibodies. The
immunoprecipitated receptor was detected by Ron immunoblotting. B) Proteins from cell lysates
of 3T3-Ron and 3T3-Ron"**T treated with increasing amounts of GA, or of 17-AAG for 6 hours
were subjected to Ron immunoprecipitation. Associated Hsp90 was detected by immunoblotting
with the appropriate antibodies. The immunoprecipitated receptor was detected by Ron
immunoblotting
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Geldanamycins hamper growth, migration and transforming activity of Ron*"#>*T,

The M1254T substitution confers to Ron in vitro transforming potential, including
growth and migration in ligand-independent way (Santoro et al., 1998). Therefore,
we tested if the GA-derivative suitable for clinical use 17-AAG, could hamper these

M1254T

biological effects in 3T3-Ron cells. In a 72 hours proliferation assay, the higher

proliferation rate of 3T3-Ron"*2>4T

cells compared to 3T3-Ron cells was considerably
reduced in the presence of low concentrations (0.1 uM) of 17-AAG (Figure 10A). As
expected, the growth rates of non transformed 3T3 and 3T3-Ron cells were similar
and, consistently, the reduction of growth rate observed in these cells upon 17-AAG
was comparable.

Similarly, in a migration assay, performed in the presence of serum, the
presence of 17-AAG hampered the haptotactic migration of both 3T3-Ron And 3T3-
RonM1254T, but the inhibition was by far more evident in cells expressing the Ron
oncogenic form (Figure 10B).

We have previously shown that Ron"*?**T has a strong transforming activity when
expressed in NIH-3T3 fibroblasts (Santoro et al., 1998). We performed a focus
forming assay in presence or absence of low doses of 17-AAG. As expected,

RonM1254T

transfected cells displayed a high transforming activity, which was
completely abolished by 17-AAG treatment (Figure 10C).

We conclude that the clinically relevant inhibitor 17-AAG is a potent negative
regulator of cell proliferation, migration and transformation, typically induced by the

M1254T

Ron oncogenic form.
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Figure 7. 17-AAG potentlk//I affects growth, migration and transformation of cells
expressing oncogenic Ron"?**T.  A) NIH-3T3 fibroblasts (dotted curve), 3T3-Ron (dashed
curve) and 3T3-Ron™?**T (plain curve) cells were plated on 96-well plates and cultured in
medium supplemented with 10% fetal bovine serum in presence of vehicle (white symbols) or
100 nM 17-AAG (black symbols). After 0, 24, 48 and 72 hours drug addition cells were fixed,
stained in Crystal Violet and absorbance at 595 nm was measured. O.D. is expressed as mean
Asost SE of three independent experiments. B) 3T3-Ron and 3T3-Ron"'** cells were plated on
the upper side of 8 uM pore size Transwell® chambers and allowed to migrate for 6 hours in
presence of vehicle (white columns) or 100 nM 17-AAG (black columns) towards the lower
chamber containing appropriate medium supplemented with 10% fetal calf serum and coated
with fibronectin. Cells migrated towards the lower chamber were fixed and stained as described
in A. O.D. is expressed as mean Asgst SE of three independent experiments. C) NIH-3T3
fibroblasts were transfected as described in Experimental Procedures with Ron or Ron""?**T
encoding plasmid. Two days after transfection, vehicle (white columns), 10 nM 17-AAG (hatched
columns) or 50 nM 17-AAG (black columns) were added and renewed every 48 hours. Cell
cultures were maintained at confluence and screened for foci formation 10 + 18 days after
transfection. Spontaneous formation of foci was negligible. All the experiments were performed
in triplicate and mean £ SE number of foci is displayed.
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Discussion

We have previously demonstrated a ligand induced c-Cbl dependent
mechanism for the downregulation of Ron. In this work we identified a novel
degradative pathway for Ron that involves the Hsp90/Hsc70 chaperones and the U-
box E3 ubiquitin ligase CHIP.

It has been reported that Hsp90 and its cohort of co-chaperones play a
regulatory role in conformational maturation and in maintenance of structural integrity
of a variety of cellular proteins (Wegele et al.,, 2004). By remodelling Hsp90
heterocomplexes to favour substrate degradation, CHIP has been shown to regulate
the balance between protein folding and degradation of chaperone substrates
(Connell et al., 2001). In this context, it has been reported that CHIP regulates ErbB2
receptor stability, being recruited to the ErbB2-chaperone complex and promoting
receptor ubiquitination and degradation. Moreover, CHIP over-expression has been
shown to efficiently downregulate ErbB2 protein in vivo (Xu et al., 2002).

Our results demonstrate that Ron is present in a stable but dynamic complex
with the Hsp90/Hsc70-based chaperone machinery, also containing the E3 ligase
CHIP. Interestingly the oncogenic form of Ron harbouring the M1254T substitution in
the kinase domain that shifts substrate specificity and overcomes the requirement fro
the multifunctional docking site, displayed a stronger interaction with Hsp90 and
CHIP. This is in accordance with similar observations on EGFR mutants (Shimamura
et al., 2005), v-Src (Xu et al., 1999) and mutated p53 (Esser et al.,, 2005). As
hypothesized for other kinases, the reason for the greater association of the mutated
receptor to the chaperone complex, may reside more on a inherently less stable
structure, rather than on its altered phosphorylation state. By an in vitro ubiquitination

assay we demonstrated that CHIP may serve as an E3 ligase for Ron. More

73



SECTION I

intriguingly, we found that the oncogenic Ron"'#**T

, Which escapes from c-cbl
mediated downregulation, is efficiently ubiquitinated in vivo by this E3 ligase.
Our findings revealed that CHIP is involved in the regulation of turnover of both

wild-type Ron and RonM!#*T,

Indeed, silencing CHIP expression dramatically
prolonged the half-life of the receptors. The requirement of the Hsp90 chaperone
complex for Ron stability is confirmed by the destabilizing effects triggered by the
small molecule inhibitors of Hsp90 geldanamycins. These inhibitory drugs, namely
geldanamycin and 17-AAG, have been shown to force disruption of the Ron-Hsp90
interaction, followed by receptor ubiquitination and proteasomal degradation.
The effect of geldanamycins has been restricted to the ability of destabilizing newly
synthesized EGFR or PDGFR molecules (Supino-Rosin et al., 2000). On the other
hand, it has been also demonstrated that geldanamycin enhances the loss of mature
cell surface ErbB2 protein (Zhou et al., 2003), suggesting a lack of univocal mean to
target different receptors. Our results clearly indicate that mature Ron exposed at
plasma membrane is a target of geldanamycin, as in the case of ErbB2, even if we
cannot exclude that also the uncleaved precursor of the receptor may be affected.
Moreover, by CHIP RNA interference and by use of a truncated CHIP mutant, we
demonstrated that CHIP is necessary for Ron degradation, following Hsp90 inhibition
by geldanamycins. A destabilizing effect of geldanamycins has been described for
HGF-R/Met, homologous to Ron (Webb et al., 2000), but the E3 ligase regulating this
process has not been identified yet.

Interestingly, geldanamycins-induced degradation of the oncogenic Ron*?**T
occured even more rapidly than for the non mutated receptor and at lower doses of

the Hsp90 inhibitor. The effect of Hsp90 inhibition by geldanamycin has been

thoroughly investigated and clarified in terms of altered association of the chaperone
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to its client proteins, which are thus degraded. In the case of ErbB2, geldanamycin
activity has been associated to a parallel increase of Hsp/Hsc70 association to the
receptor (Xu et al., 2002). We did not observe any reciprocal exchange between
Hsp90 and Hsc70 in the binding to either Ron or Ron"'#*". On the other hand, we
reported a significant difference in dissociation rate from Hsp90, between wild-type
and oncogenic Ron receptors, upon geldanamycins treatment. We hypothesize that
the ADP/ATP cycling rate of the Hsp90/RonM1254T complex is higher than that of
Hsp90 complex containing Ron. This may explain the higher sensitivity of the

oncogenic mutant to geldanamycins, highlighting Ron"*?>*

as an ideal target for the
antioncogenic activity of these drugs.

The very high sensitivity of the oncogenic receptor and of its signaling to
geldanamycins resulted in robust inhibition of dysregulated biological activities.
Indeed, the less toxic geldanamycin derivative 17-AAG markedly inhibited growth

and migration rates induced by oncogenic Ron"%>47

signaling. Recently, it has been
demonstrated that geldanamycins inhibit HGF/SF-dependent, uPA (urokinase-type
plasminogen activator) mediated cell scattering and invasion, thus affecting typical
tumor cell properties (Xie et al., 2005). Consistently, 17-AAG was able to abrogate
the transforming ability of oncogenic Ron, suggesting that Ron-dependent
tumorigenesis might be a sensitive target of geldanamycin or its derivatives.

In this work we have described a novel pathway that mediates Ron stability,
amenable to pharmacologic manipulation. Indeed, ansamycin antibiotics have

emerged as suitable pharmacological tools to force downregulation of Ron and its

oncogenic variant.
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MicroRNAs and post-transcriptional
regulation of Ron expression

Summary

RTKs activity is tightly controlled within the cell, through the coordinated action
of several negative protein regulators that function at multiple levels of the signaling
cascade, and at different time-points after receptor engagement. In addition to
protein attenuators, microRNAs (miRNAs) have emerged as an abundant class of
small non-protein-coding RNAs molecules that play an important role in the negative
regulation of gene expression, controlling the translational efficiency of target mMRNAs
(Esquela-Kerscher & Slack, 2006). miRNAs have been shown to regulate a wide
range of developmental processes modulated by RTKs, like proliferation, survival
and differentiation.

The biogenesis of miRNAs has only recently been elucidated. miRNAs are
transcribed by RNA polymerase I, and the primary transcripts contain hairpin—loop
domains that fold back into duplex-like structures (Lee et al., 2004). The hairpin—loop
region is cleaved in the nucleus by the RNase Ill enzyme Drosha in complex with a
double-strand RNA-binding protein termed DGCR8/Pasha (Gregory et al., 2004). The
resulting hairpin—loop fragment is then exported by the RAN GTP-dependent
transporter Exportin-5 from the nucleus to the cytoplasm where where it is cleaved by
the RNase Ill enzyme Dicer. The fully mature miRNA accumulates as a single-
stranded species comprising one arm of each miRNA hairpin precursor, and it
incorporates into a ribonucleoprotein complex (RISC) that carries out its function of

silencing gene expression (Du & Zamore, 2005).
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Most miRNAs in animals are thought to exert their regulatory effects by binding to
imperfect complementary sites within the 3’ untranslated regions (UTRs) of target
MRNAs (Bartel, 2004). The mechanism by which miRNAs silence gene expression
is still poorly understood, but it appears to involve the inhibition of translational
initiation (Pillai et al., 2005) or to affects the stability (Bagga et al., 2005; Jing et al.,
2005) and compartmentalization of mMRNAs (Liu et al., 2005). It is also conceivable
that miRNAs act through multiple cooperative mechanisms to repress their targets.

There are estimated to beat least 300 miRNAs in the human genome
(http://www.sanger.ac.uk/Software/Rfam/mirna/index.shtml), comprising 1-4% of all
expressed human genes, which makes miRNAs one of the largest classes of gene
regulator. A major question about miRNAs concerns the extent of their regulation of
animal genomes. Computational methods estimated that approximately 20 to 30% of
all human genes are targets of miRNA regulation, and there is an average of 200
targets per miRNA.

Mutations that abrogate miRNAs function or lead to their dysregulation are
associated with a variety of diseases, including cancer.
The findings that RON gene is normally transcribed at low levels in cells from
epithelial origin, while the protein is abnormally expressed, activated and generated
in epithelial cancers prompted us to investigate whether aberrant expression of
mMiRNA genes may contribute to Ron dysregulation. In this preliminary work we
sought to determine if any of all known miRNAs gene could participate in the post-

transcriptional regulation of Ron expression.
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Experimental procedures

Reagents and antibodies

The following pre-miR miRNA Precursor molecules, hsa-miR-198, hsa-miR-214 and
MIRNA Negative Control #1 were obtained from Ambion. The miRNA inhibitors
MIRCURY LNA Knockdown probes LNA-198, LNA-124 and the scramble-5’FITC
control probe were from Exiqon. Polyclonal anti-Ron antibody (c-20) and anti-Met
antibody were purchased from Santa Cruz Biotechnology, Inc. Monoclonal anti-a-
tubulin (B-5-1-2) was from Sigma. Horeseradish peroxidase-conjugated anti-mouse

and anti-rabbit were purchased from Cell Signaling Technology, Inc.

Cell culture and transfection

Immortalized epithelial cell line HaCaT and human gastric carcinoma cell line GTL16
were maintained in Dulbecco’s modified Eagle’s medium (Sigma), supplemented with
10% fetal bovine serum (Invitrogen) in a 5% CO,-humidified atmosphere.
Transfection of all cell lines with small RNAs were performed with Siport NeoFx

reagent (Ambion) according to the manufacturer’s instructions.

Immunoblotting and immunofluorescence

Immunoblotting was performed as described previously (see Experimental
Procedures, Section 1). For immunofluorescence analysis, cells were plated onto
glass coverslips and 48 hours after transfection were fixed with Fixing was
performed with 4% paraformaldheyde solution for 5 minutes at room temperature.
Coverslips were mounted with Pro-Long Gold Antifade reagent (Invitrogen). Images

were acquired with a Leica LS2 laser scanning confocal microscope.
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Quantitative Real-time PCR

Total RNA was extracted from cells 48 hours after transfection by using miRNeasy
mini kit (Qiagen). 50 ng of RNA from each sample was retrotranscribed with specific
primers for mature hsa-miR198, hsa-miR214 or U6 RNA with microRNA reverse
transcription kit (Applied Biosystems). The TagMan microRNA Assays (Applied
Biosystems) were used to quantify the expression of mature hsa-miR198 and hsa-
miR214 according to manufacturer’s protocol on a Stratagene Mx3000 Real-Time
PCR thermocycler. Relative miRNA expression was calculated with the —ddCt
method, with U6 RNA as the housekeeping gene.

To quantify Ron transcript levels, total RNA was extracted as described above. 1ug
RNA was retrotranscribed with RevertAid H-minus first strand synthesis kit
(Fermentas) by using random nonamers. The analysis of Ron gene expression was
performed using commercial gene expression assay from Applied Biosystems
(Assay-on-Demand: MSPR1). The housekeeping gene beta-actin (Assay-on-
Demand: ACTB, Applied Biosystems) was used to normalize for variations in cDNA.

Relative miRNA expression was calculated with the —ddCt method.

Results

RON transcript is a potential target of hsa-miR-198 and hsa-miR-214 miRNAs
Several computational target prediction programs have been developed so far

to allow for identification of mammalian miRNA targets. Most bioinformatics

algorithms use a “miRNA seed” that encompasses the first 2-8 bases of the mature

mMiRNA sequence to search for complementarity to sequences in the 3'UTR of all
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expressed genes. They identify potential miRNA binding sites according to specific
base-pairing rules and implement cross-species conservation requirements
(Sethupathy et al., 2006).

