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Summary

Summary

Neural Cell Adhesion Molecule (NCAM) is a member tbe large family of Ca-
independent, immunoglobulin (Ig)-like cell adhesioalecules. So far, its function in homophilic
and heterophilic interactions has been mainly stliéh neuronal cells, where it is implicated in
processes such as neurite outgrowth, axon guidamgepathfinding. Apart form its action as a
cell adhesion molecule, NCAM contributes to thesecpsses by acting as a modulator of
fibroblast growth factor receptor (FGFR) signaling.

NCAM is also expressed in a number of non-neurtisalies and changes in NCAM
expression levels have been correlated with inedbasalignancy in various tumors. In the
Rip1Tag2 mouse model of multistage tumorigenegtin of NCAM expression results in the
induction of tissue disaggregation, increased lyamgiiogenesis and the formation of metastases.
Comparison of cell lines derived from NCAM-expregsiand NCAM-deficient tumors showed
that NCAM binds to FGFR and thereby activatesiggering signaling cascades that eventually
lead to the activation ¢§;-integrin, resulting in the promotion of cell-matadhesion. However,
it has remained elusive how NCAM loss leads takdection of lymphangiogenesis and whether
the impaired cell matrix adhesion of NCAM-deficienell lines accounted for the tissue
disaggregation and metastasis formation obsdarnveiyo.

This study investigates NCAM function on severalluter levels. Inin vitro co-
expression studies NCAM complex formation properta the cell surface were investigated,
showing that NCAM can bind to several growth faateceptors containing Ig domains in their
extracellular parts. Studies focusing on the cyslic events and molecular players downstream
of the NCAM/FGFR complex formation, revealed a npwvehibiting function of NCAM in
modulating RTK signaling. Finally, in dn vivo approach, the role @-integrin, a target protein
of NCAM signaling, in tumor progression was anatyzby interfering with 3;-integrin
expression in the RiplTag2 tumor model. These studiemonstrated that the induction of
lymphangiogenesis in NCAM-deficient tumors was dt to the loss d3;-integrin function and
therefore employed an alternative pathway. Yets las [i-integrin induced tumor cell
dissemination but not metastasis formation. Inst@adovel function of3;-integrin in tumor
progression was identified. Upon deletionafintegrin, tumor size was decreased, potentially
through the induction of senescenc@isintegrin-deficient cells.

Taken together, this study has identified novel MEBinding proteins and provides
insights into NCAM signaling on the molecular levat well as in ann vivo context.
Furthermore, a so far unrecognized role (afintegrin in preventing senescence has been
revealed.



Zusammenfassung

Zusammenfassung

Das Neurale Zelladhasionsmolekil (NCAM) ist eindigd der grossen Familie der aus
Immunoglobulin (Ig) Doménen bestehenden?'@mabhangigen Zelladhasionsmolekiile. Wie
aus seinem Namen schliessen lasst, ist seine Banktrwiegend in neuronalen Geweben
untersucht worden. Dort ist es in homophile unatitegthile Interaktionen involviert und steuert
Prozesse wie das Neuritenwachstum oder die FihrangAxonen. In diesen Prozessen spielt
eine weitere Funktion von NCAM, namlich die Bindumg einem Wachstumsfaktor-Rezeptor
(FGFR-1) und die Modulierung dessen Aktivitat, edssentielle Rolle.

NCAM ist auch in anderen, nicht-neuronalen Gewebgprimiert. Interessanterweise
korreliert eine Veranderung des ExpressionsmusteTdNCAM in einigen Tumoren mit erhéhter
Malignitat. In einem transgenen Mausmodell fir Tuig®nese von Insulin-produzierendfn
Zellen fihrt die Deletion von NCAM zu erhdhter Lyhgngiogenese, Tumor-Disaggregation und
der Bildung von Metastasen. Der Vergleich von #&#in, die aus NCAM-exprimierenden bzw.
NCAM-deletierten Tumoren gewonnen wurden, ergats ddSAM auch in diesen Zellen mit
einem Wachstumsfaktor-Rezeptor assoziiert ist (F@rmie Bindung fuhrt zu der Aktivierung
des Rezeptors, wodurch Signalkaskaden losgeltstenwedie in der Aktivierung vof;-Integrin,
einem Matrix-bindenden Protein, resultieren. Zelldie NCAM verloren haben, zeigen daher
eine geringere Fahigkeit an extrazellulare Matsitze binden.

In dieser Studie untersuchten wir die zellulareankionen von NCAM auf
verschiedenen Ebenen. lim vitro Studien erforschten wir, ob NCAM mit zuséatzlichen
Wachstumsfaktor-Rezeptoren an der Zelloberflacheragieren kann und fanden in der Tat
mehrere Rezeptoren die an NCAM binden. Ausserddaersuchten wir auch Vorgange innerhalb
der Zelle. In Experimenten, die auf die Identifirieg der einzelnen Molekile in der
Signalkaskade abzielten, fanden wir eine neue Régeptor inhibierende Funktion von NCAM.

Schlussendlich untersuchten wir, ob die Deleties dielproteins der NCAM-induzierten
Signalkaskadef3;-Integrin, &hnliche Auswirkungen auf die Tumorigeaehat wie die Deletion
von NCAM selbst. Im speziellen waren wir daran iessiert, ob der Verlust dieser
Signalkaskade zu erhdhter Lymphangiogenese filhd diese Signalkaskade somit einen
Regulationsmechanimus fir Lymphangiogenese darst@leiters interessierte uns, ob der
Verlust von Bi-Integrin zu Tumorzell-Disaggregation und dies weieon zur Bildung von
Metastasen fuhrt. Wir fanden heraus, dass die Regaoh von Lymphangiogenese unabhangig
von der NCAM induzierten Signalkaskade yintegrin ist. Deletion vor3;-Integrin resultiert
jedoch in der Loslésung von Tumorzellgruppen in pyratische Gefasse, nicht aber in der
Bildung von Metastasen. Interessanterweise sphentegrin-negative Tumoren Kkleiner,
vermutlich, weil der Verlust vof;-Integrin zur Zell-Seneszenz fiihrt. Hiermit haben @ine bis
dato unbekannte Funktion v@g-Integrin identifiziert.



1. General Introduction

1. GENERAL INTRODUCTION

1.1. Cancer

Cancer, from the Greek word carcinos (crab, crhyfigas already described and studied
by the ancient Greek physician Hippocrates arouddl years BC. Today, cancer is one of the
leading causes of death in the developed worldc€aarises when cells acquire fundamental
changes in their genome, leading to disturbanceiseim behavior within the context of a multi-
cellular organism. To understand and eventuallgttoancer, experimental and clinical research
from the last decades has accumulated a huge anplexo amount of knowledge, focusing on
oncogenes with dominant gain of function mutatiand tumor suppressor genes with recessive
loss of function mutations as well as other molacplayers of cancer development.

An increasing body of evidence suggests that tigapesis is a multistep process, a
succession of genetic changes, leading to the @ssiye conversion of normal cells into cancer
cells. Despite the fact that the actual moleculeshmnges important in tumor initiation and
progression might differ among the hundreds of eatygpes, it has becomes more apparent that
most, perhaps all solid cancers have acquired hacksa small number of common, principle
properties. It has been suggested that six eskalidaations in cell physiology together instruct
malignant growth (Hanahan and Weinberg, 2000)

These alterations include, in the initial tumorgsts, the insensitivity of cells to anti-
proliferative signals, evasion of apoptosis anduaeq self-sufficiency in growth signals. For
further progression from benign to malignant cascéne genetic changes lead to the gain of
limitless replicative potential, sustained angiaggs and finally the capability to invade tissues
and to form metastases (Figurel).

Figure 1. The Hallmarks of Cancer

Common functional traits acquired by cells durinige t
formation of tumors and the progression to malignan

cancers. Adapted from (Hanahan and Weinberg, 2000)

Sustained
angiogenesis
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1.2. The Rip1Tag2 mouse model of multistep tumorigenesis

In order to study genetic alterations and the mdércmechanisms of tumorigenesis
vivo, various mouse models of tumorigenesis have praeeme invaluable tools. Several
approaches to induce carcinogenesis have beenogedebver the last thirty to forty years. For
example, chemical mutagens such as 7,12-dimethgdlmtinracene (DMBA) or ethyl-nitrosourea
(ENU) have been used to induce skin cancers (Quillztaet al., 1986). However, this method is
currently used preferentially in combination witengtically modified mouse lines (Balmain,
2002). In another approach, tumor cell suspensiargs orthotopically, subcutaneously or
intravenously injected into immune-deficient micdlowing investigators to assay potential
effects of different treatments on tumors as weltaamonitor capabilities of cells to metastasize
to specific organs (Kubota, 1994).

However, the use of these two model systems isifignin respect to the investigation of
type and localization of primary tumor formatiomdabecause of the absence of an intact immune
system. This limitation can be overcome by the ofgenetically modified mice, in which
oncogenes are introduced into the mouse germ figeme functions are ablated by homologous
recombination. Further improvement can be gaitedugh the development of techniques to
induce or delete gene function in specific tissapd/or at certain time points (tissue specific,
inducible transgenic mice or tissue specific, cbadal knock out mice). These models therefore
allow more controlled reproduction of sporadic turnaset and progression and have been used
for many proof-of-concept studies, demonstrating tausal function of a particular gene in
tumor development.

The introduction of highly oncogenic viral proteirmuch as for example the large T
antigen (Tag) of simian virus 40 (SV40) into theuse genome is frequently used to generate
tumor-bearing transgenic mice. Tag expression gisrgell cycle control by binding to and
inactivating the tumor suppressor gene productsgmeBpRb, leading to cell transformation and
tumor development.

The RiplTag2 mouse model was established aboutywears ago (Hanahan, 1985). In
these mice, Tag expression is targeted specifitaltiie pancreatic islets of Langerhans using the
B cell specific_Rt insulin pomoter (Rip). In the mouse, around 400 isletsLahgerhans
(endocrine tissue of the pancreas) can be founddddal in the exocrine pancreas. Each islet is
composed of a set of secretory cells, namely glueggoducingx cells, somatostatin-producing
y cells, pancreatic polypeptide (PP) cells and, natsindant in islets, the insulin-producifig
cells. In the Rip1Tag2 transgenic mice, T antiggpression starts at embryonic day 8.5, but it is
not until the age of 4 weeks that hyperplastiasshegin to appear. Even though all islets express
Tag, only 50% develop into hyperplastic lesionstre age of 10 weeks. The onset of an
angiogenic switch in a subset of hyperplastic ssteggers the formation of new blood vessels,
resulting in the progression to angiogenic isleét§ aeeks and solid tumors at 9 to 10 weeks of
age. At 12 to 14 weeks, 2%-4% of all islets haveettgped into well-encapsulated, benign
tumors (adenomas) and only 0.5% of all islets adeanto de-differentiated, invasive carcinomas
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(Figure 2). Importantly, these mice never develmiastases, probably because they succumb to
hypoglycemia around the age of 14 weeks. ThusRth&Tag2 model is a model for multistage
tumorigenesis in which tumors of all different ssagan be reproducibly found and investigated,
making it a very powerful tool to study distinct lmcular events that may influence tumor
growth and progression as well as tumor angiogengsnphangiogenesis and metastasis.

Multistep Carcinogenesis

Pancreatic Expression of Hyperplastic Angiogenic Adenoma Invasive death
bud large T antigen islets hyperplastig islets carcinoma (Hypoglycemia)

E8.5 100% [ 50% T 10% [ 2% T 0.5%
Proliferation Angiogenesis Diferentiation Invastion
Apoptosis remodelling Metastasis

Figure 2: Multistep B cell carcinogenesisin RiplTag2 transgenic mice

As indicated, islets (black dots) sequentially pesg into hyperplastic islets (large brown ellipses
angiogenic islets (red ellipses), benign adenonzagé red shapes), and malignant carcinoma (blue
shape). Percentages indicate the subset of inilats that have developed into a specific tumadgrat
12-14 weeks of age. The exocrine pancreatic tisswdrawn in light brown. E8.5, embryonic day 8.5
(Modified from G. Christofori, Mol Endocrinol, 1995
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1.3.  Mechanisms contributing to tumor progression and mtastasis

Most cancer deaths result from the formation ofasigises at distant sites rather than
from the primary tumors themselves. Just like primtamor initiation, it is now believed that
tumor progression and metastasis are processes inhialve several rate-limiting steps.
Importantly, these processes do not only involvanges in the tumor cells per se, but also
require additional concerted, “pro-metastatic” cifmitions from the tumor microenvironment,
(Kopfstein and Christofori, 2006).

After the initial transformation and growth of cgliand when tumors exceed a mass of
1 mm, tumors have to induce neo-vascularisatioangiogenesis in order to survive and further
proceed. The synthesis and secretion of severaamgigenic factors by tumor and host cells
and the absence of anti-angiogenic factors plagyadle in establishing a capillary network from
the surrounding host tissues. The “angiogenic swiadlows not only the tumors to have access
to required nutrients but also eventually providesute for haematogenic spread of cancer cells
(Fidler, 2002; Ahmad and Hart, 1997). Blood vessetiothelial cells (BVECs) also secrete
growth factors (such as PDGFs, EGFs and FGFs)tmatilate tumor cell growth and facilitate
tumor lymphangiogenesis (Cao, 2005).

In order to disseminate from the primary tumorgpaked epithelial cells have to convert
into motile cells, gaining a fibroblastoid, migratoand invasive phenotype. Cell adhesion
molecules have been shown to be important playethis process (Cavallaro and Christofori,
2004) and will be discussed in more detail in thgtrsection and in Chapter 1.5. Next, malignant
tumor cells have to further invade the local ECMtavasate into tumor-associated lymphatics or
vasculatures, avoid immunological attacks as welwavive and proliferate in the circulation and
the secondary organ tissues after extravasatiomeker, in these processes, tumor cells get
supported by their surrounding environment. Amonbers, tumor associated macrophages
(TAMs) and carcinoma associated fibroblasts secseteeral factors, as for instance growth
factors, matrix metalloproteinases (MMPS) or cyald, supporting remodeling of the ECM, cell
survival, invasion and immune tolerance (reviewedBibgenrieder and Herlyn, 2003; Fidler,
2002; Ahmad and Hart, 1997, Kopfstein and Chrigtp006).

1.3.1. Cell adhesion molecules in tumor progression and nestasis

The “prototype” and probably best-studied cell aitve molecule (CAM) is E-cadherin,
a member of the classical cadherin family of CAM&assical cadherins are single-span
transmembrane domain glycoproteins, localized ineeghs junctions and desmosomes. They
mediate cell-cell adhesion by homophilic proteintpm interaction at the cell surface in &€a
dependent way.

At their cytoplasmic tails, Cadherins interact withrious proteins, termed catenins, to
assemble a cytoplasmic cell adhesion complex (C@&atenin andy-catenin (also named
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plakoglobin) bind to the same conserved site atGherminus of E-cadherin in a mutually
exclusive way (Ozawa et al., 1989; Nathke et &194), whereas p120interacts with multiple
sites on the cytoplasmic tail of E-cadherin, inahgdthe juxtamembrane region. Direct binding
of B-catenin and~catenin toa-catenin links the CCC to the actin cytoskelet&ormation of the
CCC is dependent on cell-cell adhesion, and coelgrdisturbance of the CCC compromises
cadherin-mediated cell-cell adhesion.

E-cadherin is expressed in epithelial cells and key player in the maintenance of cell
polarity and epithelial organization (Gumbiner, 38R0 In many tumors of epithelial origin, loss
of E-cadherin-mediated cell-cell adhesion was oleskrto coincide with progression towards
malignancy, and reduced E-cadherin levels wereetaigd with poor prognosis, suggesting a
critical role of this CAM in tumor progression. fact, forced expression of E-cadherin in
cultured tumor cells lead to the re-establishmérat functional E-cadherin-catenin complex and
resulted in the reversion from an invasive, mesgmeth phenotype to a benign, epithelial
phenotypén vitro (Vleminckx et al., 1991).

Using the above described RiplTag2 tumor model,gnaup demonstrated previously
that loss of E-cadherin mediated cell-cell adhessocausally involved in the progression from
adenoma to carcinomia vivo and is one rate limiting step in the conversiamnfradenoma to
carcinoma as well as the subsequent formation ¢ésteses. Intercrossing RiplTag2 mice with
transgenic mice that maintain E-cadherin expressiothe 3 cells of pancreatic islets lead to
arrest of tumor progression at the adenoma stageoritrast, expression of a dominant-negative
form of E-cadherin in the same tumor model indueady invasion and metastasis (Perl et al.,
1998).

The mechanisms by which E-cadherin down-regulafiortumors leads to a more
invasive phenotype might be similar to the mechagi®f a phenomenon that normally occurs
during embryonic development, inflammation, tisseimodeling and wound healing, namely the
epithelial to mesenchymal transition (EMT; Grunettal., 2003). During EMT, cells down-
regulate epithelial markers such as E-cadherin apdegulate the expression of various
mesenchymal markers, like N-Cadherin and vimenkhigry, 2002). Recently, our lab revealed
that E-cadherin down-regulation also induced theression of the neuronal cell adhesion
molecule, NCAM (Lehembre et al., submitted). E-cith loss leads to the disassembly of
adhesion junctions between neighboring cells, redw®ll polarity and increased migratory and
invasive-growth properties. Several potential sigigapathways are thought to have an active
part in this process and only two of them are dised hereafter (Cavallaro and Christofori,
2004).