An on-line search of the miRBase Target database (http://www.sanger.ac.uk)
demonstrated that 15 putative miRNA target sites were harbored in the 3'UTR of
RON transcript and identified 17 human miRNA genes as potential regulator of Ron
expression (Figure 1A). We then cross-checked the results with other target
prediction programs, including DIANA-microT (http://www.diana.pcbi.upenn.edu),
PicTar (http://www.pictar.bio.nyu.edu) and MiRanda (http://www.microrna.org). For
this study we have focused on 2 of 17 miRNA genes identified with miRBase, that
were predicted also by these programs, namely hsa-miR-198 and hsa-miRNA-214.
Notably, these predicted miRNAs displayed the highest score when analyzed by the
RNAhybrid algorithm (http://www.bbserv.techfak.uni-bielefeld.de), which calculates
the thermodynamic stability of the duplex formed when miRNA are hybridized to
3'UTR of target transcript (Figure 1B). Interestingly, two different target sites for hsa-
miR-198 have been found on 3'UTR of RON transcript and one of them overlaps with

has-miR-214 target site.
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A

Rfam 1D Alignment

hsa-miR- 19.5466 -24.81 2.362340e- 5.391240e- 3.793950e- 158 179 UCUUCCUC-GUGAAUCCCGUCA

18a* 03 04 04 L L TE L T
AGAGTGAGCCAGTGAGGGCAGT

hsa-miR- 18.2893 -22.53 6.023470e- 6.005370e- 6.258440e- 191 211 gacggacagaCACGGACGACA

214 03 03 03 RRRRERRINN
1tatttatogaGIGCCTGCTGT

hsa-miR- 17.8514 -19.7 3.738430e- 6.484020e- 5.134210e- 255 276 accccugggaGGGACUUGGUUC

659 03 04 04 LT
caacactgacCCTTGAACCAAL

hsa-miR- 17.7377 -29.27 9.162650e- 9.120800e- 9.979070e- 62 83 gGUCGUCGUGGACCCCGUCACC

324-3p 03 03 03 S A
aTGCCAGGCCAGAGGGCAGTGG
hsa-miR-  16.9977 -23.05 1.794750e- 3.197750e- 3.197750e- 44 61 GGAUAGAGGGGAGACCUGG
198 02 04 04 L
CCAAGCT-GCCTCTGGGCC

hsa-miR- 16.9418 -21.68 2.056610e- 2.035610e- 2.035610e- 150 171 uuugucUGUAGCGCUCGGUCG

565 02 02 02 e
cactccACAGAGTGAGCCAGT
hsa-miR-  16.6508 -21.67 2.550500e- 3.197750e- 3.197750e- 212 230 ggauaGAGGGGAGACCUG
198 02 04 04 IR
ggaccCTGTCTTCTGGGC
hsa-miR-  16.6303 -16.21 2.945910e- 2.902940e- 3.046240e- 112 136 AGGUAGUAGU UUUGUUUACCUC
136 02 02 02

[ U e L
TTCAGAGGCAATAGGTAAATGGGG
hsa-miR-  16.3733 -18.16 4.760780e- 4.649230e- 5.319120e- 149 170  ccUCACUUCUGUGCCUCGGUC

149 02 02 03 L I I
tCACTCCACAGAGTGAGCCAG

hsa-miR- 16.346 -14.98 3.173860e- 3.124020e- 3.124020e- 181 202 CACUGAGUA-GUGGAUACCUU
587 02 02 02 11 I E
CTGCAACATGTATTTATGGAG

hsa-miR-  16.2596 -17.42 2.071500e- 2.050190e- 2.050190e- 220 242 AGGAGAAAAGAAUC UCUGAGU
627 02 02 02 [ N e L AR
TCTTCTGGGCACAGTGGACTCA
hsa-miR-  16.1459 -10.08 2.892280e- 2.850850e- 3.000110e- 103 124  gaugcgcauAAGAAUUCGUUAU

137 02 02 02 I 1=t
cctttaactTTCAGAGGCAATA

hsa-miR-  15.8384 -18.19 3.657490e- 3.591410e- 8.278450e- 126 148 uUUucUUAGAACAGGGCGUCCAGG
492 02 02 04 I 1 =i
gtaAATGGGGCCCATTAGGTCC

hsa-miR- 15.8384 -5.81 4.037510e- 3.957090e- 4.030960e- 275 297 aaauaacaccaucuaUGAUAAU
633 02 02 02 L
ataaaggaacaaatgACTATTA

hsa-miR-  15.8047 -16.19 4.363490e- 4.476540e- 7.809580e- 15 36  ACC GUAAGUGGCGCACGGAAUU
124a 02 02 03 I
TGGACCTGCTTAGC- TGCCTTGA

hsa-miR-24 15.8047 -20.06 6.290750e- 3.989270e- 4.340360e- 20 40 GACAAGGACGACUUGACUCGGU

02 03 03 L= e =rr:1
CTGCT-TAGCTGCCTTGAGCTA

hsa-miR- 15.7745 -17.44 9.227800e- 4.004540e- 4.405110e- 37 57 caggacucucgCGACGGAGG

650 02 03 03 HHI:
gctaaccccaaGCTGCCTCT

hsa-miR-  15.7253 -18.34 3.426150e- 3.368120e- 3.744260e- 230 249 UGUCGCGAGCGUUGGCGUCGCU

639 02 02 02 1 E

L LI L I
ACAGTGGACTCA -~ GCAGTGA
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hsa-miR198 hsa-miR214

Figure 1. In silico analysis of miRNAs potentially targeting Ron transcript. (A) 3'UTR of
RON transcript was used as input to search potential human miRNA targets in the microRNA
registry at the Sanger Institute by the miRBase algorithm. (B) Thermodynamic stability analysis
of miRNA by RNAHybrid program. The potential structure and energy of hsa-miR-198- and hsa-
miR—214- RON 3'UTR hybrid are shown.

Human miRNAs hsa-miR-198 and hsa-miR-214 regulate Ron expression

We next moved to experimental validation of the computational data obtained.
Chemically synthesized double stranded RNAs, that mimic endogenous mature
MIRNA sequences, can be used in biological assays to asses the function of specific
mMiRNAs. We verified if overexpression of hsa-miR-198 or hsa-miR-214 could alter
receptor levels in cells expressing endogenous Ron, namely the immortalized
epithelial cell line HaCaT and the human gastric carcinoma cell line GTL16.
Quantitative real-time RT-PCR analysis demonstrated that hsa-miR-198 or hsa-miR-
214 levels were increased to a very high extent upon transfection of HaCaT cells with

the respective precursor molecule. As expected, expression of the two miRNAs did
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not change following transfection with a control pre-miR precursor targeting no
known human sequence (Figure 2A).

In the same cells, receptor levels were analyzed by immunoblotting. Ron expression
was nearly unaffected in cells transfected with control RNA at all conditions tested
(Figure 2B). In contrast, we observed a significant decrease in both precursor and
mature Ron in cells were overexpression of hsa-miR198 was achieved with a higher
efficiency. Similar results, albeit to a lower extent, were obtained upon transfection of
hsa-miR-214. Noteworthy, overexpression of both miRNAs did not alter expression of

the related family member HGF-R/Met.
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Figure 2. Overexpression of human miRNA hsa-miR-198 or -214 reduces Ron protein
levels. (A) HaCaT cells were transfected with 30 nM hsa-pre-miRNA negative control, hsa-
MiRNA-198 or hsa-miRNA-214 with 3 ul di siPORT-NeoFX Transfection Reagent. Twenty-four
hours post transfection, miRNA levels were analyzed by quantitative PCR with TagMan probes.
(B) ) HaCaT cells were transfected as described in A with the indicated amount of pre-miRNA
precursors and transfection reagent. Forty-eight hours post transfection cell were lysed and

IMAYNOBIARNANE'S WatPeoBtaRfed e iPARUeHANIEAd experiments, we used
antisense oligonucleotides (LNA probes), that form stable complexes with target
miRNA thus inhibiting mature miRNAs. Since it has been reported that LNA probes
block miRNA function without affecting their expression level, quantitative PCR could
not be used to verify the cellular uptake of the transfected oligonucleotides.
Fluorescence analysis was therefore used to monitor the transfection efficiency,
exploiting a FITC-conjugated LNA probe. Twenty-four hours after transfection,
accumulation of the LNA probes in the cytoplasm was clearly visible in nearly 60% of
cells (Figure 3A). We next addressed whether functional inhibition of hsa-miR-198 or
hsa-miR-214 could affect Ron expression. Interestingly, depletion of either hsa-miR-
198 or hsa-miR-214 resulted in a consistent increase in Ron protein level, when
compared to that observed in cell transfected with the same amount of control LNA
probe (Figure 3B). In line with the observation obtained by gain-of-function
experiments, Met expression was not significantly altered by transfection of any LNA-

probe.

scramble-LNA FITC DRAQ-5 merge
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LNA-214 (nM): - - - - - 30 50
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Figure 3. Depletion of has-miR-198 or -214 upregulate Ron expression. (A) HaCaT cells
were transfected with miRCURY LNA Knockdown FITC-conjugated control probe (scramble-
LNA FITC). Twenty-four hors post transfection cells were analyzed by confocal microscopy
analysis. Red signals represent DRAQ-5 nuclear staining. (B) HaCaT cells were transfected as
described in A with the indicated amount of mMiRCURY LNA Knockdown probe. Forty-eight hours
post transfection cell were lysed and immunoblotting analysis was performed with the indicated
antibodies.

Most miRNAs are reported to exert their activity through the inhibition of
translational initiation. Consistent with translational control, miRNAs that use this
mechanism reduce the protein levels of their target genes, but the mRNA levels of
these genes are barely affected. We thus verified if this mechanisms could account
for regulation of Ron expression by hsa-miR-198 and hsa-miR-214. We performed
Real Time PCR to quantify RON transcript level in cells transfected with pre-miR
precursor or LNA probes. No significant modulation of RON mRNA was observed in
any condition tested (Figure 4). This demonstrates that hsa-miR-198 and hsa-miR-
214 play their inhibitory role on Ron expression without affecting the corresponding

MRNA stability.
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Relative Ron expression

NT pre-miR- pre-miR- pre-miR- LNA- LNA-198 LNA-214
control 198 100nM 214 100nM scramble 50nM 50nM
100nM 50nM

Figure 4. RON transcript levels are not affected by hsa-miR-198 or -214. HaCaT cells were
transfected with the indicated oligonucleotides. Twenty-four hours post transfection, RON mRNA
levels were analyzed by quantitative PCR with TagMan probes.

These results, together with similar observations obtained in GTL16 cells (data
not shown), prompt for a role of hsa-miR-198 or hsa-miR-214 in the post-

tanscriptional regulation of Ron expression.

Discussion

MIiRNAs have been recognized as a very large gene family conserved among
many species. The precise biological effects of miRNAs are yet to be elucidated in
detail, partly because each miRNA is believed to negative regulate the expression of

hundreds of target genes. The deletion or dysregulation of these small RNAs is thus
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likely to contribute to pathological conditions. Among human diseases, it has been
shown that miRNAs are aberrantly expressed in cancer, suggesting that may play a
role as a novel class of oncogenes or tumor suppressor genes. The findings that
mMiRNAs have a role in cancer are supported by the fact that about 50% of miRNA
genes are localized in cancer-associated genomic regions or fragile sites (Calin et
al., 2004). For instance miRNAs miR-155, miR-21 and cluster miR-17-92, whose
expression is enhanced in tumors, might be considered as oncogenes and their
targets as tumor suppressors. Under-expressed miRNAs, such as let-7, probably act
as tumor-suppressor genes and their modulation more likely reflects the loss of
differentiation typical for tumor cells.

The biological role of only a small fraction of identified miRNAs have been
elucidated to date and future studies will help to elucidate whether miRNAs could
represent a new and alternative mechanism to downregulate RTK signaling during
normal development and disease. This has been proved for EGFR, whose signaling
pathway has been reported to be modulated by miR-7 in Drosophila (Li et al., 2005).
Moreover it has been demonstrated that hsa-miR-221 and hsa-miR-222 affect c-Kit
expression and, as a consequence, the angiogenic properties of its ligand Stem Cell
Factor (Poliseno et al., 2006).

Our preliminary results indicate that translational repression by miRNA provides
yet another mechanism by which Ron expression can be modulated. Indeed at least
two miRNAs encoded by the human genome, namely hsa-miR-198 and hsa-miR-
214, participate in post-transcriptional regulation of Ron expression. The observation
the expression of closely related Met receptor is not affected by this two miRNAs
suggests that this novel regulatory mechanism is not shared by other members of the

HGF-R/Met subfamily. This is likely a consequence of the low homology in the
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3'UTR of the Ron and Met transcripts, as well as in the murine Ron counterpart Stk.
However further studies are required to better elucidate the mechanism underlying
Ron regulation by hsa-miR-198 and hsa-miR-214. In particular it will be of interest to
experimentally support miRNA-Ron 3'UTR interaction with in vitro reporter silencing
assays. This will be useful to rule out the possibility that hsa-miR-198 and hsa-miR-
214 could indirectly exert their activity on Ron by affecting the expression of proteins
involved in negative regulation of the receptor.

No biological functions have been assigned to hsa-miR-198 and hsa-miR-214 to
date, nor other mMRNA targets were previously identified. A single report indicate that
zebrafish miR-214 modulate the expression of genes regulated by Hedgehog
signaling (Flynt et al., 2007). Therefore future studies will help to characterize the
activity of these two miRNAs in modulating the biological response triggered by
activated Ron. Moreover it will be of extreme interest to evaluate whether aberrant
expression of mMIRNA genes may contribute to Ron dysregulation in human cancer.
Analysis of the variations in miRNA levels between normal primary cells and
epithelial cancer cell lines from breast, colon and prostate in which aberrant Ron
expression has been described will provide evidence for the role of specific miRNAs
in targeting Ron expression, which downregulation may contribute to altered Ron

signaling in human tumors.
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Ron, the tyrosine kinase receptor for macrophage-stimulating
protein is responsible for proliferation and migration of cells
from different tissues. Ron can acquire oncogenic potential by
single point mutations in the kinase domain, and dysregulated
Ron signaling has been involved in the development of different
human cancers. We have previously shown thatligand-activated
Ron recruits the negative regulator c-Cbl, which mediates its
ubiquitylation and degradation. Here we report that Ron is
ubiquitylated also by the U-box E3 ligase C-terminal Hsc70-in-
teracting protein (CHIP), recruited via chaperone intermediates
Hsp90 and Hsc70. Gene silencing shows that CHIP activity is
necessary to mediate Ron degradation upon cell treatment with
Hsp90 inhibitors geldanamycins. The oncogenic Ron™!2%4T
receptor escapes from c-Cbl negative regulation but retains a
strong association with CHIP. This constitutively active mutant
of Ron displays increased sensitivity to geldanamycins,
enhanced physical interaction with Hsp90, and more rapid deg-
radation rate. Cell growth and migration, as well as the trans-
forming potential evoked by Ron™'?>*T, are abrogated upon
Hsp90 inhibition. These data highlight a novel mechanism for
Ron degradation and propose Hsp90 antagonists like geldana-
mycins as suitable pharmacological agents for therapy of can-
cers where altered Ron signaling is involved.

Dysregulated activation of receptor tyrosine kinases (RTKs)?
has been extensively documented in different types of human
tumors (1) and frequently correlates with poor responsiveness
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to conventional therapies, pointing at RTKs as potential targets
for molecule-based cancer therapy (2, 3). Among the different
therapeutic approaches a promising strategy relies on forcing
RTKs toward degradative pathways (4).

The Ron tyrosine kinase, receptor for macrophage-stimulating
protein (MSP), is a member of the hepatocyte growth factor (HGF)
receptor subfamily (5, 6). Ron is expressed in a variety of human
tissues, and the engagement by its cognate ligand activates multi-
ple intracellular signaling pathways controlling normal cell prolif-
eration, migration, and adhesion-dependent survival (7-9). A sin-
gle point mutation (M1254T), targeted to a conserved residue of
the tyrosine kinase domain is oncogenic (Ron™*?**T), by increas-
ing kinase efficiency and subverting substrate specificity (10, 11).
Growing evidence indicates that Ron can be involved in cancer
development and progression in humans (12, 13) and in murine
models (14, 15). Therefore, targeting Ron expression by forcing
its down-regulation may help to elucidate its role in tumor
development and progression.

It has been reported that many kinases that are deregulated
in human cancers are dependent on the chaperone activity of
the Heat shock protein 90 (Hsp90) for their conformational
maturation and stability (16). Hsp90 is a ubiquitous chaperone
protein abundantly expressed in mammalian cells, where it per-
forms housekeeping functions assisting in the folding, activa-
tion, and assembly of a variety of proteins (17). Hsp90 functions
in concert with several co-chaperone proteins that modulate its
chaperone activity (18). The co-chaperone E3 ubiquitin ligase
C-terminal Hsc70-interacting protein (CHIP) has been
reported to participate in Hsp90 multichaperone complexes,
being involved in ubiquitylation and degradation of client pro-
teins (19, 20).

Geldanamycins are a class of benzoquinone ansamycin anti-
biotics, able to compete with ADP/ATP in the nucleotide bind-
ing pocket of Hsp90, inhibiting its ATP-dependent chaperone
activity and thus directing the ubiquitin-mediated proteasomal
degradation of the client proteins (21, 22). By leading to deple-
tion of important effector proteins that contribute to deregu-
lated signaling, geldanamycin (GA) and its less toxic derivative
17-allylamino-17-demethoxygeldanamycin (17-AAG) exhibit
potent anti-tumor activity against human cancer cells, both
invitro and in tumor xenografts (23, 24). Indeed, based on
promising preclinical evaluations, 17-AAG is currently in clin-
ical trials as a single agent or in combination with other chemo-
therapeutics (25, 26).

Sensitivity to benzoquinone ansamycins has been described
for several RTKs. It has been reported that treatment of breast
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Geldanamycins Induce CHIP-mediated Ron Degradation

FIGURE 1. Geldanamycins induce degradation of both precursor and
mature cell surface Ron. A, 3T3-Ron and FG2 cells were treated with vehicle
(=) or 1 um GA or 1 um 17-AAG for the indicated times. Cell lysates were
analyzed by immunoblotting (/B) with a polyclonal antibody against Ron
C-terminal domain, recognizing both the 170-kDa precursor and the 150-kDa
B-chain of the receptor. a-Tubulin immunoblotting was used as loading con-
trol. B, 3T3-Ron and FG2 cells were cell surface-biotinylated and then cultured
in medium with vehicle (—) or 1 um GA, or 1 um 17-AAG for 6 h. After immu-
noprecipitation (/P) of cell lysates with streptavidin-Sepharose, surface-la-
beled mature Ron was detected by anti-Ron immunoblotting. All results
shown are representative of at least four independent experiments.

and other cancer cells with GA causes rapid ubiquitylation of
cell surface HER2/ErbB2 molecules, followed by their
proteasome-dependent degradation (27). A recent study dem-
onstrated the ability of GA to deplete mature EGFR protein
harboring kinase domain mutations (28). Moreover, geldana-
mycins have been shown to down-regulate the HGF receptor
(Met) and to prevent HGF-mediated tumor cell motility and
invasion (29, 30).

We have previously shown that activated Ron recruits to its
multifunctional docking site the negative regulator c-Cbl,
which mediates ligand-dependent Ron ubiquitylation and
down-regulation, through its E3 ubiquitin ligase activity (31).
Here we report that Ron forms a multichaperone complex con-
taining Hsp90, Hsc70, and the E3 ligase CHIP. We also show
that GA and its derivative 17-AAG induce degradation of both
precursor and membrane-exposed forms of Ron. This occurs
by impairing Ron association with Hsp90 and by promoting
CHIP-mediated receptor ubiquitylation.

The oncogenic Ron™'?**T escapes from c-Cbl-mediated
negative regulation but is efficiently destabilized by geldanamy-
cins, which hinder growth and migration as well as transform-
ing activity of the oncogenic receptor.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Geldanamycin, 17-AAG, MG-132,
and concanamycin A were purchased from Alexis (Montreal,
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FIGURE 2. The ubiquitin-proteasome pathway is involved in Ron degra-
dation induced by geldanamycins. A, proteins from lysates of 3T3-Ron and
FG2 cells treated with vehicle (—) or 1 um GA, or T um 17-AAG for 15 min were
immunoprecipitated with Ron antibodies. Anti-ubiquitin immunoblotting
(/B) was used to detect the ubiquitylated receptor molecules. The immuno-
precipitated (/P) receptor was detected by Ron immunoblotting. B, 3T3-Ron
and FG2 cells were treated with vehicle (—) or 1 um GA or 1 um 17-AAG in the
presence or absence of the proteasome inhibitor MG-132 (20 um). Cells were
incubated with MG-132 for 1 h before drug addition. Equal quantities of
lysates from cells harvested at the indicated times were analyzed by anti-Ron
immunoblotting. Anti-a-tubulin immunoblotting was used as loading con-
trol. Representative results from three independent experiments are shown.

Canada). Human recombinant MSP was obtained by R&D Sys-
tems (Minneapolis, MN). Polyclonal antibodies against Ron C-ter-
minal domain (c-20) and monoclonal anti-Hsc70 (B-6) were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Monoclonal anti-Hsp90 antibody was from BD Transduction
Laboratories; monoclonal anti-a-tubulin (B-5-1-2), anti-phos-
pho-Erk1/2 (MAPK-YT), and anti-FLAG (M2) were from Sigma;
polyclonal phospho-Akt (Ser*”?) was from Cell Signaling Technol-
ogy (Beverly, MA); monoclonal anti-Cbl (7G10) was from Upstate
Biotechnology, Inc. (Charlottesville, VA), monoclonal anti-ubiq-
uitin (FK2) was from Stressgen (San Diego, CA); and CHIP rabbit
polyclonal antiserum was from Calbiochem (Merck). Horseradish
peroxidase-conjugated anti-mouse and anti-rabbit were pur-
chased from GE Healthcare (Uppsala, Sweden).

Preparation of Plasmid Constructs—pMT2-Ron and pMT2-
Ron™'2°*T were described previously (10). c-Cbl, c-Cbl70z,
CHIP, CHIPK30A, and CHIPAU-box were prepared in
pcDNA3 (32, 33). GST-CHIP and GST-CHIPAU-box in
pGEX4T-2 vector were kindly provided by Dr. H. Band
(Brigham and Women’s Hospital, Boston, MA). pCCLsin-
PPT.hPGK.GFP.Wpre transfer plasmid was used to express
two independent small interfering RNAs (siRNAs) (5'-ACCA-
CGAGGGTGATGAGGA-3' and 5'-GAAGCGAGATATCC-
CTGAC-3’'), targeting CHIP transcripts or an unrelated
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sequence as negative control. The expression was under the
transcriptional control of the H1 promoter derived from pSU-
PER plasmid (34). The vector carries an independent GFP
expression cassette, to allow for the identification of transfected
cells.

Cell Culture and Transfection—Cells were purchased from
American Type Culture Collection. FG2 cells were maintained
in RPMI 1640, COS-7, and NIH-3T3 cells in Dulbecco’s modi-
fied Eagle’s medium (Sigma), supplemented with 10% fetal
bovine serum (Invitrogen) in a 5% CO,-humidified atmo-
sphere. NIH-3T3 cells stably expressing Ron or Ron™'***T
were obtained as described previously (10). Transient trans-
fection of COS-7 cells was performed with DEAE-dextran
using the CellPhect transfection kit (GE Healthcare). Lipo-
fectaminePlus (Invitrogen) was used for transfection of FG2
cells with siRNAs constructs according to the manufactur-
er’s recommendations.

Immunoprecipitation and Immunoblotting—Total cellular
proteins were extracted by solubilizing the cells in radioim-
mune precipitation buffer (50 mm Tris-HCL, pH 7.4, 150 mm
NaCl, 0.5% sodium deoxycholate, 1% Triton X-100, 0.1% SDS)
containing protease and phosphatase inhibitors (10 ug/ml
aprotinin, 10 ug/ml leupeptin, 10 ug/ml pepstatin, 1 mm phen-
ylmethylsulfonyl fluoride, 1 mm sodium orthovanadate, and 2
mM sodium fluoride). Whole-cell lysates were clarified by cen-
trifugation (14,000 X g, 10 min), quantified with the BCA pro-
tein assay reagent kit (Pierce) and dissolved in Laemmli sample
buffer. For immunoprecipitation, cells were lysed in solubiliza-
tion buffer (20 mm Tris-HCl, pH 7.4, 5 mm EDTA, 150 mm
NaCl, 10% glycerol, 1% Triton X-100) with protease inhibitors.
500-ug aliquots of clarified cell lysates were incubated with 1
g of the indicated antibody immobilized on protein A-Sepha-
rose 4B packed beads (GE Healthcare) for 2 h at 4 °C. After
extensive washes with lysis buffer, precipitated proteins were
dissolved in Laemmli sample buffer. Proteins were resolved by
10% SDS-PAGE, transferred to nitrocellulose membrane, and
probed with respective antibodies. For ubiquitin immunoblot-
ting, proteins were transferred to polyvinylidene difluoride
membranes, incubated for 30 min in 20 mm Tris-HCI contain-
ing 6 M guanidine hydrochloride and 5 mm 2-mercaptoethanol,
and then probed with ubiquitin antibodies. Detection was per-
formed by the ECL system (GE Healthcare) and the Chemidoc
exposure system (Bio-Rad). Image analysis was performed with
Quantity One (Bio-Rad).

In Vitro Ubiquitylation Assay—The GST-CHIP and GST-
CHIPAU-box fusion proteins were expressed in E. coli and
affinity-purified as described by the manufacturer’s protocol.
Receptors were immunoprecipitated from 800-ug aliquots of
cell lysates with protein A-Sepharose beads. Following purifi-
cation, Sepharose beads were extensively washed and incu-
bated in a 50-ul reaction for 90 min at 37 °C with 275 ng of
purified E1, 400 ng of E2 (UbcH5a), 5 ng/ul biotin NH,-termi-
nal ubiquitin, 10 ng/ul ubiquitin (Boston Biochem Inc., Cam-
bridge, MA), and 5 g of the indicated GST fusion proteins in a
buffer containing 50 mm Tris-HCI, pH 7.5, 2.5 mm MgCl,, 2 mm
ATP, 2 mum dithiothreitol. After extensive washes the ubiquity-
lated receptors were detected by SDS-PAGE and Western blot-
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FIGURE 3. CHIP serves as an E3 ligase for Ron and interacts with the receptor
by a chaperone intermediate. A, COS-7 cells were transiently transfected with
Ron and either CHIP or different CHIP mutants. 72 h after transfection, cells were
lysed, and equal protein amounts were immunoprecipitated (/P) with Ron anti-
bodies. Association of Hsp90, Hsc70, and CHIP to the Ron immunocomplex
was detected with the appropriate antibodies. Anti-CHIP immunoblotting
(IB) of cell lysates was used to control transfection efficiency. B, proteins from
3T3-Ron cell lysates were immunoprecipitated with Ron antibodies or preim-
mune rabbit serum. Immunoprecipitates were subjected to in vitro ubiquity-
lation assay in the presence of GST or GST-CHIP fusion proteins, biotin-labeled
ubiquitin, E1 and E2 enzymes. The ubiquitylated receptors were detected by
Western blotting with streptavidin-horseradish peroxidase. All results shown
are representative of at least three independent experiments. WT, wild type.

ting with horseradish peroxidase-conjugated streptavidin (GE
Healthcare).

Cell Surface Biotinylation Assay—Surface proteins were
labeled for 30 min at 4 °C with 0.5 mg/ml Ez-Link® sulfo-NHS-
Biotin (Pierce) in buffer A (1.3 mm CaCl,, 0.4 mm MgSO,-
7H,0O, 5 mm KCl, 138 mMm NaCl, 5.6 mm Dp-glucose, 25 mm
HEPES, pH 7.4). After extensive washes with Dulbecco’s mod-
ified Eagle’s medium containing 0.6% bovine serum albumin
and 20 mm HEPES, pH 7.4, cells were lysed, and proteins were
subjected to immunoprecipitation with streptavidin-Sepharose
(GE Healthcare). Protein samples were analyzed by SDS-PAGE
and immunoblotting.

Cell Proliferation Assay—Cells were plated on 96-well plates
ata density of 4 X 10*/well and cultured in appropriate medium
supplemented with 10% fetal bovine serum in the presence or
absence of 100 nm 17-AAG. Cells were fixed in 11% glutaralde-
hyde 0, 24,48, and 72 h after drug addition and stained in crystal
violet. Staining was solubilized in 10% acetic acid, and absorb-
ance at 595 nm was measured with a microplate reader.

Cell Migration Assay—Cell motility was assayed using 8-um
pore size Transwell® chambers (Corning Glass). The lower side
of the membrane was coated with 10 pg/ml fibronectin for 2 h
and then blocked with 0.2% bovine serum albumin. Cells were
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FIGURE 4. The ubiquitin ligase activity of CHIP is necessary to mediate Ron degradation induced by
geldanamycins. A, COS-7 cells were transiently transfected with Ron and either CHIP or the ubiquitylation-
defective CHIP A U-box. 72 h after transfection, cells were treated with vehicle (—) or T um GA for 6 h and equal
amounts of cell lysates were analyzed by immunoblotting (/B) with Ron and CHIP antibodies. Representative
results from three independent experiments are shown. B, COS-7 cells were transiently transfected with Ron
and either c-Cbl or c-Cbl-70Z. 72 h after transfection, lysates from cells treated with vehicle (=) or 1T um GA for
6 h were analyzed by immunoblotting with Ron and c-Cbl antibodies. Representative results from two inde-
pendent experiments are shown. C, FG2 cells were transiently transfected with siRNAs targeted to CHIP tran-
scriptorto an unrelated sequence. 48 h after transfection, cells were treated with vehicle (=) or T umGA or T um
17-AAG. Equal quantities of lysates from cells harvested at the indicated times were analyzed by immunoblot-
ting with Ron antibodies. CHIP silencing was verified by immunoblotting with appropriate antibodies and
anti-a-tubulin immunoblotting was used as loading control. Densitometry of Ron immunoblotting was per-
formed and values, normalized to the relative a-tubulin control bands, were plotted as percentages of vehicle-
treated cells. White columns, unrelated siRNA; black columns, CHIP siRNA. Each data point represents the
mean * S.E. of three independent experiments.

nant plasmid as described previ-
ously (10). Two days after transfec-
tion, 17-AAG was added to cultures
and renewed every 48 h. Cell cul-
tures were maintained at conflu-
ence and screened for focus forma-
tion 10 * 18 days after transfection.
Spontaneous formation of foci was
negligible.

RESULTS

Geldanamycins Target Ron for
Degradation—To investigate the sen-
sitivity of Ron to Hsp90 inhibitors, we
performed a time course experiment
on NIH-3T3 fibroblasts (3T3-Ron)
and pancreatic carcinoma FG2 cells,
expressing recombinant and endoge-
nous Ron, respectively. After cell
exposure to GA for different times,
we observed a robust reduction of
both precursor and mature form of
the receptor within 6 h. It is notewor-
thy that Ron protein levels declined
with similar rates in both cell lines
upon GA treatment. Similar effects, at
a slightly lesser extent, were observed
with the same concentration of the
less toxic GA derivative 17-AAG (Fig.
1A). Ron destabilization upon Hsp90
inhibition was obtained also by using
a chemically unrelated Hsp90 inhibi-
tor, the macrolactone antibiotic radi-
cicol (supplemental Fig. 1).

It has been shown for other RTKs
(platelet-derived growth factor
receptor and epidermal growth fac-
tor receptor) (35) that only the
newly synthesized receptor mole-
cules are destabilized by GA. We
evaluated if Ron depletion following
GA or 17-AAG exposure was due to
impaired maturation of the nascent
chains only or if also cell surface-ex-
posed receptors were targeted for
degradation. By surface biotinyla-
tion of 3T3-Ron and FG2 cells, fol-
lowed by Ron immunoprecipita-

detached with 1 mm EDTA and resuspended with 2% fetal
bovine serum. 1 X 10° cells were plated on the upper side and
allowed to migrate for 6 h in the presence of 100 nm 17-AAG
toward the lower chamber containing appropriate medium sup-
plemented with 10% fetal bovine serum. Cells remaining in the
upper chamber were mechanically removed, and those that
migrated to the lower side were fixed and stained as described
above.

Transforming Assay—A focus-forming assay was performed
on NIH-3T3 fibroblasts (5 X 10° cells) with 5 ug of recombi-
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tion, we observed an accelerated decrease of cell surface mature
Ron after exposure to GA or 17-AAG for 6 h (Fig. 1B). This
indicates that GA and 17-AAG, albeit with minor efficacy, are
able to destabilize the receptor even after its exposure to the
plasma membrane. In NIH-3T3 cells expressing a kinase-defec-
tive Ron mutant (31), GA-induced receptor degradation was
retained (supplemental Fig. 2), demonstrating that the kinase
activity is not required for sensitivity of Ron to GA.
GA-induced degradation of the client proteins is reported to
involve the ubiquitin-proteasome pathway (36). Thus, we ana-
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FIGURE 5. CHIP mediates c-Cbl independent oncogenic Ron™'254T

transiently transfected with Ron or Ron™'2>4T,

ubiquitylation. A, COS-7 cells were
, along with c-Cbl and FLAG-tagged ubiquitin. 72 h after trans-

duced kinase-independent degra-
dation, involving the ubiquitin-pro-
teasome pathway.

Ron Associates with a Chaper-
one Complex Containing the E3
Ubiquitin Ligase CHIP—We aimed
atidentifying the ubiquitin ligase re-
sponsible for GA-induced Ron
ubiquitylation. Among several li-
gases, we focused our attention on
CHIP, since this E3 enzyme medi-
ates degradation of signaling pro-
teins, relying on the association with
chaperone proteins Hsp90 and
Hsc70 (20, 37). We verified if Ron
and CHIP were recruited in stable
complexes with these chaperone
proteins. We co-transfected COS-7
cells with ¢cDNAs encoding both
Ron and CHIP. Immunoblotting
analysis on Ron immunoprecipi-
tates demonstrated that the recep-
tor associates with endogenous
Hsp90 and Hsc70 as well as with
CHIP (Fig. 3A).

CHIP has the ability to bind
Hsc70 by means of the amino-ter-
minal tetratricopeptide domain,
whereas its E3 ubiquitin ligase activ-
ity is mediated by its carboxyl-ter-
minal U-box domain (38). To bet-
ter characterize the interaction
between the receptor and the ubiq-
uitin ligase, we tested the ability of
CHIP proteins harboring a muta-

fection, serum-starved cells were treated with vehicle (=) or 300 ng/ml MSP for 20 min, and equal protein
amounts of cell lysates were immunoprecipitated (/P) with Ron (top) or c-Cbl (bottom) antibodies. Associated
c-Cbl or Ron were detected with the appropriate antibodies. B, Ron immunoprecipitation described in A was
followed by immunoblotting (IB) with FLAG antibodies to detect ubiquitylated receptors. The immunoprecipi-
tated receptor was detected by Ron immunoblotting. C, proteins from cell lysates of COS-7 transiently trans-
fected with Ron""?**T and FLAG-tagged ubiquitin, along with CHIP or CHIPAU-box or empty vector, were
subjected to immunoprecipitation with Ron antibodies and analyzed by anti-FLAG and anti-Ron immunoblot-
ting. Anti-CHIP immunoblotting on cell lysates was used to control transfection efficiency. D, COS-7 cells were
transiently transfected with Ron or Ron™'2**T along with CHIP. 72 h after transfection equal protein amounts of
cell lysates were immunoprecipitated with Ron or CHIP antibodies and presence of CHIP, Ron, Hsp90, or Hsc70
in the immunocomplexes was detected with the appropriate antibodies. Ron, Ron™'2*%T, and CHIP expression
was monitored by immunoblotting. All results shown are representative of at least three independent

tion in the tetratricopeptide (K30A)
or lacking the U-box (AU-box)
domain to interact with Ron. The
K30A mutant, which does not bind
to either Hsp90 or Hsc70 (20), failed
to co-immunoprecipitate with Ron.
This suggests that these chaperone
intermediates are involved in the

experiments.

lyzed Ron ubiquitylation upon GA or 17-AAG treatment of
3T3-Ron and FG2 cells. In these conditions, a marked ubiqui-
tylation of the receptor was observed as early as 15 min after
drug addition (Fig. 2A4). This indicates that receptor ubiquity-
lation is an early step in GA-induced Ron degradation and sug-
gests that a specific E3 ligase is involved. Moreover, pretreat-
ment of both cell lines with the proteasome inhibitor MG-132
impaired Ron depletion induced by geldanamycins (Fig. 2B),
indicating that this destabilizing effect on Ron requires protea-
somal activity. Conversely, when cells were pretreated with
the lysosomal inhibitor concanamycin A, GA retained full
activity on Ron (supplemental Fig. 3). Our results show that
cell surface-exposed mature Ron is destabilized by GA-in-
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Ron-CHIP interaction. Conversely,
the deletion of the U-box domain
did not impair the complex formation (Fig. 34).