Components of the CCC, naméycatenin ang~catenin do not only play crucial roles in
the assembly of the complex but also have impofiamttions in the canonical WNT-signaling
pathway (Bienz and Clevers, 2000; Polakis, 2000jhey are not engaged in the CCC, free
cytosolic B-catenin andy-catenin are phosphorylated by glycogen synthgs€GSK3) in a
complex also involving the proteins adenomatous/pmdis coli (APC) and axin. Following
phosphorylationf3-catenin andy-catenin are degraded. If the tumor suppressor AP@on-
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functional (as observed in many colon cancer cells) GSKP activity is blocked by the
activated WNT-signaling pathwayB-catenin is not degraded, therefore accumulateshén
cytoplasm and further translocates to the nucletere it binds to members of the TCF/LEF1
family of transcription factors. Thereby it moddatthe expression of several target genes that
are implicated in cell proliferation and progressio

Other signals induced through the loss of E-cadhmiight affect the actin cytoskeleton
and thereby modulate the migratory properties d§.c€he family of RHO GTPases, including
RhoA, Racl and Cdc42 are implicated in the fornmatb actin stress fibers, lamellipodia and
filopodia (see also section 1.5.3.). E-cadheringmvbengaged in cell-cell adhesion, can suppress
RhoA activity. Furthermore, free (not engaged i @CC) cytosolic p128 is able to recruit and
activate Racl and Cdc42, thereby promoting cellatign (Cavallaro and Christofori, 2004).

In most cases, E-cadherin is down-regulated on tfamscriptional level: the
transcriptional repressors Snail (Batlle et alQ®0 Slug (Hajra et al., 2002) and Sip1 (Comijn et
al., 2001) as well as E12/E47 (Perez-Moreno ef@D,1) bind to the promoter of the E-cadherin
gene and actively repress its expression (see sdstion 1.5.4.). Furthermore, a negative
correlation between E-cadherin levels and the esgima of the transcription factor Twist have
been reported (Yang et al., 2004). It is not cldasugh, if Twist binds directly to the E-cadherin
promoter or modulates E-cadherin levels in an ediway. In many cancers, such as thyroid
carcinomas, further down-regulation is achievedyepétically by the subsequent silencing of the
E-cadherin promoter through hypermethylation (Dio&& and Pelicci, 2003). Moreover,
mutations in the E-cadherin gene that lead to ®peession of a non-functional protein have been
reported in patients with diffuse gastric cancehular breast cancer, thyroid, bladder and
gynecological cancers (Strathdee, 2002).

Finally, tyrosine phosphorylation of the CCC hagrbémplicated in the regulation of
cadherin function. RTKs such as epidermal growttidiareceptor (EGFR), hepatocyte growth
factor receptor (c-Met) and fibroblast growth facteeceptor (FGFR), as well as Src
phosphorylate E-cadherifi; andy-catenin and p128 , resulting in the disassembly of the CCC
(Behrens et al., 1993). One mechanism by which Rddts disrupt the CCC is by targeting E-
cadherin for degradation: recently, a E3 ligase athnHakai has been identified. Hakai
specifically binds and ubiquitylates tyrosine-pHomylated E-cadherin, resulting in endocytosis
and proteasomal degradation of E-cadherin (Fujite.e2002). Interestingly, this process seems
to be, at least under certain circumstances, depemhp;-integrin (see section 1.5.4.).

1.3.2. Tumor lymphangiogenesis

Angiogenesis, or formation of new blood vesselsnfiare-existing ones, is essential for
normal development and wound healing. Abnormal letgan of angiogenesis has been
implicated in the pathogenesis of several disordieiduding cancer. Newly formed tumor-
associated blood vessels do not only support tymnogression by supplying growing tumors
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with oxygen but, also contribute to the metastptimcess by providing a route for haematogenic
metastasis of tumor cells. The molecular mechanisnakerlying tumor angiogenesis have been
studied to a great extent, leading to the discoeényotential targets for drug development. For
example, the vascular endothelial growth factoEGF-A) has been identified in playing a key
role in angiogenesis. Early clinical experiencehwihe anti-VEGF-A monoclonal antibody
Avastin (Genentech) support the hypothesis thamlfitibition may represent a novel approach for
cancer treatment (Ferrara, 2002; Carmeliet and 2800).

Attention to tumor-lymphangiogenesis, the formatidmew tumor-associated lymphatic
vessels was drawn to researchers only recently.idéwification of lymphatic specific markers
such as the homeobox transcription factor Prox-igi@Vand Oliver, 1999) or the lymphatic
vessel endothelial hyaluronan receptor-1 (LYVE-Barerji et al., 1999), as well as the
development of new molecular tools advanced rebaarhis area (Pepper and Skobe, 2003).

The physiological function of lymphatic vasculartwerks in the body is to drain
interstitial fluid from tissues and to return itttee blood. Furthermore, lymphatic vessels are also
an essential part of the body’s immune defenseifegting leukocytes and antigens from tissues
to lymph nodes. Structurally, lymphatic vessels digtinct from blood vessels: lymphatic
capillaries are thin-walled, relatively large céguiles composed of a single layer of overlapping
endothelial cells. They are not covered by smootisaie cells and have little or no basement
membrane. Lymphatic capillaries are attached gu¢isstroma via elastic anchoring filaments.
With increasing tissue pressure, these filamentisgouthe endothelial cells, opening the gaps
between the overlapping cells and thereby allowiing influx (Alitalo et al., 2005).

Lymphatic vessels could contribute to tumor growthvarious ways. They provide a
route and thereby facilitate the metastatic spredumor cells, and indeed, lymphogenic
metastasis occurs at least as frequently as hagemtos metastasis (Cao, 2005). Because of
their structural features, it might be even eaffietumor cells to invade into lymphatic vessels
than into blood vessels. Since lymphatic endothal&lls (LECs), similar to blood vessel
endothelial cells (BVECSs) express matrix metalldpirtases (MMPs) and urokinase plasminogen
(uPA), they might directly or indirectly potentiatke invasiveness of tumors. Lastly, a rather
controversial hypothesis suggests that lymphatevtr into tumors is induced in order to reduce
the increased interstitial fluid pressure of a gitemor. However, it is not clear yet if lymphatic
vessels within tumors are fully functional (Cao023f

Several molecular players important for lymphatgwelopment and lymphangiogenesis
have been identified and are described in detadvahere (Alitalo et al., 2005). In general, the
majority of lymphangiogenic signals are mediated thie vascular endothelial growth factor
receptor-3 (VEGFR-3; Kaipainen et al., 1995) a mentf the (Ig) domain containing receptor
tyrosine kinase (RTK) family. VEGFR-3 is primarigxpressed on lymphatic endothelial cells
and required for the formation of lymphatic vastula in both, embryonic development and in
the adult (Karkkainen and Petrova, 2000). Highnitffi ligands for VEGFR-3 are vascular
endothelial growth factor-C (VEGF-C; Joukov et 4996) and VEGF-D (Achen et al., 1998).
Both factors induce, upon binding, receptor ackbrat The subsequent signaling events result in
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lymphangiogenesis as shown in transgenic modelshéoh factors (Mandriota et al., 2001;
Veikkola et al., 2001).

Importantly, when VEGF-C and VEGF-D transgenic misere crossed into the
Rip1Tag2 tumor mouse model, both factors inducetbteassociated lymphangiogenesis and the
formation of metastases (Mandriota et al., 2001pf&igin et al., submitted). VEGF-C expression
has been reported to be induced in tumor cells tantbr-associated macrophages, but the
pathways leading to VEGF-C and VEGF® novoexpression in tumors remain elusive.
Interestingly, ablation of the neural cell adhesiepiecule (NCAM) in Rip1Tag2 mice results in
VEGF-C and VEGF-D expression, and in the inductiddymphangiogenesis and metastasis
formation (Crnic et al., 2004) see also section3l.4
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1.4. Neural Cell Adhesion Molecule (NCAM)
1.4.1. NCAM structure, expression and function

Neural Cell Adhesion Molecule (NCAM, CD56) was ftiirst CAM to be characterized
and therefore has been studied extensively (Brdckgret al., 1977; Cunningham et al., 1987,
Crossin and Krushel, 2000). NCAM is encoded byralsi gene, located on chromosome 11 in
humans (Nguyen et al., 1986; Walsh et al., 1986)@nchromosome 9 in mice (D'Eustachio et
al., 1985). Alternative splicing gives rise to threnajor isoforms, named after their relative
molecular weight Mr) (Owens et al., 1987). NCAM140 and NCAM180 aregi spanning
transmembrane proteins and differ in the lengthtladir cytoplasmic domains, whereas
NCAM120 is attached to the cell membrane via a giwsphatidyl inositol (GPI-) anchor
(Figure 3). In addition to the three main isoforri® molecule also exists in a secreted form
(soluble NCAM), produced by the expression of thecalled SEC-exon that contains a stop-
codon, giving rise to a truncated form of the ecgtllar part of NCAM with aMr of around
115kD (Bock et al., 1987; Gower et al., 1988). Bt#uUNCAM also exist in a shedded form,
resulting from the enzymatic removal of NCAM120 rfrathe membrane or by proteolytic
cleavage of any of the three major isoforms (Hal.etL986).

NCAM belongs to the immunoglobulin-like superfamibf adhesion molecules (lg-
CAMSs): the extracellular, N-terminal part of all M@ isoforms consists of five Ig-like domains
(Ig1-5) followed by two fibronectin type Il (F3) odules proximal to the membrane
(Cunningham, 1995). Variability in the extracellufzart is obtained by the optional insertion of
additional exons, as for example the variable r@dtéive spliced exon (VASE) in the Ig4 domain
that is expressed at high levels in the adult eén&grvous system, serving to down-regulate axon
growth (Doherty et al., 1992; Figure 3)

Further variation of NCAM expression, and therefdinction, is achieved by
posttranslational modifications of the protein. asttment of the negatively charged sugar
polysialic acid to the fifth Ig domain induces aifstin the adhesive properties of NCAM
(Fujimoto et al., 2001), changing it form a pro-asifve to a pro-migratory molecule, facilitating
axon path-finding and plastic changes in the emticyand adult nervous system (Hoffman et al.,
1982; Angata and Fukuda, 2003; Bruses and Rutisha@601). Additional post-translational
modifications are found on the C-terminal, intrddal domains of NCAM140 and NCAM180.
Both cytoplasmic domains can be palmitoylated, Wiietermines NCAMs association with lipid
rafts in the membrane and thereby its signalingerties (Brackenbury et al., 1987; Little et al.,
1998).
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Immunoglobulin (Ig)-like domain
VASE exon

Polisyalic acid (PSA)

Fibronectin type ITI (FN3) repeat
cytoplasmic carboxy-terminal domain
N-CAM180 -specific 261 aa insert

Glycophosphatidylinositol (GPI) anchor

N-CAM120

I N-CAM140

N-CAMI180

Figure 3: The three major NCAM isoforms

NCAM is expressed as three major isoforms. Twoheiftare transmembrane forms with either long
(NCAM180) or short (NCAM140) cytoplasmic domainkijlevthe third isoform (NCAM120), lacking a
cytoplasmic domain, is anchored to the plasma manwby a GPI-linkage. All three isoforms have five
Ig-like domains and two Fibronectin type Il (FN@&mains in the extracellular region. NCAM180 has an
additional 261 amino acid insert at the cytoplasrdd. The alternatively spliced VASE exon in tgd |
domain (see text) is also indicated. All threeasafs can be post-translationally modified by thelitidn

of polysialic acid (PSA) to the Ig5 domain.

NCAM is a C&'"-independent adhesion molecule and engaged in hothpphilic and
heterophilic interactions. This, together with thbove described transcriptional and post-
translational modifications of the NCAM proteinsudts in a variety of adhesive properties and
functions. During development, NCAM140 and NCAM18fe transiently expressed in the
nervous system as well as in several other tisé0esssin et al., 1985). Expression of these
isoforms, also called “embryonic” isoforms, playpiaotal role in developmental events such as
neuronal cell migration, differentiation and prefiétion (Walsh and Doherty, 1997; Kiss and
Muller, 2001). In the adult, however, NCAM120 istimajor isoform to be expressed in the
nervous system (Gower et al., 1988), in skeletadalaucells (Dickson et al., 1987) as well as
some neuroendocrine tissues (Rouiller et al., 189@li et al., 1994; Langley et al., 1989).
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1.4.2. More than just an adhesion molecule-NCAM'’s role irsignal transduction

The nature of NCAM homophilic interaction and itder in cell-cell adhesion has been
studied in great detail (reviewed in Walmod et 2004). However, NCAM is also involved in
heterophilic interaction with several proteins,tbeta the extracellular as well as the intracelula
regions of the protein. In neuronal PC-12 cell€AW function results in the induction of long
neuronal processes called neurites (Doherty etl@®@]1). Neurite outgrowth therefore has been
repeatedly used as a read-out assay to study NOAtvecellular signaling, mediated by the
induction of downstream signal transduction pattsatiayough the direct or indirect interaction of
NCAM with heterophilic ligands.

Already 10 years ago, it has been suggested thatMéGnduction of neurite outgrowth
involves an interaction with the fibroblast growfdctor receptor (FGFR; Doherty and Walsh,
1996; Kiselyov et al., 2003). Several studies gisiaminant negative versions of FGFR (Ronn et
al., 2000; Saffell et al., 1997) as well as spedifhibitors of enzymes (Kolkova et al., 2000) and
second messenger molecules (Williams et al., 19&4a) to the following model (depicted in
Figure 4): Upon binding to the FGFR, NCAM stimukteGFR dimerisation and activation by
auto-phosphorylation. Subsequently, several prstdotk to the receptor’'s cytoplasmic tail, one
of them being the enzyme phospholipagg€®.Cy), which, upon recruitment, becomes activated.
PLCy cleaves its substrate phosphatidylinositol 4,ptisphate (PHp, generating the second
messenger molecules inositol 1,4,5-trisphosph&g @#hd diacylglycerol (DAG). IPinduces the
release of C& by binding to intracellular G&channels, whereas DAG remains at the membrane
and can either activate protein kinase C (PKC) ercbnverted (by DAG lipase) into 2-
arachidonylglycerol (2-AG) and arachidonic acid (A#ducing various downstream signaling
events (Walmod et al., 2004).

Since treatment of cells with AA has been showringuce C&-influx and neurite
outgrowth, AA was thought to be the signal-transingt product downstream of DAG lipase
(Williams et al., 1994b). However, it has been ntlye shown that FGF-induced neurite
outgrowth is mediated by 2-AG (Williams et al., 2002-AG can activate the cannabinoid
receptors CB1 and CB2 that subsequently, among stbealing events, induce calcium influx.
Addition of AA to cells might lead to increased ¢ of 2-AG and therefore indirectly lead to
stimulation of 2-AG signaling. However, the imparta of this process in NCAM-mediated
neurite outgrowth remains to be determined (Wilkaghal., 2003).

11
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. o Immunoglobulin (Ig) domains

I Tyrosine Kinase domain

l Fibronectin typelll domain

N-CAM Cytoplasmic carboxy-terminal domain

Ca2+ channel

N

neurite outgrowth

Figure 4: NCAM-mediated signal transduction pathways

NCAM induces different signal transduction pathwagsulting in neurite outgrowth (see text). The
structure of physical interaction between two filieotin type 11l domains of NCAM (see also Figuras)

Ig domains 2 and 3 of FGFR has been recently sh@dselyov et al., 2003). Dashed lines represent
putative interactions. This is a simplified depecti modified from (Povlsen et al., 2003)

In addition to signaling through FGFR, NCAM has meshown to signal and induce
neurite outgrowth via non-receptor tyrosine kinashsstering of the NCAM140 isoform in the
neural plasma membrane stimulates the activatimgorylation of mitogen-activated protein
kinases (MAPKSs) and the transcription factor cyoiMP response-element binding protein
(CREB). NCAM clustering transiently induces duabpphorylation (activation) of the MAPKs
ERK1 and ERK2 (extracellular signal-regulated kesysby a pathway regulated by the focal
adhesion kinase FAK and p%9 both of which have been shown to associate witiAM140
(Beggs et al., 1997; Schmid et al., 1999; Figurd=8jthermore, recent reports show that NCAM
can interact with glial cell line derived neurothip factor (GDNF) and the GDNF family

12
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receptor GFR. The interactions induce neurite outgrowth in anFR@ndependent manner,
involving signaling mediated via pB9 (Paratcha et al., 2003). However, it is not yegclif the
above mentioned signaling events involving P59FAK and MAPK also require GDNF and
GFRu. Whether NCAM signals through FGFR/PY.6r p59°"/FAK depends on its localization
on the membrane: only lipid-raft associated NCAM saduce p59"/FAK signaling, in contrast,
FGFR signaling is induced by a non-raft fractiorN&G@AM. Still, both pathways are required for
NCAM induced neurite outgrowth (Niethammer et @D02). Interestingly, our lab has shown
that depletion of E-cadherin leads to increasedesgion of NCAM. Upon upregulation, NCAM
molecules cluster and mediate homophilic bindingeréby modulating cell-cell contacts.
Furthermore, NCAM localizes to lipid rafts and skiés from a FGFR/PLE to a p59"™-
containing complex leading to an increased numbéraal contacts (Lehembre et al., submitted)

A recent study, moreover, revealed that NCAM ikdith to the cytoskeleton via the
linker protein spectrin. Spectrin seems to be ttigge between NCAM and PK3I. Whereas
NCAM140 and NCAM180 associate with spectrin and BK@dependent of lipid raft integrity,
NCAM120’s association to these proteins is onlynfhin a raft-dependent manner. However,
FGFR-dependent formation of this complex is necgska the induction of neurite outgrowth,
indicating that the physical link of NCAM to the togkeleton is important for its signaling
properties (Leshchyns'ka et al., 2003).