To verify whether CHIP could directly mediate Ron ubig-
uitylation, we performed an in vitro ubiquitylation assay on
immunocomplexes from 3T3-Ron fibroblasts, by using puri-
fied GST-CHIP fusion proteins in the presence of biotiny-
lated ubiquitin and E1 and E2 enzymes. Wild type (GST-
CHIP), but not U-box-deleted (GST-CHIPAU-box), fusion
protein catalyzed the receptor ubiquitylation. No ubiquity-
lation was observed in the presence of GST protein alone as
well as when the reaction was performed in absence of
immunoprecipitated Ron (Fig. 3B). This demonstrates that
CHIP can serve as an E3 ligase for Ron. Taken together, these
results indicate that in live cells Ron forms a complex with
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FIGURE 6. Oncogenic Ron""'25*T displays higher sensitivity to geldanamycins than wild-type recep-
tor. A, 3T3-Ron and 3T3-Ron™"2>*T cells were treated with vehicle (—) or 1 um GA, or 1 um 17-AAG for the
indicated times. Equal amounts of cell lysates were analyzed by immunoblotting (/B) with Ron, phospho-
Akt, and phospho-Erk1/2 antibodies. a-Tubulin immunoblotting was used as loading control. B, 3T3-Ron
and 3T73-Ron™'2°4T cells treated with vehicle (—) or increasing amounts of GA, or of 17-AAG for 6 h. Equal
amounts of cell lysates were analyzed by immunoblotting with Ron antibodies. Anti-a-tubulin immuno-
blotting was used as loading control. All results shown are representative of at least four independent

experiments.

the chaperones Hsp90 and Hsc70, which mediate receptor
association with the E3 ubiquitin ligase CHIP.

CHIP Mediates Ron Degradation Induced by Geldanamycins—
We evaluated the involvement of CHIP in GA-induced Ron deg-
radation by using COS-7 cells expressing the wild-type E3 ligase
or the deletion mutant CHIPAU-box, which despite its lack of
ubiquitin ligase activity still associates with the receptor. Over-
expression of the dominant negative CHIPAU-box resulted in
abrogation of GA-induced Ron degradation (Fig. 4A).

We previously reported that the E3 ubiquitin ligase c-Cbl
physically interacts with Ron, promoting its ligand-dependent
ubiquitylation and down-regulation (31). To verify the role for
c-Cbl in receptor destabilization driven by GA, we performed
the parallel experiment in COS-7 transfected with c-Cbl or the
dominant negative c-Cbl-70Z (39). Impairment of c-Cbl activ-
ity had no effect on GA-induced Ron degradation (Fig. 4B).

To confirm the key role of CHIP in GA-mediated Ron desta-
bilization, we analyzed cells deprived of CHIP by expression of
targeted siRNAs. FG2 cells were engineered by means of vec-
tors to express siRNAs designed to selectively inactivate CHIP
transcripts or targeted to an unrelated sequence as control.
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Cells expressing CHIP-targeted
siRNAs displayed markedly reduced
levels of CHIP. In these conditions,
Ron was refractory to the degrada-
tion induced by GA, whereas in cells
expressing control siRNAs, recep-
tor degradation still occurred. Sim-
ilar results were obtained with the
same concentration of 17-AAG
(Fig. 4C). We conclude that the
ubiquitin ligase activity of CHIP is
necessary to mediate Ron degrada-
tion induced by geldanamycins.

CHIP Is Responsible for Onco-
genic Ron™'***T" ¢-Cbl-independent
Ubiquitylation—We next addressed
the role of CHIP-chaperone complex
on the negative regulation of the
oncogenic mutant Ron™'?****, This
mutant harbors a point mutation
responsible for constitutive activation
of the kinase and for overcoming the
requirement for the multifunctional
docking site of the Ron receptor
(10, 11).

In COS-7 cells co-expressing c-Cbl
and Ron™"'?**T| the mutant receptor
failed to co-immunoprecipitate the
ubiquitin ligase, even upon MSP stim-
ulation. Likewise, in the reciprocal
experiment, wild-type Ron, but not
Ron™'?**T was present in c-Cbl
immunoprecipitates of the same cells
(Fig. 5A). On the basis of these results,
we evaluated if the lack of association
with c-Cbl could affect Ron™'?>*T
ubiquitylation. In COS-7 cells co-
transfected with wild-type or mutant receptor along with c-Cbl
and a tagged form of ubiquitin (FLAG-Ub), the ubiquitylation of
Ron™!?**T was preserved and was ligand-independent (Fig. 5B).

To verify if Ron™">**T ubiquitylation in vivo relies on the
ubiquitin ligase activity of CHIP, we overexpressed CHIP or the
defective ligase CHIPAU-box in COS-7 cells. Endogenous
CHIP was sufficient to promote Ron™'***T ubiquitylation,
which was increased by overexpression of recombinant CHIP
and almost totally abrogated in cells overexpressing CHIPA
U-box. This demonstrates that CHIP is a functional E3 ubiq-
uitin ligase for this oncogenic receptor (Fig. 5C).

On the basis of these data, we sought evidence of the associ-
ation of Ron™'?**T with the chaperone complex containing
CHIP. We co-transfected COS-7 cells with cDNAs encoding
either Ron™"'?**T or wild-type Ron and CHIP. Hsp90, Hsc70,
and CHIP were more abundant in Ron immunocomplexes
from cells expressing the oncogenic receptor, and the stronger
interaction between CHIP and Ron™'?**T was confirmed by
the reciprocal experiment (Fig. 5D).

These data altogether indicate that Ron and Ron™">**T dif-
ferentially interact with the E3 ligase CHIP, which is responsi-
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FIGURE 7. Hsp90 dissociation from Ron"'2%%T js more rapid and occurs at lower geldanamycin concen-
cells were treated with vehicle
(=) or 1 um GA or with 1T um 17-AAG for the indicated times. Equal protein amounts of cell lysates were
subjected to immunoprecipitation (/P) with Ron antibodies, and associated Hsp90 was detected by immuno-
blotting (/B) with the appropriate antibodies. The immunoprecipitated receptor was detected by Ron immu-
noblotting. B, proteins from cell lysates of 3T3-Ron and 3T3-Ron™'2>*T treated with vehicle (—) or increasing
amounts of GA or of 17-AAG for 6 h were subjected to Ron immunoprecipitation. Associated Hsp90 was
detected by immunoblotting with the appropriate antibodies. The immunoprecipitated receptor was
detected by Ron immunoblotting. All results shown are representative of at least three independent

trations compared with wild-type receptor. A, 3T3-Ron and 3T3-Ron

experiments.

ble for the c-Cbl- and ligand-independent ubiquitylation of the
oncogenic receptor.

Oncogenic M1254T Substitution Increases Ron Sensitivity to
Geldanamycins—Since oncogenic Ron™'?**7T is recruited into
the CHIP-chaperone complex even more efficiently than wild-
type Ron, we tested the activity of GA and 17-AAG on the
stability of the wild-type receptor and of its oncogenic
counterpart.

The treatment of 3T3-Ron and 3T3-Ron™"***T cells with
both inhibitors revealed an accelerated degradation rate for the
mutant receptor, as compared with wild-type Ron (Fig. 64).
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Interestingly, Ron™*?**T degrada-
tion was paralleled by an evident
dephosphorylation of Akt and
Erk1/2 effectors (Fig. 6A4). We fur-
ther evaluated the relative sensi-
tivity of wild-type and oncogenic
Ron to these inhibitory drugs in a
dose-response experiment. GA or
17-AAG concentration as low as 0.1
uM was efficient in degrading the
mutant Ron™*?**T after 6 h of treat-
ment, whereas at least a 1 uM con-
centration was required to induce
detectable degradation of the wild-
type receptor (Fig. 6B).

The destabilizing effects of GA
have been attributed to altered asso-
ciation of Hsp90 with its client pro-
teins (40). Therefore, we tested Ron
interaction with Hsp90 upon GA or
17-AAG treatment of 3T3-Ron and
3T3-Ron™****" cells in a short term
experiment (up to 60 min). In both
cell types, the receptor co-precipi-
tated with Hsp90, and geldanamy-
cins caused an evident decrease in
the amount of Hsp90 associated
with Ron immunocomplexes. How-
ever, the dissociation of the
Ron™'?**T_Hsp90 complex occurs
earlier, starting within 15 min of
drug exposure, as compared with
the Ron-Hsp90 complex (Fig. 7A).
Consistently, by using the lowest
effective concentration of GA and
17-AAG (0.1 um) able to induce
degradation of Ron™"?** but not of
wild-type Ron, we observed dissoci-
ation of Hsp90 from the mutant
receptor only (Fig. 7B). These results
indicate that the oncogenic M1254T
substitution in the Ron receptor is
associated with increased sensitivity
to geldanamycins and with a more
dynamic interaction with Hsp90.

Geldanamycins Hamper Growth,
Migration, and Transforming Activ-
ity of Oncogenic Ron—The amino acid substitution M1254T
confers to Ron in vitro transforming potential, including
growth and migration in a ligand-independent way (10). We
tested if the GA derivative suitable for clinical use 17-AAG
could hamper these biological effects in 3T3-Ron™"?**T, In a
72-h proliferation assay, the higher proliferation rate of 3T3-
Ron™'2%*T cells compared with 3T3-Ron cells was considerably
reduced in the presence of low concentrations (0.1 um) of
17-AAG. As expected, the growth rates of nontransformed 3T3
and 3T3-Ron cells were similar, and, consistently, the reduction
of growth rate observed in these cells upon 17-AAG was com-
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DISCUSSION

Ubiquitylation and down-regula-
tion represent a major deactivation
pathway for RTKs, whose impair-
ment may be a mechanism in cancer
(41).

Dysregulated signaling of Ron,
the tyrosine kinase receptor for
MSP, due to over-activation or loss
of negative regulation, is involved in
tumor progression and metastasis.
Overexpression and subsequent
aberrant activation of Ron have
been observed in primary breast
carcinomas (42), non-small cell lung
tumors (43), and colorectal adeno-
carcinomas (44). Silencing ron gene
expression by RNA interference has
been shown to hamper in vivo
tumor formation of established
colorectal carcinoma cells (45).
Moreover, it has been reported that

FIGURE 8. 17-AAG potently affects growth, migration, and transformation of cells expressing oncogenic
Ron™'2%4T_ A NIH-3T3 fibroblasts (dotted curve), 3T3-Ron (dashed curve), and 3T3-Ron™'?>*7 (solid curve) cells
were plated on 96-well plates and cultured in medium supplemented with 10% fetal bovine serum in presence
of vehicle (white symbols) or 100 nm 17-AAG (black symbols). After 0, 24, 48, and 72 h of drug addition, cells were
fixed and stained in crystal violet, and absorbance at 595 nm was measured. OD is expressed as mean Asgs * S.E.
of three independent experiments (left panel). Protein levels from 3T3-Ron and 3T3 Ron™'2**T cell lysates were
determined by immunoblotting (/B) at same times and conditions of the growth curve (right panel). B, 3T3-Ron
and 3T3-Ron™"2**T cells were plated on the upper side of 8-um pore size Transwell® chambers and allowed to
migrate for 6 h in the presence of vehicle (white columns) or 100 nm 17-AAG (black columns) toward the lower
chamber containing appropriate medium supplemented with 10% fetal calf serum and coated with fibronec-
tin. Cells that migrated toward the lower chamber were fixed and stained as described in A. OD is expressed as
mean A;qs* S.E. of three independent experiments. C, NIH-3T3 fibroblasts were transfected as described under
“Experimental Procedures” with Ron- or RonM'?**"-encoding plasmid. Two days after transfection, vehicle
(white columns), 10 nm 17-AAG (hatched columns), or 50 nm 17-AAG (black columns) were added and renewed
every 48 h. Cell cultures were maintained at confluence and screened for focus formation 10 =+ 18 days after
transfection. Spontaneous formation of foci was negligible. All of the experiments were performed in triplicate,

Ron expression is positively associ-
ated with histological grading,
larger size, and tumor stage in blad-
der cancer specimens (13).

We have previously demonstrated
a ligand-induced c-Cbl-dependent
mechanism for the down-regulation
of Ron (31). Here we identify a novel
degradation pathway for Ron. This
mechanism involves proteasomal
activity, the Hsp90/Hsc70 chaper-
ones and the U-box ubiquitin ligase

and mean * S.E. number of foci is displayed.

parable. Immunoblotting analysis of Ron protein levels under
the same experimental conditions confirmed the higher sensi-
tivity of oncogenic Ron™'***T to 17-AAG, even if degradation
of also the wild-type receptor occurred upon the prolonged
drug exposure (Fig. 84).

In a migration assay, performed in the presence of serum, 3T3-
Ron™*'?**T cells migrated more efficiently than 3T3-Ron cells. The
presence of 17-AAG hampered the haptotactic migration of both
cell types, and the inhibition was by far more evident in cells
expressing the Ron oncogenic form (Fig. 8B).

We have previously shown that Ron™'***" has a strong
transforming activity when expressed in NIH-3T3 fibroblasts
(10). A focus-forming assay was performed in the presence or
absence of low doses of 17-AAG. As expected, Ron™>**T-
transfected cells displayed a high transforming activity, which
was completely abolished by 17-AAG treatment (Fig. 8C).

We conclude that the clinically relevant inhibitor 17-AAG is a
potent negative regulator of cell proliferation, migration, and
transformation, typically induced by the Ron™*2>**
form.

oncogenic
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CHIP. The whole process of receptor

degradation is triggered by the small

molecule inhibitors of Hsp90 benzo-
quinone ansamycins via dissociation of the Ron-chaperone com-
plex. The requirement of this complex for Ron stability is
confirmed by the destabilizing effects observed also with the
Hsp90 inhibitor radicicol, which is chemically unrelated to
geldanamycins.

It has been reported that Hsp90 and its cohort of co-chaper-
ones play a regulatory role in conformational maturation and in
maintenance of structural integrity of a variety of cellular pro-
teins (17). We show here for the first time that Ron is present in
a stable but dynamic complex with the Hsp90/Hsc70-based
chaperone machinery, also containing the E3 ligase CHIP. As
shown for ErbB2 (20, 40), this complex is required for maintain-
ing Ron receptor stability. This is confirmed by the activity of
the Hsp90-inhibitory drugs geldanamycin or 17-AAG, which
force disruption of the Ron-Hsp90 interaction, followed by
receptor ubiquitylation and degradation. Moreover, conversely
to what occurs with c-Cbl-mediated degradation (31), geldana-
mycin does not require the Ron kinase activity for its action,
since the “kinase-dead” Ron™'*'*™ is highly sensitive to this
Hsp90 inhibitor.
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Geldanamycins Induce CHIP-mediated Ron Degradation

The effect of geldanamycin has been restricted to the ability
of destabilizing newly synthesized EGFR or platelet-derived
growth factor receptor molecules (35, 46). On the other hand, it
has been also demonstrated that geldanamycin enhances the
loss of mature cell surface ErbB2 protein (40, 47), suggesting a
lack of univocal mean to target different receptors. Our results
clearly indicate that mature Ron exposed at plasma membrane
is a target of geldanamycin, as in the case of ErbB2. This is in
accordance with the association of mature Ron with the E3
ligase CHIP, which has been characterized as a mediator of
geldanamycin action for ErbB2 degradation (20, 47). How-
ever, based on our data, we cannot exclude that also the
uncleaved precursor of the Ron receptor may be affected by
geldanamycins.

Several evidences indicate that the ternary complex of the
substrates with chaperones and ubiquitin ligase is targeted to
the proteasome for degradation (16). Moreover, recently it has
been reported that proteasomal activity is required for ErbB2
internalization but that receptor degradation takes place in
lysosomes (48). Our results on Ron confirm that geldanamycin-
mediated receptor degradation requires the integrity of the
proteasomal pathway but that the lysosomal involvement is
dispensable.

A destabilizing effect of geldanamycins has been described
for the HGF/SF receptor Met, homologous to Ron (29, 49), but
the E3 ligase regulating this process has not been identified yet.
Conversely, our results clearly show that Ron is a substrate of
CHIP both in vitro and in vivo. Furthermore, by CHIP RNA
interference and by use of a truncated CHIP mutant, we dem-
onstrate that CHIP is necessary for Ron degradation, following
Hsp90 inhibition by geldanamycins.

This mechanism of Ron depletion is reminiscent of that shown
for ErbB2 (47) and for mutated EGFR (28). Also Ron can harbor
oncogenic mutations in a conserved region of the kinase domain
(10). One of these substitutions (M1254T) shifts substrate speci-
ficity and overcomes the requirement for the multifunctional
docking site (11).

We show here that the oncogenic Ron receptor escapes
from c-Cbl mediated down-regulation. Notwithstanding it is effi-
ciently ubiquitylated and becomes degraded upon geldanamycin
treatment. Oncogenic Ron degradation occurs even more rapidly
than for the nonmutated receptor and at lower doses of the Hsp90
inhibitor. The higher sensitivity of Ron™'***T to geldanamycins
may be explained by the stronger interaction of Ron™"?**T with
Hsp90 and CHIP, compared with wild-type Ron. Similar results
were observed also for EGFR mutants (28), v-Src (50), and mutated
p53 (51). As hypothesized for other kinases (28), the reason for the
greater association of the mutated receptor to the chaperone com-
plex, may reside more on a inherently less stable structure rather
than on its altered phosphorylation state.

The effect of Hsp90 inhibition by geldanamycin has been
thoroughly investigated and clarified in terms of altered
association of the chaperone to its client proteins, which are
thus degraded (52). In the case of ErbB2, geldanamycin activ-
ity has been associated to a parallel increase of Hsp/Hsc70
association to the receptor (20). We did not observe any
reciprocal exchange between Hsp90 and Hsc70 in the bind-
ing to either Ron or Ron™"'?***. On the other hand, we show

M1254T
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the first evidence of a marked and significant difference in
dissociation rate from Hsp90, between wild-type and onco-
genic Ron receptors, upon geldanamycins treatment. We
hypothesize that the ADP/ATP cycling rate of the Hsp90-
Ron™!2%*T complex is higher than that of Hsp90 complex
containing Ron. This may explain the higher sensitivity of
the oncogenic mutant to geldanamycins. This highlights
Ron™"'?**T a5 an ideal target for the antioncogenic activity of
these drugs.