1.4.3. The role of NCAM in tumor progression: Rip1Tag2;NCAM knock-out mice

As already mentioned, NCAM is also expressed inmeuronal tissues such as skeletal
muscle cells (Dickson et al., 1987) as well as sam@oendocrine tissues (Rouiller et al., 1990;
Cirulli et al., 1994; Langley et al., 1989). Intstiagly, in many tumors, such as Wilm's tumor
(the most common kidney cancer affecting childreadlon carcinoma, Ewing sarcoma
(Peripheral Primitive Neuroectodermal Tumors (PNEfTpone), neuroblastoma, small cell lung
cancer and multiple myeloma, NCAM expression charfgem the adult, NCAM120 isoform in
normal tissue to the embryonic, NCAM140 and NCAM186forms in tumors (Johnson, 1991;
Kaiser et al., 1996; Lipinski et al., 1987; Moolanat al., 1992; Roth et al., 1988).

Furthermore, cancer progression correlates withregpdation of NCAM in
neuroblastoma and certain neuroendocrine tumotsuprregulation of NCAM often coincides
with extensive polysialylation (Komminoth et alQ9l; Angata and Fukuda, 2003; Lantuejoul et
al., 1998; Lantuejoul et al., 2000; Gluer et a98). In contrast, reduced or lost expression of
NCAM in human astrocytoma, colorectal and pancceatincer has been correlated with
increased tumor malignancy (Fogar et al., 1997al8at al., 1998; Huerta et al., 2001). These
findings prompted our group to investigate NCAMsdtion during tumor progression by
ablation of NCAM expression in Rip1Tag2 tumorigases

Even though NCAM plays many important roles durif@yelopment, NCAM knock-out
mice (NCAM-/- mice) carrying a deletion in one asth alleles are born normally, are viable,

13
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fertile and appear healthy. Adult mutants, howeskow reduced brain weight and olfactory bulb
size, deficits in spatial learning, altered explora behavior, increased intermale aggression and
increased anxiety-like behavior (Stork et al., 199%o0 et al., 1994; Tomasiewicz et al., 1993;
Cremer et al., 1994; Stork et al., 1999). Moreoirpancreatic islets of NCAM-deficient mice
the normal localization of glucagon-producimgells in the periphery of pancreatic islets ig,los
resulting in a more randomized cell distributionsE et al., 1999). Notably, the islet-
developmental phenotype is the same in NCAM+/- @b a&s in NCAM-/- mice, suggesting that
gene dosage is important for NCAM function in tiésue (Esni et al., 1999).

During Rip1Tag2 tumorigenesis, NCAM expression gesnfrom the adult, NCAM120
isoform to the embryonic NCAM140 and NCAM180 isafer (Perl et al., 1999). When
intercrossed with NCAM-/- mice, the resulting RigRaNCAM-/- mice (RT2;NC-/- mice
hereafter) do not show altered tumor progressiomfadenoma to carcinoma. However, in 50%
of NCAM-deficient tumor mice, formation of metastasto the regional lymph nodes as well as
distant organs is observed (Perl et al., 1999) ohtaytly, formation of metastases has not been
found in hundreds of Rip1lTag2 mice analyzed. Theastatic phenotype of RT2;NC-/- mice is
indistinguishable from that of RT2;NC+/- mice, whiis in accordance with the above mentioned
haploinsufficiency of the NCAM gene in NCAM+/- mi¢Esni et al., 1999).

Immunohistochemical examination revealed that NCdééficient RiplTag2 tumors
exhibit up-regulated expression of the lymphangigdactors VEGF-C and -D and, with it,
increased lymphangiogenesis (Figure 5). RepressfiafEGF-C and -D function by adenoviral
expression of a soluble form of their cognate reme ¥ EGF receptor-3, results in reduced tumor
lymphangiogenesis and lymph node metastasis (€trat, 2004), indicating that loss of NCAM
function causes lymph node metastasis via VEGFAG-\MEGF-D-mediated lymphangiogenesis.

14
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RT2;N-CAM+/+

Figure5: Lymphangiogenesisisinduced in RT2;NCAM-/- and RT2;NCAM+/- mice

Immunohistochemical staining of PFA-fixed pancreagctions. Whereas RT2;NC+/+ tumors are rarely
associated with lymphatic vessels (panel A), NCAffiletbnt tumors (panel B) show ongoing
lymphangiogenesis, often being fully surroundedsbwctures positive for the lymphatic endothelial
marker LYVE-1 (in brown, highlighted by arrowheads)tumor; E, exocrine pancreas;

Additionally to the increased lymphangiogenic pbtgpe, RT2;NC-/- tumors show
striking alterations in tumor architecture, notaldyamatic tissue disaggregation and the
appearance of large hemorrhagic cavities. Clustenismor cells are frequently found floating in
these lacunae (Cavallaro et al., 2001; Figure 6jJaizd analysis of cell lines derived from RT2
control tumors §T2 cells) and RT2;NC-/- tumorg8TN2 cells) revealed that cell-matrix but not
cell-cell adhesion is impaired in NCAM deficientmar cells, as assayed by their capability to
adhere to the ECM component Collagen IV. Moreo€p, cells show the formation of neurites,
which are absent iRTN2 cells.

Figure 6: Tissue disaggregation

in RT2;NCAM-/- tumors

H&E staining of RT2;NCAM+/+
(A) and RT2;NCAM-/- (B) tumors.
In the absence of NCAM, tumors
seem to fall apart, showing tissue
disaggregation and the
appearance  of  hemorrhagic

lacunae filled with disseminated

RT2;N-CAM+/+ RT2;N-CAM-/-

tumor cell clusters (indicated by
arrows).

These observations suggested that NCAM is ableadulate integrin mediated matrix

adhesion, and, similar to the findings in neurorells, might be involved in the regulation of
signaling processes ifd cells. Extensive biochemical analysis indeed ifiedt the signaling
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pathway(s) linking NCAM td3;-integrin activationin vitro. In BT2 cells, NCAM associates with
and activates a member of the fibroblast growthofaceceptor (FGFR) family, FGFR-4.
Interestingly, N-cadherin but nf{-integrin is also found in the NCAM/FGFR-4 complex.

Activation of FGFR-4 results in the formation o€lassical signaling complex, including
phospholipase C gamma (PIl;-the adaptor protein FRS2, pp60 (c-src), comaatid growth-
associated protein-43 (GAP-43). Dominant-negati@*-R-4, inhibitors of FGFR signaling and
antif3;-integrin antibodies repress matrix adhesion induzg NCAM. FGF ligands can replace
NCAM in promoting matrix adhesion but not neuritegrowth (Cavallaro et al., 2001). Taken
together, the results indicate that NCAM stimulgemtegrin-mediated cell-matrix adhesion by
activating FGFR signaling (Figure 7).

' N-cadherin

Figure 7: Mode of NCAM mediated
signal transduction in Bcells

Upon associating with NCAM and N-
cadherin, FGFR-4 is activated and
recruits a classical FGFR-signaling
complex (see text for description). The
molecular links between NCAM and
integrin  activation remain to be
elucidated and are indicated by dashed

arrows. Adapted from (Cavallaro and
Christofori, 2004).

In summary, the above described findings for thecfional contribution of NCAM to
RiplTag2  cell tumorigenesis lead to the rather provocatuggestion of an alternative
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metastatic pathway: Loss of NCAM leads to tissisagijregation and the formation of lacunae
potentially by the loss of substrate adhesionfotells. However, the cells comprising the
disseminated tumor clusters are still able to agltereach other and exhibit a rather benign
phenotype. They might be simply washed out by theod or lymphatic circulation.
Subsequently, they might be entrapped in the lbeaph nodes where they grow out to form
metastases.

In contrast to the current view on metastatic psees, this model of “passive
metastasation” implies that, in order to metastagizmor cells do not necessarily have to acquire
an migratory, invasive phenotype, for example tsjrig E-cadherin function. The finding that in
the RiplTag2 tumor model, induction of lymphangioggs by transgenic expression of the
lymphangiogenic factor VEGF-C alone is sufficient induce metastasis supports this idea
(Mandriota et al., 2001).

A recent report associated the occurrence of bfitled cavities in RT2;NCAM-/- mice
with perturbed pericyte-endothelial cell-cell irgetions. This study demonstrated that NCAM
promotes pericyte recruitment during tumor angiegen NCAM-deficient tumors have deficient
pericyte-endothelial interactions and thereforenshrcreased blood vessel leakage. Furthermore,
pericyte deficiency per se was shown to cause hageaous spreading of tumor cells and
metastasis formation (Xian et al., 2006). CleaHgwever, more experiments are needed to
unravel NCAM function in inducing lymphangiogenesisll-matrix adhesion and the formation
of metastases.
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1.5. Integrins
1.5.1. Function and composition of integrins

The extracellular Matrix (ECM) is composed of asdluble network of proteins that are
secreted, assembled and remodeled throughout e &f cells. Its function is not only to
provide a shapeable, but still robust scaffoldtfar organization of cells in tissues. It also exert
control on the behavior of cells. Hence, it is atedictate whether cells will proliferate or
undergo growth arrest, migrate or remain stationaryundergo apoptosis (Guo and Giancotti,
2004). Integrins are the major receptors for editalar matrix proteins and the effects of the
ECM on cells are mainly mediated by members of ldnige family of cell-surface receptors. By
binding to ECM, integrins not only mediate adheshart also organize the cytoskeleton and
activate intracellular signaling pathways. In vbrtges, integrins also play certain roles in cell-
cell adhesion (Hynes, 2002).

Each integrin consists of two type-I transmembramieunits, onex and one subunit.
Mammals have a set of I8 and 8 subunits that so far are known to assemble inouari
combinations to form 24 distinct integrins (Fig@)e Depending on their composition, integrins
bind to distinct ECM components: one set (blue iguFe 8) recognizes the tripeptide sequence
RGD present in molecules such as fibronectin atrdnéctin, another set (pink in Figure 8) binds
to basement membrane laminins. Additionally, thisra set of integrins representing collagen
receptors, and some recognize both ECM proteirg as fibronectin, and 1g-CAM cell surface
receptors, such as VCAM-1. Vertebrates also haset @f leukocyte specific integrins that also
recognize Ig-superfamily counter-receptors and atedheterotypic cell-cell adhesion. Both
subunits of a given integrin determine the ligand specificity andtibsald be noted that Figure
8 is a simplified depiction.
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Collagen receptors

Leukocyte-specific

Figure 8. Theintegrin family in vertebrates

8 [ subunits can assort with I8subunits to form 24 distinct integrins, which danconsidered in several
subfamilies, based on evolutionary relationshipslddng of subunits), ligand specificity and, iretlsase
of £, and 3, integrins, restricted expression on white blooliscé&dapted from (Hynes, 2002).

Interestingly, each integrin seems to have a sfie®ia unique function. AIB subunits
and 14a subunits have been knocked-out in mice, and ebehgiype is distinct, ranging from
pre-implantation development bloci{integrin knock out) through major developmental
defects, peri-natal lethality and defects in hewrsist inflammation, angiogenesis as well as
many others (Hynes, 2002). This indicates thagpite of the big number of different integrins,
the function of a particular integrin is non-redantland therefore cannot be complemented by
other integrins.

1.5.2. Integrin signaling

Integrins signal through the cell membrane in eitt#ection. Extracellular binding
activity to ECM proteins is dictated from signat&sang from within the cells, so called inside-out
signaling. For example, the main integrin on ciatinlg platelets isx,,Bs. Importantly, it is
normally inactive, but upon activation by variousmsili (e.g. thrombin, ADP and others) from
within the plateletsq,3; binds to its ligands fibrinogen, van Willebrandtfar and fibronectin.
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If it were not inactive in the place, platelets Wwbwbind fibrinogen from the plasma and
aggregate, leading to thrombosis (Giancotti andsRindi, 1999; Ginsberg et al., 2005).

As already indicated, all integrin subunits areetygransmembrane proteins with large
extracellular domains, a single-pass transmembf&kf domain and a small cytoplasmic tail.
The cytoplasmic tails are devoid of enzymatic feegutherefore, integrin-signals are transduced
by adaptor proteins that connect integrins to thimskeleton, to the cytpolasmic kinases and
finally to transmembrane growth factor recepto@nce an integrin has bound to the ECM, it
elicits signals that are transmitted into the ¢elitside-in signaling). Upon binding, integrins
cluster in the plane of the cell membrane and dsowith a cytoskeletal signaling complex that
promotes assembly of actin filaments. The re-omgiin of actin filaments into larger stress
fibers in turn causes more integrin clustering,aeming matrix binding. The resulting aggregates
of ECM proteins, integrins and cytoskeletal pratesme known as focal adhesions (Burridge and
Chrzanowska-Wodnicka, 1996) and this is what intsgwere named after: they serve as
integrators of the ECM and the cytoskeleton (Gigthand Ruoslahti, 1999)

The molecular players involved in integrin signgliare too many, and the networks are
too complex to be discussed here in detail. Gelgera$ described in Figure 9, most integrins
signal through Src-family kinases (SFK) that geruéed and activated via the activation of focal
adhesion kinase (FAK), which in turn is dependentte assembly of focal adhesions. FAK also
activates signaling through phosphatidylinositokiBase (PI3K) and therefore AKT/protein
kinase B (PKB). Src can phosphorylate pT3and paxillin, which engages the Crk-DOCK180
complex and results in the activation of Rac. FAKoaactivates extracellular signal-regulated
kinase (ERK)/mitogen-activated protein kinase (MAPBy employing the RAP1 guanine
nucleotide exchange factor (GEF) C3G through G&ulting in the activation of ERK/MAPK by
B-Raf.

In an alternative pathway, FAK activates ERK/MAPH the recruitment of the growth
factor receptor bound-2 (GRB2) and son-of-seven(8€3S) complex (Schlaepfer and Hunter,
1998; Cary et al.,, 1999). Some integrins are ablditectly interact with SFKs with the[s
subunits (Arias-Salgado et al., 2003), whereasrstaee coupled to palmitoylated SFKs (such as
Fyn and Yes) through their subunits. The palmitoylated SFKs activate the sata®HC, which
combines with GRB2-SOS to activate ERK/MAPK signglfrom Ras (Wary et al., 1996). In
this pathway, caveolin is needed to facilitate rdgruitment of Fyn and Yes (Wary et al., 1998).
The pathways that integrins activate through SFissafficient to induce cell migration and
survival signals (see below).
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Figure 9: Pathways employed by integrin signaling

Integrins employ several pathways to transduce agymesulting in different cellular behavior: Focal
adhesion kinase (FAK) can activate (either directhindirectly) ERK/MAPK via the Grb2/Ras/Raf oeth
Crk/Rapl/B-Raf pathway. Alternative pathways via Result in JUN and NiB activation or AKT/PKB
activation via PI3K (see text). Adapted from (Gual &iancotti, 2004)

Integrins not only signal on their own; they arsoahecessary for optimal growth factor
activation. Integrin clustering and associationtvitie cytoskeleton gives rise to integrin-growth
factor receptor complexes. Only under appropriat attachment conditions, growth factor
receptors such as platelet derived growth factoeptwr (PDGFR), VEGFR, and epidermal
growth factor receptor (EGFR) are optimally actaditby their respective ligands, which
describes the basic mechanisms of anchorage depmndecell survival and proliferation.
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1.5.3. The functions of integrin signaling

What are the results of integrin signaling? Integsignals are essential for cells to
traverse the cell division cycle (progression tigto,). This is, among other factors, mediated
through cyclin D1 expression, since cells thatraoe properly attached show suppressed cyclin
D1 levels. The composition of the ECM is importamtthis respect. myoblasts, for example,
proliferate on fibronectin but stop proliferatiomcaform myotubes on laminin, implying that
integrin signaling also regulates, or at leasticassary, for differentiation.

Loss of attachment causes apoptosis in many gedistya phenomenon called anoikis.
Just like cell growth, anoikis can be regulatedaim integrin-specific manner, meaning that
integrin signaling induces apoptosis in non-attdcbells, but gives rise to survival signals in
properly located cells (Meredith et al., 1993; Ehiet al., 1996). Importantly, most cells in adult
organisms are not actively dividing, thereforesitikely that other cell adhesion proteins override
the growth-promoting but not the survival-promotigfflects of integrins. This contact inhibition
of growth, together with integrin-induced anoikis cell survival respectively, ensures the
development and maintenance of proper tissue anthie.

Integrins also regulate cell spreading and migmati cell that comes in contact with
ECM usually extends filopodia. Integrins at thestipf these filopodias bind to the ECM and
induce the formation of focal adhesions. Subsedyemttin-rich lamellipodia are generated and
the cells spread on the ECM, followed by the fevelopment of focal adhesions and actin stress
fibers. During cell migration, these same eventaioas cells extend lamellipodia and form focal
adhesions to derive the traction necessary for meme (Giancotti and Ruoslahti, 1999).
Integrins regulate these events by activating the-RRmily of small guanine nucleotide-binding
proteins, in which Cdc42 induces filopodia, Rac d#lipodia, and Rho induces focal adhesion
and associated stress fibers, each of them fucth@rolling the cytoskeleton by associating with
downstream effectors (Hall, 1998).

Taken together, integrins can be seen as oneafldsgster regulators”, being important
for the establishment and maintenance of tissugtaoture.

1.5.4. Integrins in tumor progression

As already mentioned in section 1.1 and 1.3, cdllt have undergone neoplastic
transformation are much less dependent on the E@Mhkir proliferation and survival. To
eventually form metastases, cancer cells have dergo critical changes affecting their invasive
properties. Given the important role of integriih$s not surprising that in many tumors mutation
in genes playing a role in integrin signaling haeen identified (Guo and Giancotti, 2004).