Cells expressing oncogenic Ron™'?**T display ligand-inde-
pendent, strong constitutive Erk1/2 and phosphatidylinositol
3-kinase/Akt signaling, leading to elevated levels of growth and
migration. The less toxic GA-derivative 17-AAG markedly
inhibits these signaling pathways, resulting in a strong reduc-
tion of growth and migration rates, induced by oncogenic
Ron™'?**T gignaling. We cannot exclude that degradation of
intracellular proteins, possibly Ron™'?**" effectors, may also
contribute to these effects. Nevertheless, this confirms the very
high sensitivity of the oncogenic receptor and of its signaling to
geldanamycins, resulting in robust inhibition of dysregulated
biological activities.

Recently, it has been demonstrated that geldanamycins
inhibit HGF/SF-dependent, urokinase-type plasminogen
activator-mediated cell scattering and invasion, thus affect-
ing typical tumor cell properties (30). Consistently, our
results demonstrate that 17-AAG abrogates the transform-
ing ability of oncogenic Ron. Even if further studies on xeno-
graphed immunodeficient mice are required to substantiate
the inhibition of Ron oncogenic properties, the overall
effects observed in cultured cells strongly suggest that Ron-
dependent tumorigenesis is a sensitive target of geldanamy-
cin or its derivatives. We identified a novel Ron destabiliza-
tion pathway, which highlights the important role of
ansamycin antibiotics as potential pharmacological tools,
able to target altered Ron expression and dysregulation in
cancers.
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Abstract

Keratinocytes, the target cell of human papillomavirus (HPV) infection, can produce numerous cytokines and pro-inflammatory molecules which
are important for the generation of an effective immune response. How this biological response, which involves the tumor stroma, is affected by
the HPV oncoproteins within the epithelial cell itself is not clear. Here it is shown that oncoproteins of different HPV genotypes (alpha- versus
beta-HPV genus) alter the expression of pro-inflammatory molecules in early passage primary human keratinocytes and the immortalized cell
line HaCaT. HPVS E6/E7 oncoproteins significantly induced interleukin-8 (IL-8), monocyte chemoattractant protein-1 (MCP-1) and intercellular
adhesion molecule-1 (ICAM-1) expression. By contrast, the same molecules were down-regulated or not modulated in HPV16 E6/E7 transduced
keratinocytes. Interestingly, HPV38 oncoproteins expression resulted in a lower induction of pro-inflammatory molecules, resembling the behavior
displayed by the mucosal carcinogenic HPV16. Finally, inducible nitric oxide synthase (iNOS) expression levels and nitric oxide (NO) production
were induced at similar levels by all the HPV genotypes tested. These results further emphasize the different biological activities among HPV

genotypes, and offer new insights into HPV-associated skin diseases.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Cytokines; Immune evasion; Inflammation; Nitric oxide; Papillomavirus; Skin diseases

Human papillomaviruses (HPVs) are small double-stranded
DNA viruses found in a wide variety of proliferative lesions
of epithelial origin, and can be grouped into either mucosal or
cutaneous HPV types based on tissue tropism. Infection with a
subset of high-risk mucosal HPV (HPV 16, 18, 31, 33 being the
most widespread) is the major risk factor for the development of
cervical cancer (zur Hausen, 2002). Several experimental stud-
ies have indicated that much of the transforming potential of
high-risk HPVs and their ability to stimulate proliferation arises
from the biological effects of their E6 and E7 oncoproteins.
However, HPV per se is not sufficient to permanently trans-
form epithelial cells and to give rise to invasive cervical cancer.
The host’s cell-mediated immune response influences both sus-
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ceptibility to and regression of HPV infections. Several studies
have described a localized immune dysfunction accompanying
cervical HPV infection, suggesting that the high-risk mucosal
genotypes may interfere with recruitment or activation of lym-
phocytes and macrophages (O’Brien and Saveria Campo, 2002).

The cutaneous HPV types are phylogenetically distant from
the mucosal types. Evidence for their involvement in non-
melanoma skin cancer (NMSC) originated from studies of
patients suffering from the rare hereditary disease epidermodys-
plasia verruciformis (EV), that results from abnormal suscepti-
bility to infection with specific HPV types commonly referred to
as EV-HPV types (Akgul et al., 2006). Although EV-HPV types
were previously considered to be restricted to EV patients, it
has became increasingly evident that they also occur at high
frequency in the healthy general population, in patients with
NMSC, and in patients with psoriasis. According to the most
updated Papillomaviridae classification, the EV-HPVs and phy-
logenetically related types are grouped together into the Betapa-
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pillomavirus genus, while the mucosal genotypes belong to the
Alphapapillomavirus genus (de Villiers et al., 2004). Attempts to
identify mechanisms by which the beta-HPV genotypes can con-
tribute to NMSC development revealed a rather weak transform-
ing potential in vitro. No single HPV genotype predominates in
skin cancers and so far, there has been no evidence of high-risk
types analogous to cervical cancer for the beta-genus (Harwood
and Proby, 2002; Pfister, 2003). Thus, the mechanisms of HPV
induced skin carcinogenesis are still not fully established and
differ substantially from the much better explored genital onco-
genesis.

Keratinocytes, the target cell of HPV infection, can produce
numerous cytokines which are important for the generation of an
effective immune response and thus may contribute to control-
ling the development of squamous intraepithelial lesions. How
the biological response, which involves the tumor stroma, is
affected by the HPV oncoproteins within the epithelial cell itself
is not clear (Balkwill et al., 2005).

The present study was undertaken to evaluate whether the
expression of HPV oncoproteins from either alpha- or beta-
genus could be associated with altered expression of pro-
inflammatory molecules in human epithelial cells. To this end,
normal human epidermal keratinocytes (NHEK) and the non-
transformed spontaneously-immortalized cell line HaCaT were
transduced with recombinant retroviruses containing the E6
and E7 genes from the indicated genotypes. The rationale for
comparing NHEK with HaCaT cells lies in the fact that the
immortal cell lines (such as HaCaT) and tumor-derived cell
lines (such as Hela, Caski, SiHa) used in other studies har-
bour alterations in various molecular pathways that may lead
to abnormal responses following HPV infection. HPVS5 and 38
were chosen for this investigation, as they broadly represent
the beta-genotypes (ex EV-HPVs) in the Papillomaviridae fam-
ily that are involved in skin cancer. HPV 16, belonging to the
alpha-genus, was included as the prototype of mucosal high-risk
genotype. High-titer recombinant retroviruses were generated
by transient transfection of Phoenix cells with pLXSN vec-
tor containing the E6/E7 open reading frame from HPVS, 16
and 38 and used to infect NHEK or HaCaT cells as previously
described (Pear et al., 1993). After G418 selection, the pres-
ence of the transgenes was confirmed by RT-PCR analysis. As
shown in Fig. 1, E6 and E7 genes were transcribed at similar lev-
els in each cell culture. As negative control, cells were infected
with the empty parental vector virus. NHEK from two differ-
ent pools were used independently to exclude variation due to
the specific genetic background. To investigate at the molecu-
lar level whether transduction of the E6 and E7 genes induced
changes in mRNA expression of pro-inflammatory genes, real-
time RT-PCR was performed. Gene expression was determined
with commercial assays from Applied Biosystems. The house-
keeping gene hypoxanthine phosphoribosyltransferase 1 was
used to normalize for the variations in cDNA. PCR on each
sample was performed in triplicate. The results were analyzed
with a relative expression software tool (REST-384) (Pfaffl et
al., 2002) and down-regulations were calculated as minus recip-
rocal expression ratio. In our culture conditions, IL-8§ mRNA
expression levels were increased 7.7- and 5.5-fold by HPVS5

Fig. 1. Analysis of EGE7 transcription levels in NHEK and HaCaT cells trans-
duced with E6/E7 from HPV5, 16 and 38. @, cells infected with the vector-only
virus. RT-, control reaction in which reverse transcriptase enzyme was omitted
in the RT step to exclude genomic contaminations. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) amplification was performed to normalized variation
in cDNA. The results shown are from a representative experiment of three inde-
pendent infections from two separate pools of cells.

E6/E7 compared to the control in both NHEK and HaCaT cells,
respectively, as shown in Fig. 2A. A different picture emerged
with the other two HPV genotypes. HPV38 E6/E7 induced a
slight increase (3.1-fold) in IL-8 mRNA expression in NHEK,
whereas it did not significantly change its levels in HaCaT.
By contrast, HPV16 E6/E7 decreased IL-8 mRNA levels in
NHEK (4.4-fold), while it slightly up-regulated its expression
in HaCaT cells. When the levels of secreted IL-8 were assessed
by ELISA using the Quantikine Human IL-8 Immunoassay
(R&D Systems) in cell supernatants (Fig. 2B), consistent with
the mRNA expression analysis, HPV5 E6/E7 proteins signif-
icantly enhanced the release of IL8 in NHEK compared to
control cells transduced with the empty vector (820 pg/mg ver-
sus 410 pg/mg, respectively). HPV16 E6/E7 proteins decreased
IL-8 production when compared to empty vector-transduced
NHEK. A similar pattern of IL-8 release was observed with
HaCaT cells. Thus, IL-8, one of the most potent neutrophil
chemoattractants involved in the early stages of the inflam-
matory response, was found to be significantly increased at
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Fig. 2. Comparison of IL-8 and IL-6 mRNA and protein levels in NHEK and HaCaT cells transduced with E6/E7 from HPVS, 16 and 38 as indicated. pLXSN,
cells infected with the vector-only virus. (A and C) Total RNA was extracted and mRNA transcript levels were determined by real-time RT-PCR. Expression was
normalized to the endogenous control gene HPRT1, and is shown as mean + S.E. fold changes relative to control-infected cells. (B and D) ELISA analysis was
conducted on supernatants of the cells to detect IL-8 and IL-6 expression. Cytokines were normalized to the total amount of secreted protein. Results shown in the
four panels are an average of three independent infections from two separate pools of cells with standard errors displayed (*p <0.05, **p <0.01).

both mRNA and protein levels by E6/E7 oncoproteins from the
beta-genotype HPVS, while HPV16 E6/E7 down-regulated its
production in both the cell lines tested. Controversial data exist
about IL-8 modulation by HPV16 oncoproteins. Some authors
reported that the expression of HPV16 E6 and E7 increased
the secretion of IL-8, while others did not observe any signif-
icant variation in its expression (Nees et al., 2001; Toussaint-
Smith et al., 2004). Reporter data also showed that HPV16
E6/E7 represses IL-8 promoter activity through effects on
CREB binding protein/p300 and P/CAF (Huang and McCance,
2002).

Some cervical carcinoma cell lines have shown to synthe-
size IL-6 (Castrilli et al., 1997), a cytokine that plays a key
role in inflammation being the main inducer of acute phase pro-
teins (Iglesias et al., 1995). To determine if IL-6 production
could be influenced by E6/E7 expression in our experimental
system, its expression was analysed at both mRNA and protein
levels. As shown in Fig. 2C, IL-6 mRNA levels were signifi-
cantly up-regulated (17.4-fold) by HPVS5 E6/E7 expression and
to a lower extent by HPV16 oncoproteins (13.1-fold). HPV38
E6/E7 gave rise to the lowest induction rate (3.1-fold). By con-
trast, in HaCaT cells IL-6 mRNA was weakly down-regulated
by all three HPV genotypes. Analysis of IL-6 secretion from
these cells by ELISA, using Quantikine Human IL-6 Immunoas-
say (R&D Systems), showed that levels of IL-6 protein in the

cell supernatants corresponded to levels of mRNA expression
(Fig. 2D).

Although MCP-1 expression is induced after infection by
a variety of RNA and DNA viruses, its suppression by high-
risk mucosal HPV has been reported both in vitro and in vivo
(Kleine-Lowinski et al., 2003). Consistent with this finding, it
was found that MCP-1 mRNA levels were down-regulated in
HPV16 E6/E7 transduced NHEK, but in striking contrast, it was
strongly up-regulated in HPV16 E6/E7 transduced HaCaT cells
(Fig. 3A). Similarly, HPV38 E6/E7 down-regulated its expres-
sion in NHEK, but not in HaCaT cells. Analysis of chemokine
secretion from these cells by ELISA, using Quantikine Human
MCP-1/CCL2 Immunoassay (R&D Systems), showed that lev-
els of MCP-1 protein in the cell supernatants corresponded
to levels of mRNA expression (Fig. 3B). These controversial
results between NHEK and HaCaT further emphasize the impor-
tance of studying cellular HPV responses in primary human cells
rather than immortalized or tumor-derived cells. The selective
induction of MCP-1 after HPVS E6/E7 transduction of NHEK
may have an important implication for the pathogenesis of skin
inflammatory disorders associated with the presence of beta-
HPYV genotypes, such as EV or psoriasis.

The intercellular adhesion molecule-1 (ICAM-1, CD54) is
a member of the immunoglobulin gene superfamily. A previ-
ous report showed that HPV16-immortalized and carcinoma-
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Fig. 3. Comparison of MCP-1 mRNA and protein levels in NHEK and HaCaT
cells transduced with E6/E7 from HPVS, 16 and 38 as indicated. pLXSN, cells
infected with the vector-only virus. (A) Total RNA was extracted, and MCP-1
mRNA transcript levels were determined by real-time RT-PCR. Expression was
normalized to the endogenous control gene HPRT1, and is shown as mean + S.E.
fold changes relative to control-infected cells. (B) ELISA analysis was conducted
on supernatants of the cells to detect MCP-1 expression. MCP-1 was normalized
to the total amount of secreted protein. The results shown in panels A and B are
an average of three independent infections from two separate pools of cells with
standard errors displayed (*p <0.05, **p <0.01).

derived cell lines exhibited partial or complete loss of ICAM-1
inducibility after exposure to IFN-y (Woodworth and Simpson,
1993). Consistent with this report, both NHEK and HaCaT
cells transduced with HPV16 E6/E7 did not show a signifi-
cant variation in the ICAM-1 RNA levels in comparison with
control-infected cells (Fig. 4A). By contrast, its expression was
markedly enhanced in HPVS E6/E7 transduced cells, although
the magnitude of the induction was higher in NHEK (15.5-fold)
in comparison to HaCaT cells (4.2-fold). A different picture
was observed with HPV38 E6/E7 transduced cells, being up-
regulated in NHEK (4.2-fold) but down-regulated in HaCaT
cells (3.8-fold). The effects of HPV oncoproteins on the expres-
sion of ICAM-1 antigen was also determined by FACS analy-
sis as previously described (Roy et al., 1998). Basal ICAM-1
expression levels were very low in unstimulated cells. Consis-
tent with mRNA analysis, ICAM-1 antigens were significantly
up-regulated by HPV5 oncoproteins in both NHEK and HaCaT
cells (Fig. 4B).

A variety of viruses have been reported to induce iNOS
(inducible nitric oxide synthase), leading to nitric oxide (NO)

Fig. 4. Comparison of ICAM-1 mRNA and protein levels in NHEK and HaCaT
cells transduced with E6/E7 from HPVS, 16 and 38 as indicated. pLXSN, cells
infected with the vector-only virus. (A) Total RNA was extracted, and MCP-1
mRNA transcript levels were determined by real-time RT-PCR. Expression was
normalized to the endogenous control gene HPRT1, and is shown as mean £ S.E.
fold changes relative to control-infected cells. (B) ICAM-1 expression was mea-
sured by using a flow cytometer. Data are presented as percent compared to empty
vector-transduced cells. The results shown in panels A and B are an average of
three independent infections from two separate pools of cells with standard
errors displayed (*p <0.05, **p <0.01, ***p <0.001).

production that has been shown to play a relevant role in viral
clearance, immunopathology and generation of DNA damage
(Machida et al., 2004; Reiss and Komatsu, 1998). To exam-
ine whether NO is also involved in HPV pathogenesis, we first
determined the level of iNOS mRNA in HPV-transduced cells
using real-time RT-PCR. As illustrated in Fig. 5A, transduc-
tion of E6/E7 from all three genotypes dramatically enhanced
the levels of iNOS mRNA in HaCaT cells. Similar results
were obtained in NHEK, although in this cellular model HPV5
oncoproteins gave rise to the maximum induction (16-fold) in
comparison to the other genotypes. To confirm that the iNOS
induction seen was functionally significant, supernatant levels
of NO,7/NO3™, which are the final products of NO in vivo,
were determined using a colorimetric assay kit (Cayman Chem-
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Fig. 5. Induction of iNOS gene expression and NO production in NHEK and
HaCaT cells stably transduced with E6/E7 from HPVS, 16 and 38. pLXSN, cells
infected with the vector-only virus. (A) Total RNA was extracted, and iNOS
mRNA transcript levels were determined by real-time RT-PCR. Expression was
normalized to the endogenous control gene HPRT1, and is shown as mean =+ S.E.
fold changes relative to control-infected cells. (B) NO,~/NO3~ production in
cell culture medium collected at 48 and 72 h after plating. The results shown
in panels A and B are an average of three independent infections from two
separate pools of cells with standard errors displayed (*p<0.05, **p<0.01,
*#%p <0.001).

ical, Ann Arbor, USA). Consistent with the mRNA analysis,
the amount of nitrites and nitrates produced by E6/E7 trans-
duced cells, from all three HPV genotypes, was significantly
higher than those in the control cells (Fig. 5B). These results
demonstrated that E6/E7 transduction enhanced the production
of nitrites and nitrates as a result of iNOS activation.