Importantly, despite their relative anchorage pelelence, tumor cells can still take
advantage of integrin signals by preferentially regging integrins that favor proliferation,
survival and migration. These changes in integipression are complex and depend on the
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tissue of origin of the tumor, its histological &@nd the stage of progression of the disease
(Zutter et al., 1995; Albelda et al., 1990; Gladsord Cheresh, 1991). Cell type-dependent
changes in integrin signaling make it impossibleassign each of the integrins to the “anti-
neoplastic” or “pro-neoplastic” category. It seethat a,3; and asB;, at least in some cases,
suppress tumor progression, wheragss, o, andagf, often promote it (Guo and Giancotti,
2004). A recent study, however, demonstrated Baamtegrin is essential for the formation of
mammary tumors in a mouse model of human breastecabut not for the initial stages of
mammary ductal outgrowth, suggesting that the piyriianction of3;-integrin is to promote cell
proliferation (White et al., 2004).

As discussed in section 1.3.1, loss of E-cadhmexiated adhesion is required for
malignant conversion. Increasing evidence indic#tt@s joint integrin-receptor tyrosine kinase
(RTK) signaling contributes to disrupting cell-calihesion in cancer cells. Blockifgintegrin
in a 3D culture of breast carcinoma cells indudeské cells to re-assemble adherens junctions
and deposit a basement membrane, giving rise tai abiaracterized by a distinct polarity
(Weaver et al., 1997), whereas over-expressiopy-afitegrin caused the disruption of adherens
junction in normal epithelial cells (Gimond et d1999).

Two mechanisms seem to be involved in disruptingoed! adhesions: activated RTKs
and SFKs induce tyrosine phosphorylation of comptsef the E-cadherifi-catenin complex
(see also section 1.3.1). The tyrosine-phosph@glabmplex is recognized by the E3 ubiquitin
protein ligase Hakai and therefore down-regulatgcebdocytosis (Fujita et al., 2002). This
process requires integrin function and FAK phosplation in v-Src transformed cells,
suggesting that v-Src promotes endocytosis of HEwadi by enhancing integrin signaling
(Avizienyte et al., 2002). Secondly, integrin sitimg operates through SNAIL/SLUG to suppress
E-cadherin expression and consequently disturbradegunctions. Both, integrin linked kinase
(ILK) and in another study SFKs have been implidate this mechanism (Novak et al., 1998;
Tan et al., 2001; Zhang et al., 2003)

In normal cells, loss of cell-matrix adhesion inds anoikis (see section 1.5.3).
Resistance to anoikis is essential for metastas®echination of tumor cells. FAK promotes the
survival of cells by signaling through PI3K to AKFAIKKB (Frisch et al., 1996; Khwaja et al., 1997)
and many invasive human cancers have elevatedslefdfAK (Gabarra-Niecko et al., 2003),
which also has been implicated in a more migrapgnotype of cells. FAK also promotes the
expression of anti-apoptotic and suppression ofgpaptotic stimuli (Guo and Giancotti, 2004).
Integrins contribution to tumor progression haverbanplicated in many more processes, such
as angiogenesis or matrix remodeling, which is lesd in great detail elsewhere (Guo and
Giancotti, 2004; Hood and Cheresh, 2002; Hynes2R00

Summarizing the effects of integrins in tumor depenent, it seems that each tumor type
undergoes characteristic and dynamic changes égrint expression and function during tumor
progression. Future studies might uncover the dolinplexity of these changes. Testing the
relevance of these changes in integrin expressidrsignaling in mouse models of cancer could
open the way to the development of (potentially-smégrin) compounds for tumor therapy.
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1.6.  Aims of the study

Deletion of NCAM in Rip1Tag2 tumors results in timeluction of lymphangiogenesis,
tissue disaggregation and the formation of metastds tumor cells, NCAM associates with
FGFR-4 and N-cadherin, thereby the receptor ivaietd and signaling cascades, leading to the
activation of3;-integrin and hence cell-matrix adhesion are indud&'e therefore wanted to
investigate whether ablation Bf-integrin function in Rip1Tag2 tumors pheno-copileed NCAM
deletion.

Specific research goals:

* To determine whether the vitro observed
lack of Bs-integrin activation in NCAM
deleted tumor cells leads to tumor tissue
disaggregationin vivo, we planned to
interfere  with Bi-integrin  expression
specifically in the Rip1Tag2 tumor model.

N-cadherin

e Using this approach, we furthermore
analyzed whether increased
lymphangiogenesis in NCAM knock-out
tumors lies downstream of3;-integrin
inactivation and/or tissue-disaggregation or
whether it is the result of an alternatifg;
integrin-independent pathway.

* By interfering with 3;-integrin expression
we furthermore wanted to determine
) whether loss of NCAM-dependent
\ ’ activation of3;-integrin alone is sufficient
to induce the formation of metastasis.

Lymphangiogenesis Tissue Disaggregation

Metastasis

» Using specific inhibitors or stimulating reagents cells and assaying for cell-matrix
adhesion we wanted to dissect and compare the pgshunderlying NCAM and FGF
inducedp;-integrin activatiorin vitro.

* In co-expression and immunoprecipitation studies, aimed to investigate whether
NCAM can associate with and modulate additional eptar tyrosine kinases.
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NCAM binds to the PDGFRf and potentially reduces its activity
Angelika Kren, Malte Lewerenz, Ugo Cavallaemd Gerhard Christofori

Institute of Biochemistry and Genetics, Departnadrilinical-Biological Sciences, Center of
Biomedicine, University of Basel, Switzerland.
*IFOM-FIRC Institute of Molecular Oncology, Milanialy;

Abstract

Neural cell adhesion molecule has been studiedlyn@imeurons where it influences
processes, such as neurite outgrowth, axon guidandepathfinding by homophilic and
heterophilic interaction with the fibroblast growtlactor receptor FGFR-1. We have
previously shown that NCAM modulates FGFR-4 sigmalalso in hon-neuronal tissues by
exerting stimulating effects as well as inhibitilgand-induced signaling. Here, we show that
NCAM associates with a number of receptor tyrosimases (RTKSs). In particular, NCAM
binding to the platelet derived growth factor raocef (PDGFRB) represses its activity. Our
results suggest that NCAM acts as a general madwig-domain containing RTKs.
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2. NCAM binds to the PDGFRB and potentially reduces its activity

2.1. Introduction

The neural cell adhesion molecule (NCAM) is a mendfehe immunoglobulin-like
superfamily of C& -independent adhesion molecules (Ig-CAMs; Rutiskgul1993). Three
main isoforms of NCAM are produced through alterasplicing of a single gene, namely
NCAM120, NCAM140 and NCAM180, where the numberserethe isoforms relative
molecular weight (Owens et al.,, 1987). NCAM140 ax@AM180 are single spanning
transmembrane proteins, in contrast, NCAM120 ikdth to the cell membrane via a
glycophosphatidyl inositol (GPI-) anchor. The Nrawmal, extracellular parts of all isoforms
are composed of five Ig-like domains followed byotdibronectin type Il (F3) modules
proximal to the membrane. The intracellular domainNCAM180 differs to the one of
NCAM140 in having an additional, 261 amino acidsdoinsert (Cunningham, 1995).
Variation of NCAM expression and therefore functioh all three isoforms is attained
through post-translational modifications. For exéanthe negatively charged sugar polysialic
acid can be attached to the fifth Ig domain (Fujonet al., 2001). Moreover the cytoplasmic
domains of NCAM140 and NCAM180 can be palmitoylatetiich determines the proteins
association with lipid rafts (Little et al., 1998).

NCAM is mainly expressed in neuronal tissues, lhthing development and in the
adult organism. It is involved in processes sucthagnigration of neuronal progenitor cells,
axon growth and pathfinding, synaptic plasticitydalong-term potentiation (Walsh and
Doherty, 1997). The effects of NCAM are mediatewtigh its homophilic binding as well as
its heterophilic interactions with other Ig-CAMteacellular matrix proteins and cell surface
receptors. NCAM binding has been shown to affeeeral intracellular signaling pathways,
such as the mitogen activated protein kinase (MARKJpspholipase @-(PLCy), protein
kinase C (PKC), phosphatidylinositol 3-kinase (PJ3Hiacylglycerol and arachidonic acid
(reviewed in Povisen et al., 2003). It has beerwshthat NCAM association with the
fibroblast growth factor receptor 1 (FGFR-1) ane tésulting induction of signaling cascades
is crucial for neurite outgrowth in neuronal celfs.recent study identified the interaction
domains of FGFR-1 and NCAM to be located in thedtHg domain of FGFR-1 and the
second F3 repeat of NCAM (Kiselyov et al., 2003).

However, NCAM expression is not only reduced to tiegvous system but also
found in skeletal muscle cells as well as some gendgocrine tissues (Dickson et al., 1987,
Rouiller et al., 1990). We have previously showattNCAM associates with the FGFR-4 in
fibroblasts and pancreatfg tumor cells (Cavallaro et al., 2001). In thesdutat systems,
NCAM acts as a ligand for FGFR-4, inducing its aation and downstream signaling
cascades upon ligation with the receptor. In thay WNCAM is able to modulat;-integrin
activity and hence cell-matrix adhesion. These ifigd extended NCAMs function in
modulating receptor tyrosine kinase (RTK) signalioganother member of the FGFR family
in non-neuronal tissues.
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RTK are single transmembrane spanning proteinscatiprising an intracellular
tyrosine kinase activity and varying extracellutlimains, which groups them into several
subfamilies. The FGFR subfamily is composed of fouembers, FGFR1-4 (Klint and
Claesson-Welsh, 1999). Structurally, the extrataildomains are composed of two or three
lg-like domains. Similar to the FGFR family, plaelderived growth factor receptors
(PDGFRx and PDGFR) are composed of five Ig-like repeats (Heldin aNe@stermark,
1999), whereas other receptors, such a the epitignmath factor receptor (EGFR) (Ullrich
and Schlessinger, 1990) or the hepatocyte growetiorfaeceptor (c-Met), do not display these
structures in their extracellular domain (Giord&t@l., 1989). RTKs usually get activated by
binding to specific ligands, i.e. growth factorsim@risation of receptor monomers upon
ligand binding is a prerequisite for activation #ceptor trans-phosphorylation. Upon
phosphorylation, a number of signal transductioneaudes are binding to the receptors
cytoplasmic tails, triggering a variety of downstme signaling events (Ullrich and
Schlessinger, 1990). However, as mentioned abagylation of RTK signaling is also
achieved by extracellular binding of other factrfRTKSs.

We hypothesized that NCAM could act as a generalulaor of RTK signaling by
interacting with and influencing various memberstied RTK family. We show here that
NCAM can bind to several RTKs. Specifically, NCAlkedly acts as a negative regulator of
PDGFR3 signaling. Our findings extend NCAM'’s functions dther RTKs and demonstrate
that NCAM can have different (stimulating and ineating) effects on RTK signaling.
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2.2.  Materials and Methods
2.2.1. Antibodies and reagents

Anti-FGFR-2 (C-17), FGFR-3 (C-15), FGFR-4 (C-16P®FRx (C-20), PDGFR
(958 and P-20,) all from Santa Cruz; anti-V5 (Imviten), anti-P-MAPK and MAPK (Sigma),
anti human NCAM (OB11, Sigma), anti mouse NCAM (5B$nerous gift from U.
Cavallaro), anti-P-Tyr (PY-20, Transduction Laboras). PDGF-BB was obtained from
Sigma, Protein G Sepharose from Amersham.

2.2.2. Tissue culture

HEK 293T cells were grown in DMEM, 10% FCS, 1% Giuine, 1%
Penicillin/Streptomycin (Sigma). NIH 3T3 cells wegrown in DMEM, 10% CS, 1%
Glutamine, 1% Penicillin/Streptomycin (Sigma).

2.2.3. Stable transfection of NIH 3T3 cells

For constructing a shRNA vector against mouse N-CAMrward primer: 5'-
GATCCCCGTACAAGGCTGAGTGGAAGTTCAAGAGACTTCCACTCAGCCTTTGACT
TTTTGGAAA-3; reverse primer: 5-AGCTTTTCCAAAAAGTACAGGCTGAGTGG-
AAGTCTCTTGAACTTCCACTCAGCCTTGTACGGG-3'; after annéad, the sequence
was cloned into pSuperRetro-neo. As control, aisece directed against human E-cadherin
was used (forward primer: 5'-GATCCCCATCTGAAAGCGGCATACT-
TCAAGAGAGTATCAGCCGCTTTCAGATTTTTTGGAAA-3' |, reverse primer: 5'-
AGCTTTTCCAAAAAATCTGAAAGCGGCTGATACTCTCTTGAAGTATCAGCGSCTT
TCAGATGGG-3), after transfection, cells were s&tecusing 200 ng/ml G418 (Sigma),
resistant clones were expanded for further analysis

2.2.4. Cell stimulation, protein extraction and Western Bbt

NIH3T3 cells were cultured in 6-well plates in meaai containing serum, then
serum-starved overnight in serum-free medium. Thg df the experiment, cells were
stimulated with 30 ng/ml PDGF-BB for the time inglied. After the stimulation, cells were
lysed in lysis buffer (20 mM Tris/HCI pH 8.0, 160MnNaCl, 1 mM CaCl 10 pg/ml
aprotinin, 1% Triton X-100, 1 pg/ml leupeptin, 1 nfAASF, 10 mM NaF, and 1 mM sodium
orthovanadate). Following centrifugation, the pioteoncentration of cell lysates was
determined using the Bio-Rad DC Protein Assay (BRHercules, CA). Proteins were
resolved by SDS-PAGE and transferred to nitrocelelmembranes (Milipore). Proteins of
interest were visualized using specific antibodiésljowed by peroxidase-conjugated
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secondary antibodies and by an enhanced chemilsognee kit (Amersham, Little Chalfort,
UK).

2.2.5. Immunoprecipitation

For immunoprecipitation analyses, cell lysates (@) mere pre-cleared with non-
immune 1gG (Sigma) plus Protein G-Sepharose (Anam3hLysates were then incubated
with specific antibodies overnight at 4 °C, folladvby the addition of Protein G-Sepharose
and further incubation for 2 h at 4 °C. After famashing steps in lysis buffer, proteins were
eluted with Laemmli buffer and resolved by SDS-PA&H#Howed by immunoblotting.
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2.3. Results

2.3.1. NCAM associates with all members of the FGFR family

We previously showed that all three NCAM isoformme $ound in a complex with
FGFR-4 in fibroblastic L cells (Cavallaro et alg@). To investigate whether NCAM is also
found in association with FGFR-4 in other cell typEGFR-4 and either of the three NCAM
isoforms (NCAM120, NCAM140 and NCAM 180) were traamdly expressed in human
embryonic kidney (HEK 293T) cells. Complex formatiavas assayed by investigating
proteins associated with the FGFR-4 in co-immuncipi&@tion experiments or, conversely,
by identifying proteins that bind to NCAM. When immoprecipitated with antibodies
directed against FGFR-4, all three NCAM isoformgeviound to bind to FGFR-4 (Figure
1A). The same observation was made in the reveqserienent: All three NCAM isoforms
were able to co-immmunoprecipitate FGFR-4 (Figui). 1Albeit expression levels of
NCAM180 were high in both experiments, this isofonas least efficient in binding FGFR-
4. These results confirm our previous observatitag all NCAM isoforms can associate
with FGFR-4 in various cellular system
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Figure 1: All three NCAM isoforms associate with the FGFR-4

Immunoblotting analysis following immunoprecipitats of lysates transfected with FGFR-4 and
NCAM 120 (left panel), FGFR-4 and NCAM 140 (midgd#nel) or FGFR-4 and NCAM 180 (right

panel). A) Lysates were incubated with an antibagginst FGFR-4 (IP R4) or an unrelated antibody
(IP contr). B) Lysates were incubated with an amtiyp directed agains NCAM (IP NCAM) or an

unrelated antibody (IP contr). Input: total lysdtm expression control.
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In addition to FGFR-4, a direct interaction betw&&FR-1 and NCAM was recently
demonstrated (Kiselyov et al., 2003). We thus hiypsized that NCAM can bind to all
members of the FGFR family. To test this, FGFR-ByFe 2, upper panel) and FGFR-2
(Figure 2, lower panel) were co-expressed withitinee NCAM isoforms in HEK 293T cells.
Using anti-FGFR-2 or FGFR-3 antibodies for immurespitation, all three NCAM isoforms
were found in a complex with the respective FGFRUFe 2). Hence, we could observe that
NCAM can bind to all four FGFR family members.

FGFR-3/ FGFR-3/ FGFR-3/
NCAM120 NCAM140 NCAM180
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NCAMI180
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o~ A\ N\ ¥
&P
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W: NCAM ‘8 <—— NCAMI140
- L +— NCAMI120

Figure2: NCAM bindsto FGFR-2 and FGFR-3

HEK 293T cells were transiently transfected withNéDfor FGFR-3 (upper panel), FGFR-2 (lower
panel) and the three major NCAM isoforms. Co-imnpuecipitations using anti-FGFR-3 antibodies
(upper panel) or anti-FGFR-2 antibodies (lower phrend subsequent Immunoblotting analysis for
NCAM was performed. IP R3, IP for FGFR-3; R2/12@/1R0, R2/180, lysates expressing FGFR-2
and NCAM120, NCAM140 or NCAM180; Mock, lysates dfacted with a control plasmid; Input,
total lysate;

2.3.2. NCAM associates with PDGFB

All FGFR family members consist of an extracelludwmain containing Ig-like
repeats. Interaction between NCAM and FGFR-1 isddpnt of the third Ig-domain of the
receptor. We therefore investigated if other Ig-domcontaining RTKs can bind to NCAM.
HEK 293T cells were transfected with cDNAs coding éither of the two platelet derived
growth factor receptors PDGBRand PDGFR, and NCAM140. Furthermore we tested
complex formation between NCAM and two receptorat thio not contain Ig repeats, the
hepatocyte growth factor receptor (c-Met) and ghidermal growth factor receptor (EGFR).
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In repeated experiments we never found c-Met or BEQGB associated with
NCAM140 (data not shown). However, both PD@FBnd PDGFR were found to bind
NCAM140 (Figure 3A and Figure 3B). PDGBRInding to NCAM was not restricted to the
NCAM140 isoform, since NCAM120 and NCAM180 coulds@lbe immunoprecipitated
together with PDGFR (Figure 3C). Taken together, PDG#FRnd PDGFR can form a
complex with NCAM.
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Figure 3 A and B: NCAM associates with PDGFRa and PDGFRSA

Western blot analysis of co-immunoprecipitations-iies) of HEK 293T cells expressing either a
control plasmid (Mock), PDGF& and NCAM140 (R/140, Figure 3A) or PDGFR and NCAM140
(RA/140, Figure 3B). IP &, IP RS, IP using anti-PDGFR or anti-PDGFRS antibodies; IP contr, IP
using unrelated antibodies.
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Figure 3C: NCAM associates with PDGFRa and PDGFRS

HEK 293T were transfected with a control plasmidofd), PDGFEB and NCAM120 (F/120),
PDGFRB and NCAM140 (F140) or PDGFRB and NCAM180 (E180). IPs were performed using
either a specific antibody (IP spec) against PD@gpper panel), NCAM (lower panel) or an
unrelated antibody (IP contr) and analyzed by Wheskéot with the indicated antibodies.

2.3.3. NCAM reduces tyrosine phosphorylation on the PDGFB

The complex formation of PDGHRand NCAM, but not of PDGFR and NCAM,
was confirmed in a number of alternative cellulgstems, such as L-cells and NIH 3T3
fibroblasts (data not shown) and therefore thecedfef NCAM on PDGFR signaling was
further investigated. We first examined whether ¢bBular tyrosine phosphorylation pattern
was altered in cells expressing PD@Rn the presence or absence of NCAM. The
experiments were performed under serum starvatiorPOGF-BB) and receptor stimulation
(addition of PDGF-BB) conditions. Phospho-tyrossignals could only be detected in cells
expressing PDGHR Interestingly, the signal was reduced in cellsegpressing PDGHR
and NCAM. Upon PDGF-BB treatment, phosphos-tyrosévels were increased. However,
NCAM reduced phospho-tyrosine levels equally inuserfree or PDGF-BB-treated cells.
Thus, it seems that tyrosine phosphorylation rédndbty N-CAM is not specific for ligand
stimulated receptors (Figure 4AS panel). The total amounts of PDGEFRFigure 4A, 2¢
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panel) and NCAM140 (Figure 4A“3anel) were unchanged, suggesting that the oliberve
effects were not a result of reduced receptor tevel

A serum free PDGF BB
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Figure 4A: Phosphotyrosine levels are reduced upon NCAM 140 expression

Lysates from HEK 293T cells transfected with thdicdated cDNAs and grown in the absence (serum
free) or presence of PDGF-BB were analyzed foretkigression levels of the indicated proteins. P-Tyr,
phospho-tyrosine; 140/ NCAM140 and PDGFRB. Equal loading was confirmed by immunoblotting
for MAPK.

To investigate whether the alleviated phospho-ipedevels correlated with a
decrease in PDGHRactivation, the PDGHRspecific phosphorylation pattern was analyzed
in the presence or absence of NCAM. As shown inif€igB, tyrosine phosphorylation levels
of PDGFRB were slightly lessend in cells that co-express NC#s compared to PDGBR
solely expressing cells. Similar to our previousetation, this could be observed in both,
serum free and PDGF-BB stimulated conditions, coifig that the presence of the ligand
does not alter the effects exhibited by NCAM. Takegether, NCAM associates with
PDGFR3 in a ligand independent manner and negativelyuémftes its tyrosine
phosphorylation.
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Figure 4B: Reduced tyrosine phosphorylation levels of PDGFRgin the presence of NCAM

Lysates were prepared from HEK 293T grown in theeabe (SF) or presence (BB) of PDGF-B,
transfected with a control plasmid (Mock), NCAM1&10), PDGFEB (RA) or PDGFRS and
NCAM140 (140/ B). IPs were performed using a specific antibodyiagaPDGFR3 and analyzed by
immunoblotting with the indicated antibodies.

2.3.4. Loss of NCAM enhances PDGF-BB induced activation dflIAPK

Forced expression of proteins usually yields higioants of the respective protein.
In the case of RTKSs, this often leads to recephmsphorylation by dimerisation in absence
of an appropriate stimulus, which was also obsemrdlde case of PDGHRexpression under
serum starved conditions (Figure 4A and Figure 4B)rthermore, not every receptor
molecule associates with NCAM and vice versa, narye NCAM molecule is engaged in
receptor binding, since both, NCAM or PDGFRvere also found in cleared lysates after
immunoprecipitation (data not shown). Thereforetedting the effect of NCAM on a sub-
population of all PDGFR proteins might be undermined by the NCAM-unbourzattion of
PDGFR3. These drawbacks together with the fact that HBRT2cells are not PDGF-BB
responsive, forced us to choose an alternativeoapprto investigate the effect of N-CAM on
PDGFR3 signaling.

Interfering with NCAM expression using an shRNA aggrh in NIH 3T3 mouse
fibroblast cells allowed for analyzing NCAMs influee on PDGFR signaling in a system
expressing physiological levels of both protein®e ¥énerated stable clones expressing three
different shRNAs specific for mouse NCAM. One otttested shRNAs was effective in
degrading NCAM mRNA, leading to almost quantitatiees of NCAM protein expression
(clone 3-1, Figure 5, upper panel). As controlparelated shRNA was stably introduced into
NIH 3T3 cells (clone 6-3, Figure 5), having no etfeon NCAM expression levels.
Stimulating NIH 3T3 cells with PDGF-BB results ixteacellular signalegulated_kasel
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and 2 (Erkl1/2, referred to MAPK hereafter) activatand can therefore be used to analyze
PDGFR3 signaling. We used clone 6-3 and clone 3-1 to @e@®DGFR signaling upon
stimulation in the presence and absence of NCAM.hekVgrown under serum free
conditions, loss of NCAM resulted in slightly inesed levels of phosphorylated Erk1/2 (P-
MAPK hereafter) (lane 0 in Figure 5, middle panglpon addition of PDGF-BB, P-MAPK
levels were induced in control cells, showing hgfhl&IAPK activation after ten minutes of
ligand addition and dropping to almost serum sttewels after 30 minutes. In contrast, in
NCAM-deficient cells, P-MAPK was induced to maximueavel already after five minutes
and activation was sustained throughout the edtiration of the time course. Furthermore,
over all P-MAPK levels were increased in cells hgviost NCAM expression. These results
indicate that N-CAM negatively affects PDGEthduced MAPK-signaling in the absence
and presence of PDGF-BB.

clone 6-3 clone 3-1
shRNA control shRNA NCAM
0 5 10 1530 S 0 5 10 15 30 S min PDGFBB
L g— g—  g— NCAM
- - P-MAPK
N —— . — e | T
— - P— - - —
M MAPK

Figure5: NCAM reduces PMAPK levelsin NIH 3T3 cells
Immunoblotting analysis of cells expressing conBbRNA (clone 6-3) and shRNA against mouse
NCAM (clone 3-1). 0, 5, 10, 15, 30: minutes of bation with PDGF-BB. S, serum control

To determine whether the induction of MAPK wagadfic consequence of NCAM
down-regulation and did not reflect an unspecifie@ resulting from the shRNA, human
NCAM140 tagged with the V5 epitope was transientdrintroduced into clone 3-1.
Transfection efficacy was rather low since only @t 10% of all cells expressed the V5-tag
and thus human NCAM140 (Figure 6, lower left pan@lhen the cells were stimulated with
PDGF-BB, P-MAPK levels were not significantly redadcupon re-expression of NCAM
(Figure 6, &' right panel). Furthermore, the kinetics of thenstiation was similar to the
original, NCAM deficient clone 3-1. However, sineely a small percentage of all analyzed
cells were successfully transfected, the resultN@AM re-introduction may not be
detectable. Therefore, this experiment is not awmsice.
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clone 3-1 clone 3-1
clone 3-1 +HuNC-V5 control
0 5 101530 0 5 10 1530 0 5 10 15 30
A
- - -~
- NCAM
e e | DM
P-MAPK
— W — — —— — - 4—
- ——— —— R MAPK
- — ————— - -

Figure6: Partial re-introduction of NCAM does not result in P-MAPK reduction

Right panel: Immunoblotting analysis with the irated antibodies of clone 3-1 transiently transfdcte
with human NCAM140 cDNA in comparison to originline 3-1 and control clone 6-3. 0, 5, 10, 15,
30: minutes of incubation with PDGF-BB. Left parmaintrol of transfection efficacy. Up: Cell density
at time point of harvesting cells, determined lgytimicroscopy. Down: Immunofluorescence staining
of clone 3-1 transfected with human NCAM140 cagyanVv5 tag with an antibody recognizing the V5
epitope.
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2.4, Discussion

A direct interaction between NCAM and FGFR-1 andias recently demonstrated
by others and our group (Kiselyov et al., 2003;n€Eeilla et al., in preparation). In the case
of FGFR-1, the interaction is dependent on thalthir domain of the receptor. Among the
huge family of RTKs, several receptors carry vagyimumbers of Ig-domains in their
extracellular parts. Members of the FGFR family fostance are composed of two (Ig
domain Il and 1) or three Ig domains (Ig domajnlland Ill), depending on the particular
splice variant (Klint and Claesson-Welsh, 1999)theéd receptors such as PDGFRnd
PDGFR3 are characterized by five Ig domains (Heldin anelst¥rmark, 1999) or, in the case
of the vascular endothelial growth factor recegddEGFR) family, seven Ig domains. We
show here that all NCAM isoforms are able to asgecwith three members of the FGFR
family (FGFR-2, -3 and -4), as well as PDGF&hd PDGFIR. The interaction of NCAM
and RTKs seems to be dependent on the presencelgfdomain, since RTKs lacking this
structural feature (EGFR and c-MET) cannot asseciath NCAM. In next steps, it will be
important to investigate if VEGFRs are also intéracwith NCAM to support the idea that
NCAM can act as a ligand for Ig domain containingkR. Furthermore, the identification of
the exact domain or structure of Ig domain Ill oBFR-1 necessary for NCAM binding
might allow to identify additional binding proteins NCAM.

In L-cells, stimulation of the FGFR-4 by NCAM or FQeads to increased cell-
matrix adhesion in a MAPK dependent manner. Udingdssay it was recently shown that in
the absence of FGF, N-CAM acts on FGFR-4 in a d#tmg way, inducing MAPK
activation. However, NCAM acts as a negative regulaf FGF-induced MAPK activation
and subsequent cell-matrix adhesion (Francavillaletin preparation, Chapter 3 in this
work). We do not know if NCAM binding to FGFR-2 aBdnfluences the receptor’s activity
in a similar way as observed for FGFR-4. Using ateay that is based on the forced
expression of RTKs is sub-optimal to study sigrialevents, since the un-physiological
receptor-levels lead to auto-phosphorylation andcéeactivation of RTK signaling in the
absence of appropriate stimuli. It will therefore lrucial to identify or generate an
appropriate system to unravel the influence of NC&AWMFGFR-2 and FGFR-3 signaling.

Several experiments indicate that NCAM acts asgatiMe modulator of PDGHR
signaling. Co-expression of NCAM and PD@¥FRads to reduced tyrosine phosphorylation
of the receptor, both, in the absence and presaneBGF-BB. Furthermore, interfering with
NCAM function in NIH 3T3 cells influenced the kinet and levels of PDGF-BB stimulation.
Whereas in the absence of NCAM the ligand elicitdrang, sustained P-MAPK response,
the presence of NCAM allows only a short, transiamd weaker activation of MAPK by
PDGF-BB. This is very similar to what can be obsérin FGF induced FGFR-4 signaling in
L-cells (Francavilla et al., in preparation, Chaps® and suggests that NCAM influences
PDGFR3 similarly to FGFR-4. However, in contrast to FGERignaling, NCAM does not
induce PDGFR signaling in the absence of PDGF-BB.

The specificity of the results obtained with shRNansfected NIH 3T3 cells remains
to be confirmed. To exclude that the observed &ffemn PDGFR signaling are due to
unspecific effects of the transfected shRNA, waeantly try to establish stable expression of
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human NCAM140 in the NCAM-deficient clone 3-1. Timding that NCAM associates with
all FGFR proteins as well as PDG&rRand PDGFR indicates that NCAM might act as a
general RTK signaling modulator in a variety ofl ¢gbes. Furthermore, the results described
here and in Chapter 3 extend NCAMs function frommslating RTKs to also inhibiting
ligand induced RTK signaling. Future work will facon the identification of suitable cellular
systems to dissect the distinct effects of NCAMlomrespective RTK.
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Abstract

Neural cell adhesion molecule (NCAM) mediates cell-adhesion in the central
nervous system. However, NCAM is also expresseawbimneural tissues where its function
has in most parts remained elusive. Using a tranisgaouse model of pancreafg cell
carcinogenesis (RiplTag2), we have previously iteplothat NCAM stimulates cell-matrix
adhesion by activating fibroblast growth factor egior (FGFR) signaling. Here, we
demonstrate that the direct binding of NCAM to FGFRnecessary and sufficient for
triggering FGFR activity, which results in mitogantivated protein kinase (MAPK)-
mediated cell-matrix adhesion. Moreover, our stsidieveal that NCAM and FGFs elicit
distinct FGFR-mediated signaling cascades whiclowticfor the differential cell responses
observed with the two molecules. In addition, NCARYatively regulates FGF-induced cell-
matrix adhesion, cell proliferation and MAPK actiea. Our results indicate an unexpected
role of NCAM in modulating FGFR functions, thusroducing a novel type of control
mechanism for receptor tyrosine kinase activity.
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3. NCAM acts as a molecular switch for FGFR signaling

3.1. Introduction

Neural cell adhesion molecule (NCAM) belongs to tmmemunoglobulin-like
superfamily of adhesion molecules (Ig-CAMs), and isell surface glycoprotein involved in
calcium-independent intercellular adhesion. Theaeedlular portion of NCAM contains five
Ig-like domains (Ig1-5) and two fibronectin type-(F3) repeats. Alternative splicing yields
three main NCAM isoforms, two of which are endowedh a transmembrane and a
cytoplasmic region (NCAM140 and 180), while NCAM129 linked to the membrane
through a glycosylphosphatidyl inositol (GPI) anclieviewed in Walmod et al., 2004).
Posttranslational modifications of the protein dddher complexity to NCAMs expression
pattern and function. In particular, the NCAM eaodhin can be polysialylated in a time and
space-dependent manner, and this process induskiftan NCAM function from pro-
adhesive to pro-migratory (Angata and Fukuda, 2003)

NCAM is widely expressed in the central nervoustays, where it plays an
important role in various processes, both durindpmnic development and in adulthood
(reviewed in Hinsby et al., 2004). Indeed, NCAMimsolved in the migration of neural
progenitor cells, axonal growth and pathfinding,nagytic plasticity and long-term
potentiation. At the cellular level, NCAM exertsette functions by controlling intercellular
recognition and adhesion, neurite outgrowth, cération, proliferation and survival. These
events are triggered by the homophilic interactdb™NCAM molecules on adjacent cells as
well as by the heterophilic binding of NCAM to othég-CAMSs, extracellular matrix
components, and cell surface receptors. NCAM’s gz and heterophilic interactions
affect a complex network of signaling cascadesgchimvolve many crucial pathways, such
as mitogen-activated protein kinases (MAPK), phofipase Cy (PLCy), diacylglycerol and
arachidonic acid, protein kinase C (PKC), and phesigyl inositol 3-kinase (PI3K)
(reviewed in Walmod et al., 2004).

Pioneering studies performed by the group of P.dMghand F. Walsh have
highlighted a functional interplay between NCAM athe@ fibroblast growth factor receptor
(FGFR) in neuronal cells, which underlies NCAM-degent neurite outgrowth (Walsh and
Doherty, 1997). Further support for these resudte from surface plasmon and nuclear
magnetic resonance studies that have demonstratedca binding of NCAM to FGFR and
identified the interaction domains in the secondéf®at of NCAM and the third Ig domain
of FGFR (Kiselyov et al., 2003). We have confirmadd extended the NCAM/FGFR
interplay in non-neuronal and tumor cells, suclpascreatic beta tumor cells and fibroblasts,
implying that it is not restricted to the nervoystem (Cavallaro et al., 2001). Our data have
revealed that the formation of the NCAM/FGFR compleluces FGFR autophosphorylation
and stimulates an FGFR-dependent signaling casitedeleads to the modulation @f-
integrin-mediated cell-matrix adhesion. Interferimgth this process by abrogating the
expression of NCAM in a transgenic mouse modep afell tumorigenesis resulted in the
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disruption of the tumor tissue architecture, turassociated lymphangiogenesis, and lymph
node metastasis (Perl et al., 1999; Cavallaro.e2@01; Crnic et al., 2004). These and other
studies imply that the cross-talk between adhesiofecules and receptor tyrosine kinases
has important implications and that its dysregatattan play a pathogenetic role in diseases
such as cancer and neurological disorders (Cawvadlad Christofori, 2004).