In addition, modulation of tumor necrosis factor (TNF)-«,
another proinflammatory cytokine, was also evaluated. In our
experimental system, we did not detect any significant variation
of TNF-a expression at both mRNA and protein levels by all
three HPV genotypes (data not shown).

This is the first report that compares the expression of pro-
inflammatory genes by E6/E7 proteins between alpha- and beta-
HPV genotypes in primary human keratinocytes. Our results
suggest that HPV16 E6/E7 oncoproteins may contribute to the
development of cervical cancer not only by disrupting cell
cycle regulation but also by creating a microenvironment that
reduces host’s immune surveillance and therefore fosters cell
growth. By contrast, both mRNA and protein analysis showed
that HPV5 E6/E7 oncoproteins altered the keratinocytes gene

expression in favour of factors that have been shown to promote
strong inflammation. Indeed, expression of IL-8, IL-6, MCP-
1 and ICAM-1, all potent inducers of the cross-talk between
keratinocytes and inflammatory cells, increased in HPV5 E6
and E7 expressing cells. It is well established that the host
immune response is vital in protection against papillomavirus,
and failure of virus clearance leading to its persistence is
attributable to a poor immunological response (O’Brien and
Saveria Campo, 2002). Consistent with this hypothesis, in this
study it has been demonstrated that HPV16 may escape host
immune surveillance by inhibiting MCP-1 and IL-8 expres-
sion. By contrast, the same inflammatory mediators that are
released by HPVS E6/E7 transduced cells activate local profes-
sional antigen-presenting cells such as Langerhans cells in the
skin, allowing them to efficiently process and present foreign
antigen to naive T cells, thus initiating an effector lymphocyte
response via the expansion of virus-specific lymphocytes. Wor-
thy of note, the lower induction of pro-inflammatory molecules
observed with HPV38, the only beta-genotype that is able to
immortalize primary human keratinocytes through alteration
of p53 and pRb function, resembles the behavior displayed
by the mucosal carcinogenic HPV16 (Caldeira et al., 2003).
These results further emphasize the different biological activities
among genotypes, and offer new insights into HPV-associated
skin diseases.
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ABSTRACT

Malignant Mesothelioma is a cancer refractory to current therapies. Imatinib Mesylate
(STI571, Glivec™) is a selective inhibitor of tyrosine kinases as ber-abl, kit, fms and Platel et
Derived Growth Factor Receptor p (PDGFRB). PDGFRp is often overexpressed in
M esothelioma cells and is a therapeutic target for Imatinib in some solid tumors. The aim of
this study isto assess whether Imatinib alone or combined with chemotherapeutic agents may
be successful for mesothelioma therapy. Mesothelioma cells from pleural effusions of patients
were treated with Imatinib alone or in combination with chemotherapeutics. We show here
that Imatinib induces cytotoxicity and apoptosis selectively on PDGFRP positive
Mesothelioma cells, via blockade of receptor phosphorylation and interference with the Akt
pathway. Among chemotherapeutics tested in combination, Imatinib synergizes with
Gemcitabine and Pemetrexed. We provide a rationale for a novel translational approach to
mesothelioma therapy, relying on enhancement of tumor chemosensitivity, via inhibition of

Akt.



INTRODUCTION

Malignant Mesothelioma (MMe) is an asbestos-related malignant tumor, whose incidence is
dramatically expected to raise in the next decade in Europe (1, 2), while in U.SA. it has
already increased in frequency by 90% in the last years (3). Due to its biological
aggressiveness, MMe is unfortunately fatal except in rare cases, with a median survival of
12.6 months (4, 5).

Despite multimodality therapy with surgery, chemotherapy and radiotherapy has improved
survival in the early stages of the disease (6) and a pemetrexed-containing chemotherapeutic
regimen proved to be of benefit for advanced patients (7), novel and more effective systemic
therapies for this tumor are definitively needed.

A number of growth factors such as Hepatocyte Growth Factor (HGF) (8, 9), Vascular
Endothelial Growth Factor (VEGF) (10, 11), Insulin-like Growth Factor -1 and -2 (12, 13)
have been shown to play a significant role in the development and progression of MMe.
Moreover several findings underscore the crucial role of Platelet Derived Growth Factor
(PDGF) A and B in MMe cell growth, reviewed in (14). High expression level of PDGFR[
was demonstrated in MMe cells, but not in normal Human Mesothelial Cells (HMC), mostly
expressing PDGFRa (15). Furthermore, increased expression of PDGF A and B were
detected at higher levels in MMe cells compared to HMC (16) and a significant reduction in
MMe cell growth or migration was observed by blocking PDGF A and PDGF B (17). c-kit
expression on MMe cells has been demonstrated by some authors, athough its role in this
tumor is very controversia (18-20). M-CSF production by mesothelial cells has been already
shown (21) and inhibition of c-fms receptor by Imatinib has been demonstrated (22).

Many Cytokines are released in the microenvironment by tumor stromal cells (23) and

PDGF paracrine stimulation has been demonstrated in human tumors and MMe in particular



(24-26). PDGFRp activated by PDGF B can induce PI3K/Akt signaling (27), which seemsto
be crucial for survival of MMe cells (28).

Imatinib is a selective inhibitor for a subset of tyrosine kinases, including bcer-abl, as well as
c-kit, PDGFRp (29), as well as c-fms (22, 30). PDGF receptors are expressed by several
tumor cells and have been identified as potentia therapeutic targets for Imatinib (31).
Gemcitabine, Cisplatin, Etoposide, Doxorubicin and, more recently, Pemetrexed have been
demonstrated to be active for MMe treatment. Combined therapy Cisplatin/Pemetrexed and
Cisplatin/Gemcitabine have been demonstrated more effective than each single agents used
aone (32). The aim of the present study is to investigate a translational approach which
assesses assessing the possible efficacy of Imatinib, as a single agent or in combined therapy

for MMe.

M ethods

Cell cultures. MMP cells and primary Human Mesothelial Cells (HMC) were characterized
and cultured as previously described (9). REN cells were kindly provided by Dr. Albelda and
ISTMES2 were from the IST cell depository of Genoa (Italy).

Drugs. Imatinib was kindly provided by Novartis (Basel, Switzerland); Gemcitabine and
Pemetrexed by Lilly (Indianapolis, IN). Commercially available Cisplatin, Doxorubicin and
Etoposide were from Alexis (Lausen, Switzerland).

Signal transduction. Cells were grown in 0.2 % Foetal Bovine Serum (FBS) for 24 h, then
pre-incubated for 90 min in presence or absence of 10 UM Imatinib. To the same medium 20
ng/ml purified PDGF (R&D, Milan, Italy) or 20% FBS for 15 min at 37° C were added.
Immunoblotting was performed by using 50 pg of cell lysates as previously described (9).

Antibodies used were: PDGFRp, phospho-PDGFR, c-Kit, c-fms (Santa Cruz Biotechnology,



USA), phospho-Akt-Ser473 (Cell Signaling, USA), phosphotyrosine (UBI, USA) and
phospho-Erk1/2 (Sigma, USA). Reactions were detected by Enhanced Chemiluminescence
System (ECL, Amersham, UK).

Cytotoxicity and apoptosis. Subconfluent cells were exposed for 48 h to medium
supplemented with 2% FBS, with or without different drugs at concentrations ranging from
1x10"° M to 1x10°*M (33-35). Cell viability was assessed by MTT assay (36). LC50 values
were calculated using Origin software (Microcal Software, USA) and applied to the “50%
Isobologram” method (37). Apoptosis was evaluated by TUNEL analysis (DeadEnd™
Colorimetric TUNEL system, Promega, USA), following treatment with Imatinib, alone or
combined with Gemcitabine or Pemetrexed, accordingly with the specific LC50 values
determined by MTT analysis in each cell type, as follows. MMP: Imatinib 3x10'M,
Gemcitabine 5x10'M, Pemetrexed 6.5x10°M. REN: Imatinib 1x10°M, Gemcitabine 5x10
M, Pemetrexed 1x10°M. ISTMES2: Imatinib 4x10°M, Gemcitabine 1x10"°M, Pemetrexed
5x10°M.

Statistical analysis. Data are expressed as mean percentage + Standard Deviation (SD) of
three independent experiments. We used y-square test to evaluate statistical differences. P

values < 0.05 were considered significant.

Results

PDGFR, c-kit and c-fms are expressed by MMe cells. We evaluated the expression of
PDGFR, c-Kit (tyrosine kinase receptor for Stem Cell Factor) and c-Fms (Macrophage
Colony Stimulating Factor Receptor) by immunoblotting analysis on a panel of six MMe cell
lines. Between PDGF receptors, only PDGFRp, but not PDGFRa, was expressed in MMe

cells examined. We select three MMe cell lines for their different representative expression



pattern (Fig. 1A). In MMP and in REN cells PDGFRp was expressed at higher level than in
ISTMES2 cells, while untransformed Human Mesothelial Cells (HMC) did not express the
PDGFRp receptor. The expression of ¢c-Kit and c-fms occurred at higher levelsin MMP cells,
whilein REN and ISTMES2 expression of these receptors was reduced. HM C only displayed

very low level of c-fms.

Imatinib-mediated PDGFRp inhibition selectively affects Akt. MMe cells positive for
PDGFRp, were also tested by immunoprecipitation with PDGFRp antibodies followed by
immunoblotting with phosphotyrosine antibodies, after growing cells in low serum
conditions. MMe cells displayed negligible levels of tyrosine phosphorylation whereas
addition of recombinant PDGF B increased the receptor phosphorylation of all cells (Fig. 1 B,
upper panel). Neither c-Kit nor c-fms phosphorylation was detectable in al MMe cells (data
not shown).

Then, we tested if treatment with Imatinib could possibly interfere with signaling pathways
elicited by this receptor. Inlow serum conditions, only MMP cells displayed autonomous Akt
activity (determined as Ser*”® phosphorylation), whereas upon PDGF stimulation tyrosine
phosphorylation of PDGFRf along with Akt phosphorylation were increased, but markedly
inhibited by 10 uM Imatinib, in al MMe cells examined. Basal Erk1/2 activity was slightly
enhanced after PDGF in MMP and, a lesser extent, in REN cells, while both activities were
barely affected by treatment with Imatinib 10 uM (Fig. 1B lower panel).

Conversely, Akt inhibition was complete and comparable to what obtained by treatment with
the PI3K inhibitor Wortmannin at concentration of 100 nM (Fig 1 C). Interestingly, Akt
activity in MMP cells, expressing aso HGFR/Met (9), was increased by addition of
recombinant HGF (100 ng/ml), but not affected by Imatinib (Fig 1 D). This indicates a

selective blockade of the PDGFR[ dependent Akt signaling by Imatinib.



Imatinib reduces cell viability of MMe cells expressing PDGFR. In view of the crucial
role played by Akt in determining survival of HMC and MMe cells (28), we postulated that
Imatinib could negatively affect PDGFRpB-positive MMe cells viability. Upon 48 h
incubation with up to 10 uM Imatinib, cell viability, tested by MTT assay, markedly
decreased, with a LC50 of 1.84x10° M for MMP cells. Gemcitabine and Pemetrexed have
been already demonstrated particularly effective in combination with Cisplatin for MMe
chemotherapy (32). Therefore we tested the cytotoxic effect induced by these two agents, in
presence of different concentrations of Imatinib. As expected, Gemcitabine and Pemetrexed
caused death of MMe cells, determined by MTT assay, in dose-dependent manner. The
presence of Imatinib modified the profile of the dose-response curves, with a shift toward

lower LC50 values and by decreasing the fraction of drug resistant cells (Fig 2 A).

Imatinib synergizes with Gemcitabine and Pemetrexed in inducing MM e cell death.
Activation of tyrosine kinase receptors by ligands induces phosphatidylinositol-3 kinase
(PI3K) and Akt activities, exerting several biological effects, including increased cell survival
with relevant effects on human carcinogenesis (38, 39). We recently demonstrated that Akt
plays a mgjor survival role for MMe cells (28). Therefore, based on the clear-cut toxic effect
induced by Imatinib on MMe cells, mediated by the inhibition of the PI3K/Akt pathway, we
hypothesized that this inhibitor may also reinforce cytotoxicity generated by other cytotoxic
agents.

Thus, combined treatments of Imatinib with other chemotherapeutics were analyzed by the
isobologram  plot method (37). Interestingly, only Imatinib/Gemcitabine and
Imatinib/Pemetrexed combinations showed a marked synergism in reducing MMP and REN

cell viability, compared to the effects observed with single agents alone. Thiswas revealed by



lining of all LC50 values on a concave upward curve, below the isoeffective plot (Fig. 2 B).
In REN cells the synergistic effect is still appreciable, athough at lower extent, while in
ISTMES2 cells the effect of Imatinib/chemotherapeutics was antagonistic.

The effectiveness of these combined treatments was confirmed when cell death was
investigated by TUNEL. The combination of Imatinib with Gemcitabine or Pemetrexed
induced a significant increase in apoptosis (p < 0.05), compared to each chemotherapeutic
drug alone (Tab. 1). On the contrary, no synergistic effect was observed with any of other
chemotherapeutic drugs (not shown).

Interestingly, the concentrations of the single agents used in the combined treatment were by

far lower than those obtainable at therapeutic dosages.



Table 1. TUNEL analysis of apoptosisinduced in MMe cells by singledrugsor by drug

combination.
Treatment MMP REN ISTMES2
Untreated control 246 +1.13 1.94+0.74 1.34 + 0.47
I matinib 356+ 154 294+ 101 3.04+0.93
Gemcitabine 4.04+1.99 501+271 414 +1.68
Pemetrexed 344+ 233 298+ 1.20 234+1.22
Imatinib
+ 7.80+1.85 (*) 11.66 + 2.53 (*) 236+151
Gemcitabine
Imatinib
+ 10.94 + 1.90 (*) 6.66 + 1.20 (*) 1.38+0.79
Pemetrexed

Data are expressed as the percentage of Biotin-dU positive nuclei for 100 counted cells at a
magnification of 100X. Different concentrations of drugs were used, as described in Material
and Methods

(*) Statistically significant (p<0.05) difference between Gemcitabine or Pemetrexed alone vs.
Imatinib/Gemcitabine or Imatinib/Pemetrexed combinations.



Discussion

We described here some preclinical and clinical results, providing the rationale for a novel
approach to refractory MMe. Our findings preliminarily provided further evidences
supporting that PDGFRB is broadly expressed on MMe cells but not in the normal
counterpart HMC (15). Therefore, expression of PDGFRf in MMe cells offered the rationale
for testing the tyrosine kinase inhibitor Imatinib, as a smart drug addressed to these tumor
cells. The autonomous tyrosine phosphorylation of this receptor in MMP and REN cells,
which are sensitized to Imatinib cytototoxic effects, addresses toward the role of either a
paracrine or autocrine PDGFR[-activating mechanisms, leading to PI3K/Akt signaling.

A paracrine loop has been described as an activating mechanism leading to tyrosine kinase
receptor activity in MMe cells (9) and stromal microenvironment has been shown to be a
fundamental source of activating ligands for PDGFR in human tumors (23). Thereby,
activation in MMe cells of Akt is a crucial signaling pathway for MMe carcinogenesis (28,
40) and even though this may also be dependent on severa other tyrosine kinase receptor
activities (41), our findings demonstrate how specifically interference with PDGFR[ pathway
exerts relevant cytotoxic effects and makes it a priority target for MMe therapy.

PDGFR} activating loops have been described in many human tumors and stressed as a cause
of spontaneous tumors in humans (42) and other preclinical studies on several human solid
tumors revealed the efficacy of Imatinib as a cytotoxic agent (33, 35, 43, 44) On the contrary
of what happens in CML and GIST, where the carcinogenic role of the fusion protein BCR-
ABL (44) and activating mutations of c-Kit (45), respectively provide the rationale for a
targeted therapy, we demonstrate that in MMe cells the activation (autocrine or paracrine) of
areceptor is sufficient to arrange atargeted therapy. As opposite, in no conditions MMe cells
displayed activated c-Kit or c-fms, ruling out that the cytotoxic effect we described here
primarily occurred via c-Kit or c-fms signaling interference. Conversely, in other solid
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tumors, e.g. SCLC, only the activated form of c-Kit (due to ligand binding or to activating
mutations) was predictive of clinical response (46).

Our results clearly indicate that PDGFRP expression in MMe cells is mandatory for the
sensitivity to Imatinib and for the synergy observed between Imatinib and Gemcitabine or
Pemetrexed. However, when al three receptors sensitive to Imatinib are co-expressed in the
same cell type, asin MMP, the synergistic effect is higher than in REN cells where only two
of them are expressed (PDGFRp and c-Kit). effect is synergizing

Expression of active PDGFRB in MMe cells has been demonstrated by many authors
(reviewed in (14)), providing areliable target for most of patients with MMe.

Our in vitro findings on synergisms between Imatinib and some chemotherapeutics active on
MMe cells provide further evidences with even more promising therapeutic implications.
Gemcitabine and Pemetrexed are well known active agents on MMe cells (47) and their
combination with Imatinib discloses intriguing implications. Particularly the synergism
revealed here indicates that very low doses of chemotherapeutic agents should be sufficient to
exert therapeutic effects.

Given our previous findings (28) the most relevant mechanism underlying the observed in
vitro synergy is the Imatinib-dependent PDGFRp inhibition. This in turn leads to Akt
inhibition resulting in MMe cell sensitization to low concentrations of Gemcitabine.
However, it is conceivable that other biological effects could play a role in humans.
Reduction of the intratumoral interstitial fluid pressure by Imatinib has been demonstrated
(48, 49) in vivo, as well as the Imatinib interference with VEGF expression and associated
neoangiogenesis (50).