The intracellular signaling pathways elicited bg tRCAM/FGFR complex and their
impact on cellular physiology have been elucidabety to a certain extent, and all the
information available so far derives from studiesneuronal cell types. In particular, it has
been shown that, upon NCAM binding to FGFR, a numifeintracellular effectors are
recruited to the phosphorylated residues of the B&Eytoplasmic tail. Among these, PLC
becomes activated when bound to FGFR and then edeghosphatidylinositol 4,5-
biphosphate to generate inositol 1,4,5-triphospfi&¢ and diacylglycerol (DAG). While P
induces an increase in intracellular?Ceoncentration, DAG can either activate PKC or be
converted into arachidonic acid (Walmod et al., 400 neurons, it has been shown that the
cytoplasmic tail of NCAM180 and 140 binds to andivate the PK@, isoenzyme via
spectrin, a scaffolding protein that contributeshi® organization of membrane microdomains
and to the anchorage of membrane proteins to ttesksleton (Leshchyns'ka et al., 2003).
The formation of this NCAM/spectrin/PK3; complex was reported to be FGFR-dependent.
PKC acts as an important nodal point in the sigigatiascade elicited by the NCAM/FGFR
interplay: it activates the neuritogenic protein A3 (involved in signaling and in
cytoskeletal rearrangements) and it can also stiteuRaf kinase activity. The latter activity
enables PKC to link the NCAM/FGFR complex to thed-Ri&EK-MAPK pathway. Notably,
homophilic NCAM interactions, which underlie NCAMediated cell-cell adhesion, also
elicit MAPK activation via non-receptor tyrosinenkises, such as pg60 or focal adhesion
kinase (FAK). However, the mutual influence betwdba signaling cascades elicited by
NCAM-mediated intercellular adhesion and homophitieraction and those downstream of
the NCAM-induced FGFR activation remains elusiverd] we report novel implications of
the NCAM/FGFR cross-talk, by showing thatthe direct binding of NCAM to FGFR is
necessary and sufficient to stimulate MAPK-dependefi-matrix adhesionj) NCAM and
FGF activate FGFR signaling in a distinct manne, they induce different FGFR-mediated
pathways; andii) NCAM can also act as a negative regulator ofcélkular response to FGF
stimulation. Our results highlight a novel, NCAMgndent mechanism for the modulation
of FGFR activity.
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3.2. Experimental Procedures

3.2.1. Celllines and reagents

NCAM-null and NCAM-positivep3 tumor cells were isolated from the pancreatic
tumors of RiplTag2;NCAM-/- or NCAM+/+ mice and awled as previously described
(Cavallaro et al., 2001). Mouse fibroblastic L sellere maintained in DMEM, 10% fetal calf
serum, L-glutamine and antibiotics. FGF-1 and FGle&e purchased from Peprotech
(London, UK). Heparin, PMA and arachidonic acid &vg@urchased from Sigma (St. Louis,
MQO). The FGFR inhibitor PD173074 (Skaper et al.0@0was kindly provided by Pfizer
(Groton, CT). The PK; inhibitor CGP53353 was kindly provided by D. FabljNovartis,
Basel, Switzerland). The MEK inhibitor PD98059 attm broad-spectrum PKC inhibitor
Calphostin C were from Sigma. The PK@y inhibitor HBDEE and the Src inhibitor PP1
were from Calbiochem. Antibodies: mouse anti-phasilrk1/2, rabbit anti-phospho-FRS2
and rabbit anti-phospho-Src (recognizing the atdébdorm of most Src kinases) were from
Cell Signaling Technology (Danvers, MA); rabbit igiatk1/2 was from Sigma; rabbit anti-
PKCa and anti-PK@y, rabbit anti-FRS2 and mouse anti-Src kinases Wera Santa Cruz
Biotechnologies; rabbit anti-phospho-PBCwas from Abcam (Cambridge, UK); mouse
anti-NCAM was from BD Biosciences (San Jose, CAheTplg3 vectors containing the
cDNA for the ectodomain of humadCAM, either full-length or with the deletion of éh
second F3 moduleAFN2), fused to the Fc fragment of human IgG, wenelll provided by
L. Needham (Duke University). The vectors were usemlansiently transfect HEK 293 cells,
and the recombinant proteins were purified fromdbeditioned medium of transfected cells
using Protein G-Sepharose chromatograptne FGL peptide from the second F3 module of
NCAM and its mutated version carrying two alaninbditutions (FGly,; Kiselyov et al.,
2003) were a generous gift from ENKAM Pharmacelgi¢@openhagen, Denmark).

3.2.2. Stable transfection of L cells

The cDNA for mouse NCAM140 was subcloned into tleDINA3.1 expression
vector (Invitrogen). L cells were transfected witle pcDNA-NCAM plasmid (L-NCAM) or
with the empty vector (L-mock) using LipofectamiB@00, followed by selection with 0.8
mg/ml G418 (Invitrogen) and cloning by limiting dilon.

3.2.3. Cell stimulation, protein extraction and Western Bbt
Cells were cultured in 6-well plates in DMEM witld% FCS, then serum-starved
overnight in serum-free medium. The day of the expent, cells were stimulated with the

following molecules at the indicated concentratid2@ pug/ml NCAM-Fc, 20pg/ml AFN2-
Fc, 20pg/ml FGL or FGlqy, 20 ng/ml FGF-1 plus 1Ag/ml heparin, 20 ng/ml FGF-2. If not
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indicated otherwise, cells were stimulated for liwutes. When needed, cells were pre-
incubated for 1-2 hours with specific inhibitors the following concentrations: 100 nM
PD173074, 2uM PD98059, 1uM CGP53353, 10¢tM HBDEE, 400 nM Calphostin C, 20
UM PP1. Control cells were pre-incubated with vehialone. After the stimulation, cells
were lysed in lysis buffer (20 mM Tris/HCI pH 81060 mM NaCl, 1 mM CaGl 10 pg/ml
aprotinin, 1% Triton X-100, 1 pg/ml leupeptin, 1 nfAASF, 10 mM NaF, and 1 mM sodium
orthovanadate). Following sonication and centrifigato remove cell debris, the protein
concentration of cell lysates was determined usiregBio-Rad DC Protein Assay (BioRad,
Hercules, CA). Proteins were resolved by SDS-PAGHE &ansferred to nitrocellulose
membranes (Protran, Biosciences). Proteins of dstewere visualized using specific
antibodies, followed by peroxidase-conjugated sdapn antibodies and by an enhanced
chemiluminescence kit (Amersham, Little Chalfork)u

3.2.4. Immunoprecipitation

For immunoprecipitation analyses, cell lysates @) mwere pre-cleared with non-
immune IgG (Sigma) plus Protein G-Sepharose (Phaanblppsala, Sweden). Lysates were
then incubated with specific antibodies overnighdeC, followed by the addition of Protein
G-Sepharose and further incubation for 2 h at 44@r four washing steps in lysis buffer,
proteins were eluted with Laemmli buffer and reedlvby SDS-PAGE, followed by
immunoblotting.

3.2.5. Cell adhesion assays

Matrix adhesion assays were performed on collaggre-bv, a substrate that
mediates NCAM-dependent cell adhesion (Cavallaral.et2001). Twenty-four well plates
were coated with 5 pg/cnof mouse collagen IYBD Biosciences). Cells cultured in 6-well
plates were stimulated with appropriate compoumds, 10 cells were seeded in 24-well
plates coated with 4 mg/cm2 of collagen IV. Aftehdurs, non-adherent cells were removed
by washing with PBS. Adherent cells were fixed &) minutes with 2% formalin, then
stained with crystal violet, washed and air-driddund dye was solubilized with 10 % acetic
acid and absorbance measured at 595 nm. Cell-fetle served as blanks. The assays were
performed in quadruplicate and repeated at leasé tiimes.

3.2.6. Cell proliferation
L cells were seeded in triplicate on 24-well plaae$x10 cells/well, serum-starved
overnight and treated for 4 days with 10% fetaf satum or 20 ng/ml FGF-2, which were

added every 24 hours. At each time point, celleweashed with PBS, fixed and stained with
crystal violet as described for the adhesion asbhg.absorbance at 595 nm was measured,
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and the ratio between stimulated and non-stimulateglls was determined for each time
point. The assays were performed in quadruplicaterepeated at least three times.
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3.3. Results

3.3.1. NCAM:-induced cell-matrix adhesion requires the bindng of NCAM to FGFR.

We have previously reported that membrane-bound MCpAromotes neurite
outgrowth and cell-matrix adhesion in pancrefitiumor cells isolated from the RiplTag2
transgenic mouse model Bfcell tumorigenesis (Cavallaro et al., 2001). legtingly, similar
effects were obtained by treating NCAM{- tumor cells with the soluble extracellular
portion of NCAM fused to the Fc fragment of humaI(Figure 1A). The Fc fragment alone
had no effect on cell adhesion (not shown). Tofyathe cell type-specificity of NCAM
functions, we stably transfected L cells, a fibedbic cell line which expresses no NCAM
(Cavallaro et al., 2001), with NCAM140, and subgecthe cells to adhesion assays. As
shown in Figure 1B, NCAM expression stimulateddldéesion of L cells to collagen IV.

Moreover, by analogy tB tumor cells, soluble NCAM-Fc promoted matrix adbas
of mock-transfected L cells (Figure 1C), while vditfle effect was obtained in NCAM-
expressing cells (not shown). These data imply bo#h the anchorage of NCAM to the cell
surface and its cytoplasmic tail are dispensablé\NfoAM-induced cell-matrix adhesion, and
that this functional property of NCAM is not restad tof3 tumor cells.

Both NCAM-/- 3 tumor cells and L cells lack endogenous NCAM. Hgrtbe pro-
adhesive effect of NCAM-Fc is not due to homophNI€EAM-NCAM interactions but rather
implicates a cross-talk of soluble NCAM-Fc with etheffectors. We have previously
reported that NCAM-induced neurite outgrowth andrimaadhesion in@ tumor cells are
mediated by FGFR signaling (Cavallaro et al., 200hese observations were now extended
to L cells, where the FGFR inhibitor PD173074 repesl NCAM-dependent matrix
adhesion, confirming the NCAM/FGFR crosstalk (FegaB). NCAM and FGFR have been
previously found to co-immunoprecipitate from whotdl lysates (Cavallaro et al., 2001), yet
the implications of their direct physical interactihave remained elusive. To address this
issue, we took advantage of the recent mappingeoFGFR-binding motifs in the second F3
repeats of the NCAM'’s extracellular portion (Kisalyet al., 2003), and treated NCAMB-
tumor cells with a version of NCAM-Fc lacking thdemain AFN2-Fc). As shown in Figure
1A, AFN2-Fc failed to induce cell adhesion to collagen lh agreement with our previous
observations (Cavallaro et al., 2001), FGF-1 wds #@binduce cell-matrix adhesion almost
to the same extent as full-length NCAM-Fc. FGFRvation promoted matrix adhesion also
in fibroblastic L cells, as demonstrated by stimiolawith FGF-2 (Figure 1C). The latter was
used in all the experiments with L cells because d¢kll type, unlike tumor cells, is more
responsive to FGF-2 than FGF-1 (CF and UC, unpuitisobservations). As expected, the
FGFR inhibitor PD173074 repressed the adhesion otlls stimulated with FGF-2. The
inhibitory effect of PD173074 was specific for FGBRnaling, since the drug did not affect
the basal adhesion activity of L cells (Figure 1BY. analogy tof3 tumor cells,AFN2-Fc
failed to promote L cell adhesion to collagen IN.addition, NCAM-Fc-induced adhesion of
L cells was repressed by PD173074 (Figure 1C), tom$irming the essential role of FGFR
in NCAM-mediated signaling. Furthermore, matrix aglion of L cells was also stimulated by
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the FGL peptide, which mimics NCAM binding to anctigation of FGFR, while a mutated
version of the peptide unable to bind to FGFR (Kise et al., 2003) showed no effect
(Figure 1C). Together, the results indicate thatdirect association of NCAM to FGFR is
not only necessary but also sufficient for NCAM-degent cell-matrix adhesion.
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Figure 1: NCAM induces cell-matrix adhesion by binding to FGFR

NCAM-/-Stumor cells (A) or L cells (B and C) were stimathfor 10 minutes with NCAM-F&FN2-

Fc, FGL or FGFR,,, FGF-1, or FGF-2. When needed, cells where predated with PD173074 or
DMSO alone for 2 hours prior to the stimulus. Aftee treatment, cells were subjected to adhesion
assays on collagen IV-coated wells. Adherent oskse counted, and the results are presented
percentage of control, untreated cells * standardvidtion. Experiments were performed in

quadruplicate. *p<0.005.
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3.3.2. NCAM:-induced cell-matrix adhesion is mediated by Ek1/2 activation

We and others have shown that various signalingwaats are implicated in neurite
outgrowth stimulated by NCAM (Cavallaro et al., 20@Valmod et al., 2004). However, the
intracellular cascade(s) that underlies NCAM-indl@ell-matrix adhesion has been only
partially unraveled. Since the activation oftracellular signalegulated_lnase 1 and 2
(Erk1/2) is one of the most prominent effects &didiby membrane-bound NCAM (Cavallaro
et al., 2001), we initially focused on this sigtransduction pathway. To elucidate the role of
Erk1/2 in NCAM-dependent adhesion, NCAME/tumor cells were treated with NCAM-Fc
in the presence of the Erk1/2 inhibitor PD9805%iptd the adhesion assay on collagen IV.
As shown in Figure 2A, PD98059 blocked the matidkesion of NCAM-Fc-treated cells,
implicating Erk1/2 as key mediators of NCAM-induceell adhesion. Interestingly, also the
adhesion stimulated by FGF-1 required Erk1l/2 agtiyFigure 2A), which supports the
hypothesis that NCAM and FGF elicit common sigmnajrathways. Very similar results were
obtained in L cells stimulated with NCAM-Fc or F@F-where matrix adhesion was
repressed in the presence of PD98059 (Figure 283e® on these data, we verified whether
soluble NCAM-Fc stimulates Erk1/2 activation. Inregment with our previous result
(Cavallaro et al., 2001), NCAM-expressifigumor cells exhibited constitutive activation of
Erk1/2, which was not enhanced by the treatmerit WEAM-Fc (Figure 2C).
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Figure 2, A and B: NCAM signaling is mediated by Erk1/2

NCAM-/- B tumor cells (A) or L cells (B) were stimulated fidd minutes with NCAM-Fc, FGF-1 or
FGF-2. Prior to stimulation, cells where pre-incubd with PD98059 (grey bars) or DMSO alone
(white bars) for 30 minutes. After treatment, celisre subjected to adhesion assays on collagen V-
coated wells. Adherent cells were counted andmdleeated as percentage of control, untreated cells
standard deviation. Experiments were performeduadyuplicate. *p<0.005.
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C <© <G Figure 2C: Constitutive activation of 8
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In contrast, NCAM-Fc strongly induced Erk1/2 activa in NCAM-/- 3 tumor cells,
an effect that was also recapitulated by the FQitige alone, whilAFN2-Fc was markedly
less effective (Figure 2D). Once again, the roleN&¥AM in Erkl/2 activation was not
restricted to3 tumor cells, since we obtained comparable reswitils fibroblastic L cells.
Indeed, cells treated with either NCAM-Fc or FGlut Imot with AFN2-Fc, showed a high
level of Erk1/2 activation (Figure 2E). This effaeas readily inhibited by PD173074 (Figure
2D), supporting the crucial role of FGFR downstresftNCAM. Besides confirming that the
membrane insertion is not necessary for certaintfoims of NCAM, these data imply that the
direct binding to FGFR is essential for NCAM tawtilate Erk1/2 activation.
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Figure2, D and E:

(D) NCAM-/- B tumor cells were stimulated for 10 or 30 minutéh WCAM-Fc,AFN2-Fc, or FGL.
Cell lysates were then immunoblotted for phosphdtEr (top panel), followed by stripping and
immunoblotting for total Erk1/2 (bottom panel). Tthensitometric ratio between phosphorylated and
total Erk1/2 was measured for each time point, éredinduction of Erk activation relative to untredt
cells (time 0) is indicated as arbitrary units. )(E cells were stimulated for 10 minutes with NCAM-
Fc, AFN2-Fc, FGL, or FGF-2. Cells where pre-incubated f hours with PD173074 prior to the
stimulus as indicated. Cells were then lysed anchumoblotted for phospho-Erk1l/2 (top panel),
followed by stripping and immunoblotting for totatk1/2 (bottom panel). The densitometric ratio
between phosphorylated and total Erk1/2 was medsfoeeach treatment, and the induction of Erk
activation relative to untreated cells is presenssdarbitrary units.
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3. NCAM acts as a molecular switch for FGFR signaling

3.3.3. NCAM and FGF activate distinct, FGFR-mediated signéing pathways

We have previously reported that NCAM induces bogéti-matrix adhesion and
neurite outgrowth i3 tumor cells in an FGFR-dependent manner (Cavakaral., 2001).
However, only cell-matrix adhesion and not neuoitggrowth could be rescued in NCAM-
deficient cells treated with FGF, implying that ihéeraction of NCAM with FGFR induces a
downstream signaling that is distinct, althoughtiplly overlapping, from that of FGF. Based
on the observation that NCAM-induced Erkl1l/2 actoatwas inhibited by the broad-
spectrum PKC inhibitor calphostin-C in bd@iliumor cells and L cells (Figure 3A and B), we
investigated NCAM- and FGF-mediated differencepristein kinase C (PKC) signaling. The
biological significance of NCAM-induced PKC actii@t was underscored by the
observation that the PKC activator phorbol 12-mgtes 13-acetate (PMA) induced both
Erk1/2 activation (not shown) and adhesion of NCAN3-tumor cells to collagen IV (Figure
3C). However, calphostin-C also repressed the Erlabtivation induced by FGF-1 i3
tumor cells and FGF-2 in L cells (Figure 3A and Bicating that both NCAM and FGF
signal via PKC. Nevertheless, given that severaCP&mily members with distinct functions
and partners are normally co-expressed in mosttgp#s (Jaken and Parker, 2000), the
activation of different PKC isoenzymes may accofmt the differential FGFR-mediated
signaling stimulated by NCAM and FGF. To test thigothesis, we first set out to identify
the PKC acting downstream of NCAM. Since HkChas been previously implicated in
NCAM signaling in neurons (Leshchyns'ka et al., 200ve verified whether this applied also
to our cellular systems. Indeed, immunoblottinglgses on L cell lysates with an antibody
against activated PKg; revealed that NCAM-Fc induces the activation ofGPIK Notably,
this effect was inhibited by PD173074 (Figure 4A)dicating that NCAM-Fc-induced
activation of PK@, requires FGFR signaling. Based on the implicatibRKCB,; in NCAM
signaling, we assessed whether the two molecules mhysically associated. Co-
immunoprecipitation analysis on NCAM-positive tumor cells showed that NCAM
associated with PK&;, but not with PK@, which is also expressed by these cells (Figure
4B, left). The formation of a NCAM/PK®@; complex was also confirmed in L cells upon
transfection with NCAM (Figure 4B, right), indicag that it is not a phenomenon restricted
to 3 tumor cells. In contrast to NCAM-Fc, FGF failedgmmote PK@, activation (Figure
4A), supporting the hypothesis of a dichotomy ie tHGFR-mediated signaling pathways
downstream of NCAM and FGF.
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Figure 3:PKC stimulates Erk1/2 and adhesion

(A and B) NCAM-/ tumor cells (A) or L cells (B) were stimulated ftdd minutes with NCAM-Fc,
FGF-1 or FGF-2. When needed, cells were pre-incethavith 400 nM Calphostin C for 30 minutes.
Cells were then lysed and immunoblotted for phodptkd/2, followed by stripping and
immunoblotting for total Erk1/2. (C) NCAM-/E tumor cells were treated with the indicated
concentrations of PMA or arachidonic acid for 1 hofollowed by adhesion assays on collagen IV-
coated wells. Adherent cells were counted, and rdwmilts presented as percentage of control,
untreated cells +standard deviation. Experimenesevperformed in quadruplicate. *p<0.005.
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Figure 4. NCAM-activates PKCA,, in an FGFR-dependent manner

(A) L cells were stimulated for 10 minutes withAWGFc or FGF-2, with or without a pre-treatment
with PD173074 for 2 hours. Cells were then lysed ammunoblotted for phospho-PlsC(top panel),
followed by stripping and immunoblotting for totaKCg (bottom panel). (B) PKC isoforms were
immunoprecipitated from protein extracts of NCAM+G+tumor cells (left panels) or of mock- or
NCAM-transfected L cells (right panels). Immunofpitates were then probed with antibodies
against NCAM or against the specific PKC isoforrasralicated.

To gain further insight into the biological releeanof NCAM-induced PK@G;
activation, we took advantage of CGP53353, a chalntiompound that selectively inhibits
PKCB, function (Kouroedov et al., 2004). CGP53353 wasdut investigate the role of
PKCB, in NCAM-induced cell adhesion. As shown in Figbre and B, CGP53353 repressed
cell-matrix adhesion of both NCAM-f3 tumor cells and L cells stimulated with NCAM-Fc,
supporting the role of PKg&; as an effector of NCAM signaling. In contrast, (33B53
showed no effect on FGF-induced cell-matrix adhegiigure 5A and B), confirming that
PKCB, is not involved in the signaling cascade elicimdFGF. Rather, FGF appeared to
induce the activation of PKC and/ory, since the compound HBDEE, which selectively
inhibits PKQx and y (Kashiwada et al., 1994), blocked the matrix adimef L cells
stimulated with FGF-2, but not with NCAM-Fc (Figus€). A similar picture emerged when
we analyzed the Erk1/2 activation pathways in gAM-/- 3 tumor cells and L cells:
while CGP53353 inhibited the phosphorylation of Hgkin cells treated with NCAM-Fc, but
not with FGF, HBDEE showed the opposite effect @Fég5D). Finally, in agreement with
previous reports on the brain-restricted expressfdPKCy (Musashi et al., 2000), we did not
detect this PKC isoenzyme in our cellular systemst (shown), indicating that in the
experiments described above HBDEE acted as a iseldeKCa inhibitor. Taken together,
these results indicate that NCAM activates PK@ an FGFR-dependent manner whereas
FGF activates PK&, strongly supporting the notion that the two males induce distinct
signaling cascades.
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Figure5: NCAM and FGF activate different PKC isoenzymes.

(A) NCAM-/- B tumor cells were stimulated for 10 minutes withANGFc or FGF-1, in the absence
(white bars) or presence of CGP53353 (grey bargllsOwvere then subjected to adhesion assays on
collagen 1V. Adherent cells were counted and theulte are presented as percentage of control,
untreated cells £ SD. Experiments were performeduadruplicate. *p<0.005. (B and C) L cells were
stimulated for 10 minutes with NCAM-Fc or FGF-2,thre absence (white bars) or presence (grey
bars) of 10t CGP53353 (B) or 10@M HBDEE (C). Cells were then subjected to adhesissays

on collagen IV. Adherent cells were counted andiradécated as percentage of control, untreatedscell
+SD. Experiments were performed in quadruplic&pe0.005. (D) NCAM-/-Gtumor cells (left panel)
were stimulated for 10 minutes with NCAM-Fc or FGFwith or without a pre-treatment with
CGP53353. L cells (middle and right panels) werienstated for 10 minutes with either 2@&/ml
NCAM-Fc or 20 ng/ml FGF-2, with or without a presaitment with 1M CGP53353 (middle panel)
or 100 xM HBDEE (right panel), as indicated. Treated celiere lysed and immunoblotted for
phospho-Erk1/2, followed by stripping and immuntiivg for total Erk1/2.

To gain further insight into the dichotomy in th&R signaling activated by NCAM
and FGF, we focused on additional candidate effectOur previous results indicated that
non-receptor tyrosine kinases of the Src familpeisge with the NCAM/FGFR complex h
tumor cells. Moreover the inhibition of Src kinasesh the compound PP1 resulted in the
neutralization of NCAM function (Cavallaro et aR001), thus implicating Src in the
signaling elicited by the NCAM/FGFR complex. Thigplothesis has been confirmed
biochemically, based on the observation that ingaiiCAM-negative L cells with NCAM-Fc
induced Src activation, as revealed by the usenairdibody that specifically recognizes the
active form of the kinase (Figure 6A). The antilezdihat were used in these experiments
cross-reacted with various members of the Src famicluding a clear distinction between
the specific Src family kinase(s) activated by NCANICAM-Fc-induced activation of Src
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kinases was mediated by FGFR, since it was abdlibld®D174074 (Figure 6A). Moreover,
as shown in Figure 6B, PP1 inhibited the activatib&rk1/2 in cells treated with NCAM-Fc,
implicating Src kinases as signaling effectors leé NCAM/FGFR complex upstream of
Erk1/2. Notably, when cells were treated with FGR@ Src activation was detected (Figure
6A). In agreement with this, the Src inhibitor PBiowed no effect on FGF-induced
activation of Erk1/2 (Figure 6B). Therefore, NCAMduced Src activation in an FGFR-
dependent, whereas FGF was unable to regulate @ritya We have also focused on
another classical target of FGFR signaling, nankéh-receptor_abstrate-2 (FRS2) that is
known to undergo tyrosine phosphorylation uponvation of FGFR (Eswarakumar et al.,
2005). Unlike PK@,; and Src, both NCAM-Fc and FGF-2 were able to ied&RS2
phosphorylation in L cells, as demonstrated by imaflotting the lysates of stimulated cells
with an antibody against phospho-FRS2 (Figure @ally, PD173074 abolished FRS2
phosphorylation in cells stimulated either with NK@A-c or with FGF-2, confirming the
involvement of FGFR in the signaling elicited bytibproteins.

Taken together, these results support the notiah ibth NCAM and FGF induce
FGFR activation, yet the receptor responses anddhastream signaling pathways evoked
by the two stimuli are remarkably different.

A
FGF_2 . o - - + o+
NCAM-Fc - - + =+ - -
PD173074 - .+ - . -
P-Src| — - — -|
S1c [ W W —— D]
B Figure 6: NCAM and FGF activate distinct,
FGFR-mediated signaling pathways
FGF-2 oo o : ; ;
NCAM-Ec - - - - + = L cells were stimulated for 10 minutes with
PP1 ot e NCAM-Fc or FGF-2, with or without a pre-
P':r:://jl '__:‘;‘— | treatment with PD173074 for 2 hours (A and C)
11 — . .
or with PP1 for 30 minutes (B). Cells were then
C lysed and immunoblotted for phospho-Src (A, top
panel), phospho-Erk1/2 (B, top panel) or
FGF-2 T
NCAM-FG - -+ . ; phospho-FRS2 (C, top panel), followed by
pPD173074 - + -+ - ¢ stripping and immunoblotting for total Src,
g L T .
PERSY) -,""" Erk1/2 or FRS2, respectively (bottom panels).
FRS2 ﬁ 3 £33 L3 a

54



3. NCAM acts as a molecular switch for FGFR signaling

3.3.4. NCAM regulates the cellular response to FGF

Since both NCAM and FGF stimulate FGFR signaling, mext assessed whether
NCAM modulates the cellular response to FGF. AltfioilNCAM per sestimulated cell-
matrix adhesion (Cavallaro et al., 2001; Figuremd 7A), it strongly inhibited the adhesion
induced by FGF. Moreover, serum-induced adhesiosn also repressed upon expression of
NCAM (Figure 7A). Finally, NCAM-Fc also slightly pgesses the adhesion of NCAM-
transfected cells (Figure 7A), suggesting that NCAdMophilic interactions do not account
for NCAM-dependent cell-matrix adhesion.

We have previously reported that FGF induces MARivation in NCAM-/- 3
tumor cells, whereas wild-type cells, which exteldita constitutive activation of the MAPK
pathway, did not further respond to FGF treatmé#v@llaro et al., 2001), suggesting that
NCAM may interfere with FGF function. However, tieogesults were obtained on cell lines
derived from tumors of different animals, raisihg fpossibility that the different responses to
FGF were due to intrinsic differences between #ie¢ell lines, rather than to the expression
of NCAM. Hence, we performed these experiments ooknvs. NCAM-transfected L cells.
Serum-starved L-mock cells showed a very low |@¥fddasal activation of Erk1/2, which was
strongly enhanced by FGF-2. In contrast, the foreggression of NCAM resulted in
constitutive MAPK activation that was only slightiycreased by FGF-2 (Figure 7B, upper
panel). This differential response to FGF-2 by Leknand L-NCAM cells recapitulated that
of NCAM-/- vs. wild-type tumor cells (Cavallaro et al., 2001). Furthermanejme-course
experiments L-mock cells exhibited a strong andasned response to FGF-2 for at least 4
hours, while the small peak of Erk1/2 activationLiNCAM cells declined rapidly to the
basal level (Figure 7B, bottom panel). Since MARitiation often represents a proliferative
signal, we verified whether NCAM affected the pielation of L cells. Indeed, while L cells
showed a strong proliferative response to recommbif@GF-2, this effect was markedly
inhibited by the expression of NCAM (Figure 7C).shnilar inhibitory effect was observed
when cells were stimulated with fetal bovine seruhlus, NCAM exerts a negative
regulation on FGF-induced cell adhesion, MAPK aatimn and cell proliferation, supporting
a novel role for NCAM in the modulation of FGFR pesse to its classical ligand FGF.
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Figure 7. NCAM regulates the cdlular
responseto FGF

(A) Mock (open bars) or NCAM-transfected
L cells (solid bars) were stimulated for 10
minutes with either 10% fetal calf serum, 20
ng/ml FGF-2, or 20 pg/ml NCAM-Fc,
followed by adhesion assays on collagen IV-
coated wells. Adherent cells were counted
and the results are presented as percentage
of control, untreated L-mock cells +standard
deviation. Experiments were performed in
triplicate. *p<0.005. (B) Upper panel: mock-
or NCAM-transfected L cells were stimulated
for 10 minutes with FGF-2, followed by cell
lysis and immunoblotting for phospho-Erk1/2
and then for total Erkl/2. Bottom panel:
mock- (solid squares) or NCAM-transfected
L cells (solid triangles) were treated with 20
ng/ml FGF-2 for the indicated time lengths.
After the treatment cells were lysed and
subjected to SDS-PAGE and immunoblotting
for phospho-Erk1/2, followed by stripping
and immunoblotting for total Erk1/2. The
densitometric ratio between phosphorylated
and total Erk1/2 was measured for each time
point. The values relative to the basal
activation of Erk1/2 (time 0) in a
representative experiment are shown. The
experiment was repeated three times with
similar results. (C) Mock- (open symbols) or
NCAM-transfected L cells (solid symbols)
were treated daily with 10% fetal calf serum
(triangles) or 20 ng/ml FGF-2 (circles) for 4
days. Cells were counted every 24 hours and
the ratio with non-stimulated L-mock cells
was determined for each time point.
Experiment were performed in quadruplicate
+SD. *p<0.005 (L-NCAM vs. L-mock).
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3.4, Discussion

While NCAM has long been known to control varioumdtions in the nervous
systems, which include progenitor cell migratiorpm guidance, mossy fiber fasciculation
and spatial learning (Hinsby et al., 2004), itenol non-neuronal tissue has remained elusive.
We have previously shown that the loss of NCAM amgreati3 cell tumors results in tissue
disaggregation and lymph node metastasis (Cavatiaed., 2001). The latter event is likely
due to the tumor-associated lymphangiogenesis dangeNCAM deficiency (Crnic et al.,
2004). Tissue disaggregation and tumor cell detachmeflect a deficit inf;-integrin-
mediated cell-matrix adhesion. Indeed, we haveipusly reported that NCAM stimulates
the activation of3;-integrin and, hence, matrix adhesion by triggeringignaling cascade
mediated by FGFR. These observations led us toiddetification of a novel signaling
complex in which NCAM associates with FGFR and vitgadherin (Cavallaro et al., 2001).
Strong support for this model came from proteintg@irointeraction studies that revealed the
direct binding of NCAM to FGFR, with the interaatiodomains mapping in the two
membrane-proximal F3 repeats of NCAM and in theosdcand third Ig loops of FGFR
(Kiselyov et al., 2003). Thus, given that NCAM hagphdic interactions are mediated by the
membrane-distal 1g1-2-3 domains (Soroka et al.3208ne should be able to investigate the
NCAM/FGFR cross-talk independently from the celll@hesive properties of NCAM. In
this study, we show that the binding of NCAM to FGENnd an intact FGFR signaling are
essential for the stimulation of specific eventersas Erk1l/2 activation and cell-matrix
adhesion. An interplay between adhesion molecihet)jding NCAM, and FGFR has long
been proposed in the nervous system (Walsh and ripoh997). We provide further
experimental support for this model by showing tH&AM acts as a direct inducer of FGFR
function in non-neuronal cells. Based on our raswiith soluble NCAM-Fc, the membrane
localization of NCAM is dispensable for its intetiao with FGFR. NCAM shedding has
been described in cultured cells (Deak et al., 2008stel et al., in press), and soluble forms
of NCAM have been detected in human cerebrospioad ind serum, with high levels in
severe neurological disorders and in cancer pati@ower et al., 1988; Ledermann et al.,
1994; Lynch et al., 1997; Torado et al., 2004) rdbwer, the production of soluble NCAM in
mice lacking membrane-associated NCAM results ibrgonic lethality (Rabinowitz et al.,
1996), thus highlighting the biological relevandedN&CAM’s heterophilic interactions. In this
context, our data point to FGFR as a major effeat@oluble NCAM, raising the intriguing
hypothesis that NCAM acts asbane fideligand for FGFRin vivo. Such a novel ligand-
receptor interaction needs further investigationparticular to verify whether it plays a
pathogenetic role in diseases characterized byseikaerelease of soluble NCAM, potentially
resulting in aberrant activation of FGFR and/or thdibition of FGF-induced FGFR
signaling.

An interesting implication of our data is that, haigh both NCAM and FGF
stimulate FGFR activity, only a subset of FGFR-defsmt events is elicited by both
molecules. Indeed, while NCAM induces neurite oogh in 3 tumor cells by binding to
and activating FGFR, FGF is unable to rescue thicgss in NCAM-deficient cells
(Cavallaro et al., 2001). In contrast, both NCAMI&GF stimulate FGFR-mediated matrix
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adhesion and Erk1/2 activation in NCAM-/- tunfbcells and in L cells. Finally, FGF exerts
a proliferative effect that is not recapitulated BYCAM, either membrane-associated
(Cavallaro et al., 2001) or as a soluble molecale (inpublished data). To gain insights into
the molecular mechanisms that account for thisadarhy between NCAM and FGF-induced
FGFR signaling, we have dissected the biochem@stades elicited by the two molecules.
Both NCAM and FGF induce the activation of two elaal FGFR substrates, namely BLC
and FRS2. However, the signaling pathways elichtgdNCAM and FGF were clearly
divergent at the level of PKC, in that NCAM indudedCp3,, whereas FGF stimulated PKC
The activation of PK@, was not due to NCAM homophilic interactions, siitogas induced
by stimulating NCAM-negative cells (eith@rtumor cells or fibroblastic cells) with soluble
NCAM-Fc. Moreover, the inhibition of FGFR signalingpressed NCAM-induced PK
activation, clearly indicating that it is mediateg FGFR, as previously shown in neurons
(Leshchyns'ka et al., 2003). The induction of PK&urs also upon NCAM homophilic
binding, i.e. during NCAM-mediated cell-cell adi@msiand neurite outgrowth. However, in
that case NCAM activates multiple PKC isoenzymesluiding PK@ (Kolkova et al., 2005).
Hence, NCAM-NCAM and NCAM-FGFR interactions elidifferent signaling pathways, as
it was recently proposed by Kiryushko and co-waoskgdiryushko et al., 2006). In that study,
however, NCAM-induced activation of Src kinases egpd to be independent of FGFR,
while we have clearly shown that FGFR signalingeiguired downstream of NCAM in order
to stimulate Src activation. Such a discrepancyhinige due to the cell type-specificity of
NCAM functions, given that Kiryushko and co-workeamalysed NCAM signaling in
neurons, while our studies were performed in namowal cells. Our data on the divergent
FGFR signaling pathways downstream of NCAM and F&E also supported by the
observation that the adaptor protein ShcA is phogpéited in an FGFR-dependent manner
upon NCAM-induced neurite outgrowth, but not foliogg FGF stimulation (Hinsby et al.,
2004).