The present study shows that a specific tyrosine kinase inhibitor, such Imatinib, can be an

effective therapeutic tool, by enhancing tumor chemosensitivity via Akt inhibition, even in
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previously refractory MMe. It also suggests that Akt signaling is a key target for an effective
therapy for refractory MMe.

Albeit some steps forward have been done in MMe therapy (7), results are still unsatisfactory
and MMeremains an ideal field to test new therapeutic approaches (47). Our work provides a

strong rationale for a new model for approaching MMe therapy.
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Figure legends

Fig.1 - PDGFRP expression in MMe cells. (A) Immunoprecipitation followed by
immunoblotting with PDGFRp antibodies on HM C and the three established MMe cell lines.
Controls: HDF, Human Dermal Fibroblasts expressing PDGFRP and CCRF, CCRF-HSB-2,
human leukemic lymphablast cells, expressing c-Kit and c-Fms. (B) Immunoblotting with the
indicated antibodies on whole lysates of MMP cells in low serum ( - ) or stimulated with
PDGF in presence or absence of 10 uM Imatinib or (C) of 100 nM Wortmannin; (D)
Immunoblotting with P-Akt (P-Ser 473) antibodies of MMP cells stimulated by 50 ng/ml

HGF in presence or absence of 10 uM Imatinib.

Fig. 2 — Imatinib synergizes with Gemcitabine and Pemetrexed. (A) Cell viability of
Gemcitabine (left) and Pemetrexed (right) in presence of different concentration of Imatinib.
For Imatinib/Gemcitabine combination: ¢, 1x107 M; A, 2.5x10° M; v, 1x10* M. For

Imatinib/Pemetrexed combination: ¢, 3x10” M; A, 6x107 M; ¥, 1.5x10° M. (B) 50%
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isobologram plot for Imatinib in combination with Gemcitabine (left) and Pemetrexed (right)

on theindicated cdlls.
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Erionite and asbestos differently cause transformation of human mesothelial cells
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Malignant mesothelioma (MM) is an aggressive tumor associated
with environmental or occupational exposure to asbestos fibers.
Erionite is a fibrous zeolite, morphologically similar to asbestos
and it is assumed to be even more carcinogenic. Onset and pro-
gression of MM has been suggested as the result of the cooperation
between asbestos and other cofactors, such as SV40 virus infec-
tion. Nevertheless, several cases of MM were associated with envi-
ronmental exposure to erionite in Turkey, where SV40 was never
isolated in MM specimens. We show here that erionite is poorly
cytotoxic, induces proliferating signals and high growth rate in
human mesothelial cells (HMC). Long term exposure to erionite,
but not to asbestos fibers, transforms HMC in vitro, regardless the
presence of SV40 sequences, leading to foci formation in cultured
monolayers. Cells derived from foci display constitutive activation
of Akt, NF-kB and Erk1/2, show prolonged survival and a deregu-
lated cell cycle, involving cyclin D1 and E overexpression. Our
results reveal that erionite is able per se to turn HMC into trans-
formed highly proliferating cells and disclose the carcinogenic
properties of erionite, prompting for a careful evaluation of envi-
ronmental exposure to these fibers. The genetic predisposition to
the effect of erionite is a separate subject for investigation.

© 2007 Wiley-Liss, Inc.
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formation

Environmental or occupational exposure to asbestos fibers may
cause chronic respiratory diseases, including 1nterst1t1a1 lung fibro-
sis and pleural malignant mesothelioma (MM).'? Pedigree and
mineralogical studies indicate that the high incidence of MM in a
number of Cappadocia villages in Turkey is caused, in genetically
predisposed individuals, by exposure to fibrous erionite. This is a
hlghly pathogenic form of the naturally occurrmg zeolite, similar
in appearance and properties to asbestos.”* Erionite is a strong
mutagen,’ con51dered more carcinogenic than asbestos fibers in
man and rodents,® possibly due to the peculiar property of accu-
mulatlng iron on its surface, despite its very small content of this
element.” It is well documented that erionite from Oregon has gen-
otoxic properties® and induces high 1n01dence of MM in rats after
both intrapleural inoculation or inhalation,” although there are no
epidemiological data correlating the presence of erionite to MM in
Oregon.

Similarly to what occurs with asbestos, exposure to erionite
fibers leads to generation of reactive oxygen metabolites from
macrophages'® and to increased mRNA levels of the earl
response c-fos and c-jun proto-oncogenes in mesothelial cells.'"!
MAPK signaling significantly contributes to pivotal cell functions
as cell prohferatlon and death in response to toxic and inflamma-
tory agents. " Slmllarly, PI3K/Akt and NF-kB signaling play a
crucial role in determining cell fate after exposure to toxic
agents 15 and are activated by asbestos fibers as well.'®'” Inter-
estingly, TNF-a inhibits asbestos-induced cytotoxicity via a NF-
kB-dependent pathway.'® These results underscore the key role
played by NF-kB in asbestos-induced oncogenesis of human me-
sothelial cells (HMC). Epidermal growth factor receptor (EGFR)
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overexpression and activation have been linked to asbestos-
induced proliferation.'® Autocrine loops for both EGFR and plate-
let derived growth factor receptor (PDGFR) have been also
reported in MM cells.?® Moreover, we previously demonstrated
that an autocrine circuit involving hepatocyte growth factor
(HGF) and its receptor Met contributes to HMC transformation®'
and others showed that Met is overexpressed in MM cells.*

In vitro studies demonstrated that SV40 and asbestos fibers
cooperate to determine HMC transformation,®® via PI3K/Akt sig-
naling.?* Therefore, here we compared the proliferating and trans-
forming efficacy of short- and long-term exposures of HMC to
erionite, amosite, chrysotile or glass fibers, in absence of SV40
infection. Moreover, to achieve a better understanding on the
mechanism by which these fibers determine cell transformation,
we further evaluated tyrosine kinase receptor expression and sig-
nal transduction in HMC transformed by the different fibers.

Our data reveal that erionite fibers have higher intrinsic trans-
formation ability than asbestos fibers and give a possible explana-
tion for the high incidence of MM in 3 small villages in Turkey,
where SV40 virus infection of MM cells has never been
detected.>**>26

Material and methods
Fibers

The sample of erionite fibers from Karain, provided by co-
author Dr. Umran Dogan (Ankara, Turkey), was associated with
considerable amounts of nonfibrous particles and bundles, with di-
ameter greater than 3 pum and length-to-width ratio (L/W) less
than 3:1. The fraction of fibrous material with L/W of 3:1 or
greater in this sample is less than 10% by weight, because
erionite in Karain occurs as a minor constituent of a volcanic amor-
phous rock, from which the erionite mineral originates.*>"~>°
The erionite sample from Oregon, kindly provided by Dr. J. W.
Skidmore (Glamorgan, UK), was almost totally made of fibrous
particles.

No milling, crushing or ultrasound processing was performed
prior to size analysis. Representative portions of each erionite
sample was weighted (5 = 0.5 mg) and dispersed in 20 ml of fil-
tered, deionized, distilled water. About 0.45 ml of the dispersion
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was filtered on a policarbonate filter (0.1 pum), dried, placed on
aluminum stub and plated with gold in a sputter coater.

Each sample was examined using a Philips XL30 scanning elec-
tron microscope (SEM) at different magnifications, to determine
dispersion and visibility of the fibers. Central fields with adequate
fibers dispersion were selected for each sample and length (L) and
width (W) of fibers were measured directly on the SEM screen
with the ruler of the microscope. Fiber bundles with L/W of 3:1 or
greater were considered as single fibers. L and W measurements
of about 500 fibers were recorded for each fibrous sample. The
size analysis of glass fibers was similarly performed.

Size distribution of UICC asbestos samples (Chrysotile B and
Amosite) were acqulred from previous data obtained by transmis-
sion electron microscopy.”

Erionite (Karain-Turkey and Oregon-USA), amosite, chrysotile
(UICC asbestos samples) and glass fibers were dispersed in PBS
at 2.0 mg/ml, before autoclaving. Then, amosite, chrysotile and
glass fibers, but not erionite fibers, were triturated 8 times through
a 22-gauge needle.

Cell cultures

Two primary HMC cell cultures, obtained from patients with
heart failure were cultured in Ham’s F-12 medium, supplemented
with 10% fetal bovine serum (FBS—-GIBCO, Rockville, MD) at
37°C in a 5% CO,-humidified atmosphere. HMC were used
between the second and the sixth passage. Both cultures gave sim-
ilar results in all assays performed, as previously characterized. 24

DNA-neosynthesis

HMC cells were exposed to medium containing 2% FBS sup-
plemented with fibers in presence of 10 uM BrdU (Bromo-deoxy-
Uridine). Incorporation in neosynthesized DNA was evaluated af-
ter 24 hr by the cell proliferation kit (Roche, Basel, Switzerland).
Data are expressed as mean increase of DNA-neosynthesis over
untreated controls.

Cytotoxicity and DNA adducts

Cells were seeded on multiwell plates and 5 X 10° cell/well
were exposed for 24 or 48 hr to fibers at densities ranging from 2
to 10 pg/em? in presence of 2% FBS. Experiments performed on
foci derived cells were conducted in presence of 100 pM VP16
(Etoposide, Sigma-Aldrich, St. Louis, MO), for 24 hr. Cytotoxic-
ity was assessed by MTT assay, performed in quadruplicate, as
previously described.®' Normalized cytotoxicity percentages were
obtained according to the ratio: [1-(As;o mean values of extracts
from exposed samples/As; mean values of extracts from control
cell samples)] X 100.

DNA adducts were evaluated by high-performance liquid chro-
matography (HPLC), in the presence or absence of 10 mM N-Ace-
tyl-L-cysteine (L-NAC) (Sigma-Aldrich, St. LOlllS MO), on
extracts from cells exposed for 5 hr at 10 pg/cm? to the indicated
fibers and are expressed as amount of 8-OHdG per 10° dG, as pre-
viously described.”

Exposure to fibers

Short term exposure. Stimulation of sub-confluent cells for
24 hr with medium containing 20% FBS supplemented with fibers
at concentrations ranging from 0.1 to 10 pg/cm>.

Long term exposure. Two cycles of treatment, 72 hr each, with
low concentrations of fibers. In details, 1 day after plating at 80%
confluence in 25 ml flasks, cells were exposed to 2.5 pg/cm? of
each fiber for 72 hr. Then, cells were washed twice with PBS and
cells were transferred in larger (75-and 150-cm?) flasks and let
growing in medium containing 10% FBS for additional 4 days.
Afterwards, the same fiber treatment was repeated as above and
cells were grown up to 2 months, by 1:4 periodical passages.
Treatments were made in triplicate.

ID: vasanss Date: 1/3/07 Time: 17:31

Apoptosis

Sub-confluent cells were exposed to Ham’s medlum supple-
mented with 2% FBS, containing fibers (10 pg/cm?) or 100 pM
VP16 (Etoposide, Sigma-Aldrich, St. Louis, MO) for 24 hr. Nuclei
fragmentation was evaluated by staining cells grown on cover
slips with 8 pg/ml Hoechst solution (Calbiochem, San Diego, CA)
in dark conditions for 1 hr. Samples were fixed in —20°C cold ace-
tone:methanol for 15 min, washed in PBS, mounted in 50% glyc-
erol/PBS and observed with a Leica immunofluorescence micro-
scope. Cells displaying nuclear fragmentation were counted on 10
fields out of at least 50 cells in the same slide. Values are
expressed as percentages of Hoechst staining positive HMC over
total counted cells. Caspase activity was evaluated by staining
cells with CaspACE FITC-VAD-FMK in situ marker (Promega,
Madison, WI), followed by flow cytometry.

Signal transduction

Immunoblotting was performed by loading 50 ng of cell lysates
in reducing conditions. After separation on SDS-PAGE and trans-
fer to nitrocellulose (Hybond, Amersham, Buckinghamshire, UK),
filters were probed with phospho-p38 (Thr180-Tyr182), phospho-
NF-kB p65 (Ser536), phospho-JNK (Thr183-Tyr185), phospho-
Akt (Serd73), phospho-Erk1/2 (Thr202-Tyr204), Akt, Erk1/2 anti-
bodies from Cell Signalling Technology, Beverly, MA, a-Tubulin
antibodies from Sigma-Aldrich as loading controls, Met, EGFR,
PDGFR, NF-xB p65, JNK, p38, Cyclin DI and E antibodies
from Santa Cruz Biotechnology, Santa Cruz, CA. Detection was
performed by the enhanced chemiluminescence system (ECL,
Amersham).

Focus forming assay

Cells that survived the “‘long term’ exposure to fibers, were
followed 8 weeks, then a focus forming assay was performed in
trlpllcate in 6-well dishes. Cells were plated at a density of 3 X
10* /well and grown in 10% FBS Ham’s medium. The number of
foci per number of seeded cells is expressed as mean number *
standard deviation (SD). Foci arisen from confluent cells were
taken and successfully established in cultures as single clones.
Biochemical and biological characterization of foci were per-
formed on a pool of clones, with a representative mixture of cells
from each original focus.

Cell proliferation

Cells were grown on 24-well plates at a density of 3 X 10%/well
in Ham’s medium supplemented with 2% FBS and containing the
indicated fibers (1.25 pg/cm?). Cells were fixed in 11% glutaralde-
hyde after 0, 24, 48 and 72 hr exposure and stained in crystal vio-
let staining was eluted in 10% acetic acid and absorbance at 595
nm (A595) was measured in an ELISA plate reader.”?

Immunochemical staining

Sub-confluent cells plated on glass slide flaskets (NUNC, Roch-
ester, NY) were exposed to Ham’s medlum supplemented with
2% FBS and contalmng fibers (10 pg/cm?) for 24 hr and subse-
quently fixed in 10% formalin. After 1 hr incubation with Ki67
antibodies (Neomarkers, Freemont, CA) at room temperature, bio-
tin-streptavidin immunostaining was performed with UltraVision
detection system, according to the manufacturer’s instructions.
Ki67 positive cells were counted on 10 fields with at least 50 cells
in the same slide. Values are expressed as percentages of Ki67
positive cells over total counted HMC.

Cell cycle

Cells were synchronized by 0.1 pg/ml Colcemyd (Sigma-
Aldrich) treatment for 24 hr, and then kept in normal medium for
4 days before analysis. They were washed in PBS, fixed in 50%

ethanol and stained for 30 min at room temperature with 50 pg/ml
propidium iodide (PI-Sigma-Aldrich) in 0.1 M PBS pH 7.2
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TABLE I - NUMBER OF FIBRES IN DIFFERENT DIMENSIONAL
CATEGORIES BY SEM
Fibre diameter (jum) Fibre length, pm (%)
<5 >5-8 >8
Oregon erionite (n = 495)
>1.5 1(0.2) 3(0.6) 41 (8.2)
>0.5-1.5 36(7.2) 55 (11.1) 69 (14. 0)
<0.5 117 (23.6) 94 (19.0) 79 (16.1)"
Karain erionite (n = 500)
>1.5 1(0.2) 8 (1.6) 82 (16. 4)
>0.5-1.5 38 (7.6) 69 (13.8) 97 (19. 41)
<0.5 87 (17.4) 85 (17.0) 33 (6.6)
'"Proportion of fibres falling into the dimensional category with
highest neoplastic response.
TABLE II - SIZE DISTRIBUTION (%) OF UICC ASBESTOS SAMPLES®
UICC sample L >8um D < 1.5 pm
Chrysotile B 88 100
Amosite 70 99
From SEM examination the fraction of Karain fibrous material
with L/W of 3:1 or greater resulted to be in the range 5-10%.
In the erionite sample from Oregon this fraction resulted about
75%, with nonfibrous particles belng mostly of amorphous nature
(Fig. 1), in accordance with previous studies.* Fl
The distribution of fiber sizes of the erionite samples are shown
FiGure 1 — SEM analysis of erionite fiber samples. SEM analysis i the Table I. The fraction of fibers (L > 8 ym and W < 1.5 pm) 7y
of Karain () and Oregon (b) fiber samples at X500 magnification. ~ With the dimensional category suggested as having the hsghest car-
Central fields with adequate dispersion of fibers were selected for each ~ cinogenic potentlal inrats (L > 8 pm and W < 1.5 pm)*> was 26.0
sample. Bar: 50 um. and 30.1% in the Karain and Oregon samples, respectively. As
shown in Table II, the size distribution of UICC asbestos samples 12

containing 0.5 mg/ml RNAse. 10,000 events per sample were ana-
lyzed by flow cytometry.

Statistics

Data from cytotoxicity, DNA adducts, cell cycle, DNA neosyn-
thesis, proliferation assays and caspase activity were expressed as
mean * standard deviation (SD) of at least 3 independent experi-
ments. Statistical differences were evaluated by analysis of var-
iance (ANOVA), followed by Tukey’s HSD. Statistical analysis
of Ki67 immunostaining and Hoechst staining assays was per-
formed by Fisher’s exact test among different groups, as indi-
cated in the text. In all statistical evaluation the significance
threshold was specified in the text. All statistical tests were
two-sided.

Results

Most of erionite fiber samples fall in a mineralogical category
with lower cytotoxicity than asbestos fibers

Karain erionite is a minor constituent of a volcanic rock, which
is mainly Si-rich glass.**?"° In addition, montmorillonite, and
traces of quartz, feldspar, opal, clay (illite), carbonates were found
associated with rock and soil samples from Karain.?’** For these
reasons, the preparation of an adequately fiber-enriched sample
for our tests was not possible. Nevertheless, in accordance with
previous studies,”® most of the matrix particulate material associ-
ated to the erionite used here is amorphous glass and few clay, car-
bonate and feldspar minerals. The erionite sample was character-
ized as having acceptable balance error, to verify that the data
obtained fit with chemical composition and structure of the tested
mineral.
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(chrysotile B and amosite) reveals that all particles were asbesti-
form fibers with diameters smaller than 1 um. However, the frac-
tion of fibers with L > 8 pm was 88 and 70% for chrysotile and
amosite, respectively.

Calculations made on the basis of size distributions of Karain
and Oregon erionite fibers revealed that the dust in size range con-
sidered more biologically active was constituted of ~19 and 180
fibers per microgram (F/ug) respectlvely, whereas the UICC
chgysotlle sample had about 1.5 X 10° and UICC amosite 1.2 X

F/ug. Noteworthy, the number of Oregon erionite fibers
expressed in F/ug was very close to the value (150 F/ug) previ-
ously reported.®

Therefore, the fraction of more biologically active fibers was
considerably lower in the case of erionite fibers, as compared to
UICC asbestos samples, particularly in the case of erionite from
Karain. In the glass fiber sample only a very small percentage
(about 1%) of fibers were included in the more pathogenic size
range.

Erionite induces low cell death but high DNA neosynthesis

We compared cytotoxicity induced by Karain (Turkey) and
Oregon (USA) erionite fibers with that of asbestos fibers (amosite
and chrysotile) and of glass fibers, used as relatively inert control.
HMC were exposed for short term (24 hr) to fiber suspensions
ranging from 0.1 up to 10 pg/cm?, and cytotoxicity was evaluated
by MTT assay. Our data show that dose-dependent cytotoxicity
occurred in HMC exposed to erionite fibers, although by far lower
than that 1nduced by amosite. The differences evaluated at 5 and
10 pg/cm? at 24 hr are statistically significant (p < 0.001). Con-
versely, chrysotile-induced cytotoxicity was comparable with that
of erionite. As expected, no detectable cytotoxicity was induced
by glass fibers. After 48 hr the cytotoxic response was uniformly
increased and differences among amosite and erionite fibers in
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inducing cell death were less evident, albeit erionite fibers at 5 g/
em? still significantly displayed lower cytotoxicity levels than
amosite (p < 0.005) and even than glass (p < 0.05) (Fig. 2a).
These results were confirmed when apoptosis was evaluated by
counting apoptotic cells after Hoechst staining. A higher number
of nuclei showing typical chromatin condensation was observed
upon cell exposure to pro-apoptotic agent VP16 (11.3%) and to
amosite (12.4%), than in cells exposed to Karain erionite (3.9%),
Oregon erionite (5.6%) or to glass beads (2.5%). These differen-
ces were statistically significant (p < 0.001). The possible effects
of oxidative stress by fibers were examined by 8-hydroxy-2'-
deoxyguanosine (8-OHdG) evaluation with HPLC and UV/am-
perometric detection. Interestingly, amosite and erionite fibers
significantly induced DNA damage as compared to unexposed
controls or to glass (p < 0.001). However, the amount of adducts
induced by both erionite fibers was by far higher than that
induced by amosite (p < 0.001). When the exposure to fibers
was conducted in presence of the anti-oxidant agent N-Acetyl-L-
Cysteine (L-NAC), the amount of DNA adducts significantly
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FIGURE 2 — Short term exposure to
erionite and asbestos induces cytotox-
icity, DNA adducts and DNA neosyn-
thesis. (@) Cytotoxicity evaluated by
MTT assay at different doses of the
indicated fiber types, after short term
exposure of 24 and 48 hr. (b)) DNA
content of 8-OHdG in HMC exposed
to the indicated fibers, in presence or
absence of L-NAC, evaluated as num-
ber of adducts formed per 10° dG. (¢)
BrdU incorporation in neosynthesized
DNA of HMC cells, after 24 hr expo-
sure to different doses of the indicated
fiber types, expressed as percentage
over untreated control.

decreased for amosite and erionite fibers (p < 0.001), (Fig. 2b).
This strongly indicates that oxygen reactive species play a role
in DNA damage induced by exposure to fibers. Moreover, cell
exposure to amosite or erionite fibers at 10 pg/cm?® induced sig-
nificantly higher BrdU incorporation in comparison with expo-
sure to glass beads (p < 0.005) or chrysotile (p < 0.05),
(Fig. 2¢).

Only erionite-induced DNA neosynthesis
leads to cell proliferation

Cell proliferation was monitored in HMC cultures to verify
whether the considerable DNA neosynthesis observed upon erion-
ite exposure was due either to compensatory synthesis of DNA, to
repair fiber-induced chromosome damage, or to actual cell prolif-
eration.

We observed an evident, although not statistically significant,
increase in cell proliferation rate after 24 hr upon exposure to both
types of erionite fibers, as compared to amosite, chrysotile and
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Fi1GURE 3 — Erionite-induced DNA neosynthe-
sis is not only compensation for DNA damage.
(a) Cell growth curve of HMC exposed to the
indicated fibers and monitored at 24, 48 and 72
hr. Cell number was estimated by Abs595 nm
values of the adsorbed crystal violet. () Immu-
noblotting with phospho-JNK, phospho-ERK1/2
and phospho-p38 antibodies on total lysates of
HMC exposed to the indicated fibers for 2, 4, 8
and 24 hr. The expression levels of JNK, ERK1/
2 and p38 were also examined by immunoblot-
ting and a-tubulin content is also reported as
loading control.
glass fibers exposure. After 72 hr, these differences were still evi- TABLE IHE;< gg&gg‘}%‘igmég%% _?OF%/?{EST%)%TS\TG TERM™
dent, even though cells were sub-confluent and attained the growth
F3 plateau (Fig. 3a). Also Ki67 staining, a known cell proliferation Treatment Frequency of focus formation'
marker, was determined upon 24 hr exposure to amosite, glass and U
L . . . ntreated -
both types of erionite fibers. Higher percentages of Ki67-positive Glass 2
cells were found in HMC cultures exposed to Karain erionite Amosite 2
(6.2%) and to Oregon erionite (5.0%), as compared to amosite Chrysotile 2
(2.6%) or glass (2.1%) fibers, as well as to untreated cells (3.2%). Karain erionite 1.0X 107* +0.65 X 107*
The differences in Ki67 staining induced by both erionite fibers Oregon erionite 03 x107**046x10"*
(c)o(;l(i)gared to_other ﬁber. types are statlstlcalll}f 51gn1'ﬁcant = "Number of transformed foci per treated cell.—>No foci developed
.005). Moreover, transient Jnk phosphorylation was observed "3 M5 i wed 10 fibres
2 : Tom cells exposed to fibres.
4 hr after exposure to any fiber type (10 pg/cm”), suggesting a
nonspecific stress response (Fig. 3b). Jnk phosphorylation decrea-
sed after 8 hr, except in the case of amosite, which evoked instead
a sustained Jnk activity, as expected from its high level of cytotox-  Erionite fibers “‘long-term’’ exposure promotes
icity. Erk1/2 and p38 phosphorylation was not detectable after ex- ~HMC transformation per se
posure to glass fibers, whereas Erk1/2 phosphorylation was sus- It has been demonstrated that prolonged exposure of SV40
tained up to 8 hr after exposure to amosite. In cells exposed to  positive-HMC to asbestos fibers may induce transformation.>>*
erionite fibers Erk1/2 signaling was more transient. The activity of ~ We aimed to verify whether exposure to low doses of erionite
p38 was by far more evident in cells exposed to erionite than amo-  fibers could induce mesothelial transformation and if SV40 is
site, especially in consideration of a reduced p38 expression in  required, as for asbestos fibers. We treated HMC according to a
erionite treated cells (Fig. 3b). In cells exposed to amosite fibers  <Jong term”” exposure protocol (see Methods). Two months after
we observed: reduced PFOthTaUOH rate (Fig. 3a), increased cell  the ““long term” exposure, only cells exposed to erionite fibers
death (Fig. 2a) and significantly lower staining of Ki67, but also  underwent loss of cell contact inhibition and several foci arose
elevated BrdU incorporation (Fig. 2¢) and sustained Erk1/2 activ-  from the culture. No statistically significant differences were
ity (Fig. 3b). One possible interpretation of these data is that DNA  gbserved between the 2 types of erionite fibers in focus forma-
neosyntesis occur in cells nevertheless dying, as a consequence of  tjon. No foci resulted after exposure to amosite, chrysotile and
amosite damage. glass fibers (Table III). These cells acquired a clear-cut novel .73
As regards erionite fibers, we conclude that DNA-neosynthesis ~ morphology, similar to what we previously described®* for cells
observed after short term exposure to fibers is not only compensa-  exposed to asbestos (Fig. 4a left). Cells obtained from foci were g

tory in consequence of erionite-induced DNA damage, but also
allows HMC proliferation. Moreover, the exposure to erionite
fibers, displaying low cytotoxicity and high production of
reactive oxygen species, exerts on HMC the highest transforming
potential.
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cultured up to 29 passages for HMC-Karain erionite and 48
passages for HMC-Oregon erionite. These cells maintained the
phenotype described earlier, grew in low serum, displayed an-
chorage-independent soft-agar growth and showed a significantly
higher proliferation rate than HMC (at 48 hr, p < 0.05 for
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FI1GURE 4 — Erionite fibers ‘‘long-term’’ exposure per se promotes HMC transformation. (a) Left: representative pictures of HMC 7, 30 and
60 days after the long-term exposure to Karain erionite fibers, showing the different acquired morphology. Right: proliferation assay of pooled
cell clones from foci obtained after long term exposure to both types of erionite fibers. Cell number was estimated by Abs595 nm values of the
adsorbed crystal violet. (b) Cell cycle analysis of synchronized HMC and cells derived from foci elicited by exposure to the two types of erion-
ite. The percentages of cells in the different phases of the cell cycle are given in details below the cytograms. (¢) Immunoblotting on total lysates
of HMC and of foci derived cells probed with cyclin D1 and cyclin E antibodies. Same filter and loading controls of Figure 5, determined by -

tubulin immunoblotting.

HMC-Karain erionite and p < 0.005 for HMC-Oregon erionite;
Fig. 4a right).

Cell cycle analysis revealed that cells obtained from foci, which
escaped serum-dependency for growth, exhibited disappearance of
subG1-S hypoploid phase, displayed a strong increase of S-phase
entry (Fig. 4b). The differences between percentages of foci
cells and HMC in subG;-phase and in S-phase are statistically
significant (p < 0.001). Moreover, we observed over expression of
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cyclins D1 and E, involved in G1/S cell cycle transition (Fig. 4c¢).
In foci derived cells HGFR/Met, EGFR and PDGFR[( were
expressed at higher extent than in HMC, as determined by immu-
noblotting. Analysis of cell signaling revealed that these cells dis-
played Akt, Erk1/2 and NF-xB activities at higher levels than in
untransformed HMC (Fig. 5). Moreover, cells derived from foci
became significantly more resistant (p < 0.001 for HMC-Karain
Erionite and p < 0.005 for HMC-Oregon Erionite) than HMC to
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FPO
FiGure 6 — Cells from foci become resistant to toxics. (a) Cytotox-
icity of the indicated cell types (HMC and cells derived from foci),
after exposure to 100 pM VP16, evaluated by MTT assay. (b) Cyto- “ED1

FI1GURE 5 — Characterization of cells derived from foci. Immuno-
blotting on total lysates of HMC performed using either antibodies
directed against growth factor receptors (Met/HGFR, EGFR,
PDGFR) and phospho-specific antibodies recognizing the active
form of intracellular effectors (P-p65 NF-kB, P-Akt, P-Erk1/2). Lev-
els of p65, Akt and Erk1/2 were also determined by immunoblotting.
The content of cellular proteins has been normalized by a-tubulin im-
munoblotting.

the pro-apoptotic agent VP16 (Etoposide), as determined by MTT
assay (Fig. 6a). As well, induction of Caspase activity, evaluated
by flow cytometry, was significantly reduced in foci (p < 0.001)
as compared with untransformed HMC (Fig. 6b).

We conclude that even relatively low concentrations of erionite
fibers can cause transformation of HMC.

Discussion

Our results show that erionite has clear intrinsic transforming
properties, associated with low cytotoxicity and high oxygen reac-
tive species formation, combined with high DNA neo-synthesis
and high cell proliferation rate. Cell transformation is demon-
strated by foci formation in cultures exposed to erionite but not to
amosite fibers. Transformed cells obtained from erionite induced
foci are highly proliferating and resistant to apoptosis. HGFR/Met,
EGFR and PDGFRf are highly expressed as well, and the intra-
cellular signalling effectors NF-kB, Akt and Erk are also acti-
vated.

The characterization by SEM analysis of the fibers used, reveals
that the proportion of fibers with L > 8 pym and W < 1.5 um, close
to the dimensional category associated with the highest biological
activity,* was considerably lower for erionite compared to UICC
asbestos samples, very rich of fibers in the ‘‘biologically active’
size range. The nonfibrous material present in our erionite samples
should not have a substantial pathogenic influence.’® However, we
cannot exclude a possible potentiating effect by some components
of this material to the action of the fibrous fraction.?’

It has been demonstrated that the number of erionite fibers
required to develop peritoneal mesothelioma in rats was orders of
magnitude lower than that observed for asbestos fibers.*® This
explained the higher carcinogenic potential observed for erionite,
even at considerably lower concentration than asbestos.®
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fluorimetric analysis of caspase activity, by using the CaspACE FITC-
VAD-FMK marker, of HMC and cells derived from foci, after expo-
sure to 100 pM VP16. The percentage of caspase activity increase is
indicated on the right.

In the present work, the comparison of asbestos with erionite
fibers indicate that amosite induces relevant HMC cytot0x1c1ty,
possibly because of their longer fibers or high iron content.** Con-
versely, only erionite fibers promote HMC transformation, possi-
bly because these ﬁbers are less cytotox1c than amosite, having a
lower content of iron.” Chrysotile fibers, in spite of their reduced
cytotoxmty, are unable to cause cell proliferation, as previously
reported.*” Even short term exposure for 24 hr to erionite fibers
induced low cytotoxicity, allowing a high proliferation rate, asso-
ciated with formation of DNA adducts.

Upon fiber exposure several intracellular signals are generated.
Jnk was increased by all fiber types, suggesting a nonspecific
stress response and its activity was sustained only upon amosite
exposure, probably because of the high cytotoxic property of these
fibers. The transient patterns of Erk1/2 activity observed in HMC
exposed to amosite fibers were similar to those previously reported
for cromdohte exposure,'® which has the same cytotoxicity pattern
of amosite.** Erionite- and amosite- -dependent Erk1/2 acthlty was

consistent with cell proliferation evoked by these fibers.'> Higher
p38 activity in HMC upon exposure to erionite, can be explalned
with the highest oxidative stress caused by these fibers*' and is
consistent with highest levels of 8OH-dG observed here in the
same conditions.

In view of the high level of BrdU incorporation in cells other-
wise displaying high percentage of cell death, we interpret DNA
incorporation as caused by neo-synthesis of DNA in cells that
eventually are dying, as a consequence of amosite induced dam-
age, rather than as enhancement of mitogenesis. Conversely, the 2
types of erionite display the lowest cytotoxicity values, combined
with DNA neosynthesis and cell proliferation, evaluated both by
growth curve and Ki67 marker. Moreover, genotoxic properties of
erionite fibers have been reported® and are confirmed by our data
on 8-OHdG adduct levels, which are significantly higher in cells
exposed to erionite fibers of both types. Altogether, these results
account for high transforming activity of the few erionite fibers in
the pathogenic size range.

Cells from foci induced by erionite displayed the properties of
in vitro full transformation, i.e. changes in morphology, growth in
soft agar, high number of passages in culture and increased prolif-
eration rate. Moreover, these cells had autonomous NF-«xB, Erk1/
2 and Akt activities. Whereas MAPK activity is likely associated
to increased cell proliferation rate, NF-kB and Akt are responsible
of the increased resistance to cytotoxic agents, as suggested by the
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rescue of sensitivity upon treatment with specific PI3K and NF-
kB inhibitors (not shown). Noteworthy, recently it has been dem-
onstrated a key role for NF-kB in asbestos carcinogenesis in
HMC."® The presence of activated p65 NF-kB subunit in erionite-
induced foci described here is in agreement with these results.
Similarly, these cells expressed high levels of HGFR/Met, EGFR
and PDGFR, suggesting their possible role in sustaining cell sur-
vival.

Asbestos is certainly a universally accepted causative agent of
MM,? although several evidences suggest that SV40 virus may
cooperate with asbestos in HMC transformation®*** and in the
onset of MM.™ We show here that erionite fibers are able to
induce HMC transformation per se, regardless SV40 infection.
This may explain the high incidence of MM in Cappadocia, a
region of Turkey where SV40 virus was never isolated.**?>%%
Erionite is a ubiquitous zeolite, also present in Oregon, USA,
where SV40 has been identified in several human specimens.
Although amosite is considered a potent human carcinogen, we
show here that, according to other similar findings,® amosite is

not clearly transforming by itself. However, the high level of
DNA neosynthesis, as that induced by amosite in these in vitro
experiments, can induce infidelity of DNA replication and fre-
quent mismatches. Furthermore other agents (such as SV40) can
act as critical co-factors, allowing these damaged cells to survive
and to progressively acquire biological transformation.

In conclusion, the mineralogical characteristics of erionite fibers
(size, surface area and structure) associated with their high trans-
forming capability, highlight the importance of a careful evalua-
tion of the hazard represented by exposure to low concentrations
of other similar fibers, to which human beings could be exposed.
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