Hence, NCAM and FGF induce FGFR signaling in aedéht manner, and future
work should address the molecular basis of thierdence. For example, it would be
insightful to elucidate whether NCAM, especially avhassociated to the membrane, induces
the clustering of FGFR, a property that would net $hared with FGF. Indeed, lateral
clustering of NCAM has been described and invothesfirst three Ig domains (Soroka et al.,
2003). Thus, the integration of NCABs-oligomerization with FGFR binding would appear
as a novel mechanism of FGFR activation. AlterredyivNCAM, unlike FGF, might recruit
FGFR to specific cell surface compartments, immgyihat the divergence between NCAM
and FGF signaling is dictated by spatial paramdtesare also fulfilled by soluble NCAM-
Fc.

Our studies demonstrate that NCAM not only direstiynulates FGFR activity, but
also exerts a regulatory function on the cellueaponse to FGF. Indeed, we have provided
experimental evidence that various FGF-inducedctsffancluding matrix adhesion, MAPK
activation and cell proliferation, are repressedruponcomitant expression of NCAM. An
inhibitory effect of NCAM on FGF-stimulated cell gdiferation has been described in
astrocytes and in neural progenitor cells. In thst fcase, it was attributed to NCAM’s
homophilic interactions (Krushel et al., 1998), wdas heterophilic partners were implicated
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in the anti-proliferative function of NCAM in nedrgrogenitors (Amoureux et al., 2000).
Based on the data presented here, we propose @raviexerts a tight control on the cellular
response to FGF, which not only extends beyonaéméral nervous system (we observed it
in pancreaticp cells and in fibroblasts), but is also not restiitctto the control of cell
proliferation, in that it also modulates cell-matedhesion (see Figure 7A). FGFs induce a
wide variety of cellular processes that depend ocomplex network of signaling and
transcriptional events that is cell type-specifitotably, the control mechanisms that have
been invoked so far to explain the differentialp@sses to FGFs are mostly intracellular
(Dailey et al., 2005). Our data implicate membrasseciated NCAM as a novel and
important regulator of FGF signaling, adding aHertlevel of modulation of FGFR activity.

The aberrant expression and/or function of NCAMeh&meen described in several
pathological conditions, ranging form neurologi¢al neoplastic diseases (Vawter, 2000;
Mikkonen et al., 2001; Cavallaro and Christofo002). In addition, NCAM-/- mice exhibit
significant developmental and behavioral defectef(@r et al., 1994; Cremer et al., 1997;
Stork et al., 1997; Stork et al., 1999). The pa#imagic role of NCAM in these disorders has
been attributed to the dysregulation of its adhegikoperties. However, based on the data
presented here, aberrant FGFR function needs tomsdered as an additional consequence
of NCAM alterations, and investigated as a possighogenetic factor. For example,
excessive FGFR signaling in tumors induces canempooliferation, survival and invasion,
together with angiogenesis and metastasis (GrodeDackson, 2005). Together with the
notion that NCAM expression is reduced during tliegpession of certain tumor types
(Cavallaro and Christofori, 2004) and that its lostuces metastasis (Perl et al., 1999), this
implies that NCAM might act as a tumor suppressgr negatively regulating FGFR
signaling. Indeed, NCAM-dependent inhibition of H&Rctivity has been observed not only
in B tumor cells (Cavallaro et al., 2001), but also iheo cancer cell types (S. Zecchini, A.
Godwin, M. Bianchi, P, Nuciforo, and U. Cavallansanuscript in preparation).

In summary, we have shown that NCAM can act asciivading ligand for FGFR
and as a modulator of the cellular response to §@kulation. Future studies should address
the molecular basis of these additional functiofisN&CAM, thus unraveling a novel
mechanism for the regulation of FGFR activity andpéfully leading to innovative
therapeutic approaches for those diseases causbagtunction of NCAM and/or FGFR.
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Abstract

Neural cell adhesion molecule (NCAM) has been nyastudied in the central
nervous system where it mediates processes, suchuage outgrowth and axon guidance.
However, NCAMs function in non-neuronal tissues femained elusive. Using the RiplTag
2 model of multistage tumorigenesis, we have preshoreported that loss of NCAM induces
tissue disaggregation, lymphangiogenesis and nasiastThese processes might result from
the loss of FGFR signaling—dependent activatiorgiihitegrin in NCAM-deficient cells.
Here we show that interference wiglii-integrin function in the Rip1Tag2 model leads do
tumor cell cluster dissemination into lymphatics bot to increased lymphangiongenesis.
Moreover,f3;-integrin-deficient cells are not able to metagmsand tumors with reduc@g-
integrin expression are smaller, probably due t® itiduction of senescence. Our results
indicate a so far unknown role Bf-integrin in senescence.
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4, B:-integrin deletion induces tumor cell disseminatiorand reduction of tumor
burden in the Rip1Tag2 model

4.1, Introduction

The Neural Cell Adhesion Molecule NCAM is a memioérthe family of C&'-
independent cell adhesion molecules, mediating o cell-cell as well as heterotypic
cell-matrix adhesion (Cunningham, 1995; Rutishau$883). NCAM is expressed during
development and its involvement in developmentatesses has been studied in great detall
(Walsh and Doherty, 1997). In the adult, NCAM exgsien is mainly found in neuronal
tissues but also in skeletal muscle cells (Dickstal., 1987) as well as some neuroendocrine
tissues such as pancreas (Rouiller et al., 1990gleg et al., 1989; Cirulli et al., 1994). In
many human cancers, NCAM expression changes frenmattult, 120kD GPIl-anchored
isoform to the embryonic, 140kD and 180kD transmemeé isoforms (Johnson, 1991; Kaiser
et al., 1996; Lipinski et al., 1987; Moolenaar et 8992; Roth et al., 1988). Furthermore,
reduced overall expression of NCAM has been cdedlawith poor prognosis in
astrocytomas, colon and pancreatic cancer (Fogal,et997; Huerta et al., 2001; Sasaki et
al., 1998). Besides its function as a cell-cellesibn molecule, recent research has focused
on NCAMs role in signal transduction (reviewed iraMiod et al., 2004).

We have previously employed a transgenic mouse mafdB cell carcinogenesis
(Rip1lTag2; Hanahan, 1985) to study NCAM functiominlg tumor progression. In RiplTag2
mice (RT2 mice), the Simian Virus large T oncogenexpressed under the control of the Rat
insulin promoter, resulting in the reproducible elepment off3 cell tumors following a
multistage tumorigenesis pathway. These mice usuwhdl not form metastases. However,
when crossed to NCAM knock-out mice (NCAM-/- mic&rmation of metastasis could be
observed in 50% of the resulting RT2;NCAM-/- mic®efl et al., 1999). Further
investigations revealed that in NCAM-deficient tusiadumor-associated lymphangiogenesis
is induced viade noveexpression of the lymphangiogenic factors VEGF#d & EGF-D.
Repression of VEGF-C and VEGF-D function by aderadvéxpression of a soluble form of
their cognate receptor (VEGFR-3) resulted in redunetastasis formation in RT2;NCAM-/-
mice, suggesting that loss of NCAM promotes mesastay induction of lymphangiogenesis
(Crnic et al., 2004).

Another feature of NCAM-/- tumors is the occurrenck alterations in tissue
architecture, namely tumor tissue disaggregatiahthe appearance of hemorrhagic cavities.
Clusters of tumor cells are found floating in thémeunae. Cell lines derived from NCAM
expressing RT2 tumorg§T2 cells) and NCAM-deficient RT2;NCAM-/- tumor3TN2 cells)
revealed that NCAM deficiency leads to impaired-o@trix adhesion but does not alter cell-
cell adhesive propertiet vitro. Extensive biochemical analysis identified a pti&tn
mechanism by which NCAM could affect cell-matrix hadion. In T2 cells, NCAM
associates and activates FGFR-4, leading to thamddg of a classical signaling complex.
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The activation results, via as yet unidentifiedhpaty(s), in the stimulation di;-integrin
dependent adhesion to ECM proteins such as collagé@davallaro et al., 2001).

Bi-integrin belongs to the family of integrin tranami@ane receptors consisting of
8 B and 18a subunits that assemble as heterodimers to forai2hct integrins. The main
ligands for integrins are extracellular matrix ios and cellular counter-receptors. In their
role as the major adhesion receptors, integringasigcross the plasma membrane in both
directions: high affinity ligand binding requirestégrins to become activated by undergoing
conformational changes regulated by inside-outa&gnin turn, integrin ligation triggers
outside-in signals that regulate different aspetisell behavior such as cell survival, control
of transcription, cell proliferation, cell motilitynd cytoskeletal organization (Hynes, 2002).
Due to their broad spectrum of features, integaind integrin signaling have been shown to
contribute to tumor progression in various waysd@umnd Giancotti, 2004). Recent reports
have shown thdt;-integrin expression is critical for the initiatiaf mammary tumorigenesis
in vivo, and for maintaining the proliferative capacitylate stage tumor cells .

Our aim was to investigate the role pf-integrin in inducing the phenotypes
observed in RT2;NCAM-/- mice, namely tissue disagation and increased
lymphangiogenesis. To address this question, weloyeq the RT2 tumor mouse model
carrying a conditionalf3 cell specific knock-out of th@;-integrin locus. We show that a
partial deletion ofi;-integrin in cell tumorigenesis leads to tumor cluster dissation into
lymphatics but does not induce lymphangiogenesid metastasis. Mice having lo§t-
integrin expression if cells display reduced tumor burden, most likelptigh the induction
of senescence. Furthermore, tumor cells lacRirigtegrin are not able to form tumors and
metastases in transplantation experiments.
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4.2, Materials and Methods

4.2.1. Histopathological analysis

The following antibodies were wused for immunohisEmistry or
immunofluorescence on paraffin sections: guinea pigti-insulin (DakoCytomation,
Glostrup, Denmark), rabbit anti-mouse LYVE-1 (Re&izh, Braunschweig, Germany),
biotinylated mouse anti-BrdU (Zymed, South San Eisto, CA) for detection of
proliferating cells, In Situ Cell Death Detectionit { TUNEL, Roche, Basel, Switzerland) for
visualization of apoptotic cells. All biotinylated secondary antibodies for
immunohistochemistry (Vector, Burlingame, CA) weised at a 1:200 dilution, and positive
staining was visualized with the ABC horseradishopielase kit (Vector) and DAB
Peroxidase Substrate (Sigma Chemical Co., St. L&d3) according to the manufacturer’s
recommendations. For analysis of tissue morpholskiges were slightly counterstained with
hematoxylin or eosin. Alexa Fluor 568- and 488-lalesecondary antibodies (Molecular
Probes, Eugene, OR) diluted 1:400 were used for unufluorescence analysis.
6-Diamidino-2-phenylindole (DAPI) was used for resl staining in immunofluorescence
stainings. All paraffin-embedded sections were ettiio antigen retrieval with 10 mM citrate
buffer (microwave) except for insulin and glucagd® min in 0.2% Triton X-100 in PBS),
BrdU (1 h in 2N HCI and subsequently 1 h 1x trypatnroom temperature), and TUNEL
(10 min 2 pg/ml Proteinase K (Fluka) at room terapgne). Stained sections were viewed on
a Axioskop 2 plus light microsope (Zeiss, FeldbaBwitzerland) using the axiovision
3.1. software (Zeiss, Feldbach, Switzerland) orikoM Diaphot 300 immunofluorescence
microscope (Nikon, Egg, Switzerland) using the Oalen3.1.7. software (Improvision,
Coventry, England).

For BrdU labeling, 100 pg BrdU (Sigma Chemical C$t, Louis, MO) per gram
body weight were injected 90 min before sacrificitng mice. To determine tumor cell
proliferation/apoptotic indices, BrdU-/TUNEL-pos# nuclei were counted per randomly
chosen 40x magnification field of tumor tissue pexgively. Approximately 10 fields/mouse
were counted.

Lymphangiogenesis was quantified by assessing #tent by which LYVE-1-
positive lymphatic vessels surrounded the tumolinpeer. Tumors from all mice of a
genotype were grouped into five classes: tumorsvtieae not in contact with any lymphatic
vessel (0%), tumors that were surrounded less 108 (< 10%), less that 25% (< 25%), less
than 50% (< 50%), and tumors that were surroundexk rthan 50% of the tumor perimeter
by lymphatics (> 50%).

Tumor grading: Tumors were categorized into follogvi sub-classes:
normal/hyperplastic islet (including normal as wedl enlarged islets), adenoma (larger than
1 mm in diameter, well differentiated tumor ceks)capsulated tumor, no invasive tumor
edges), carcinoma grade 1 (well differentiated, mvasive tumor edge), carcinoma grade
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2 (partially dedifferentiated, tumor capsule laygabsent, more than one invasive tumor
edge), carcinoma grade 3 or anaplastic tumor (cet@pbdss of tumor cell differentiation).

The islet area was measured on pictures of ingulthglucagon stained slides using
the ImageJ software of the National Institutes afakh (http://rsb.info.nih.gov/ij/). All
statistical analyses were performed using the Gragisoftware.

4.2.2. Mouse tissue processing

Animal care was in accordance with Swiss Animalt€etion Ordinance issued by
the Swiss Federal Veterinary Office. All mice wesarificed between 12 and 13 weeks of
age. Tumor incidence per mouse was determined bgticg all macroscopically apparent
tumors with a minimal diameter of 1 mm. Tumor vokimas defined as total tumor volume
per mouse in mf calculated by measuring the tumor diameters aisgum spherical or
elliptical shape of the tumors. Tumors and panereakere fixed overnight in 4%
paraformaldehyde in PBS, dehydrated in a Microrm Sjgsue Processor STP-120 (Microm,
Volketswil, Switzerland) and paraffin-embedded. & pparaffin-embedded tissue sections
were deparaffinized and re-hydrated prior to usag®rding to standard procedures.

4.2.3. Tissue culture

All cell lines were grown in DMEM supplemented wifl9% fetal bovine serum,
2 mmol/L glutamine and 100 units/mL penicillin. Tamcell lines were established from
insulinomas of twelve week-old RTR"™ and RCre;RTB,"™ mice as described in
(Cavallaro et al., 2001). In brief, tumors were isgd from pancreata and single-cell
suspended in cold PBS. The suspension was mixedithIDMEM supplemented with 10%
fetal bovine serum, 10 % horse serum, 2 mmol/Lagiubhe and 100 units/mL penicillin.
After 1 minute of sedimentation at room temperattine supernatant was transferred to a
new tube, re-mixed 1:1 with medium and let sedins@rdther 10 min at room temperature.
The pellet containing the tumor cells was resuspdrathd cells were plated on 24-well plates
for further expansion. For transplantation of tuncetls, 18 cells in PBS were injected
subcutaneously into the two flanks of C57 micejmravenously into athymic nude mice
anesthetized with isoflurane (Minrad Inc., Buffaiby).

4.2.4. Cell adhesion
Matrix adhesion assays were performed on collayenal substrate that mediates

NCAM-dependent cell adhesion (Cavallaro et al.,120@6-well plates were coated with
5 pg/cni of mouse collagen IV (BD Biosciences). 6XIlls were seeded per well, after
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90 minutes, non adherent cells were removed by iwgshith PBS. Adherent cells were
fixed for 20 minutes with 25% glutaraldehyde (Sigmstained with crystal violet, washed
and air-dried. Bound dye was solubilized with 1(aé&tic acid and absorbance measured at
595 nm. Cell-free wells served as blanks. The assaye performed in triplicates.

4.2.5. Cell proliferation

10 cells were seeded onto 24 well plates at t = @shdbout every 24 hours, 100 pl
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetzalium bromide, 5mg/ml in PBS) was
added to the investigated well. After incubati@r 0 minutes at 37 °C, medium was
removed and 500 pl solubilization buffer (95% isaganol, 5% formic acid) was added and
incubated for 5 minutes at RT. Absorption of thiison was determined at 570 nm.

For growth in 3D culture, 5xf@ells were mixed in matrigel and seeded on a lafer
solidified matrigel. After solidification of the er, cell containing matrigel layer, normal
growth medium was added to the culture.

4.2.6. FACS analysis of tumors

Tumors were dissected out of pancreata, put id@oatd PBS and minced into small
pieces. After washing with PBS, tumor pieces wareulbated with a collagenase mix
(DMEM, 5% NU-serum (Becton Dickinson), 0.16 mg/miN&se |, 1 mg/mL collagenase D,
H and collagenase/dispase (Roche), 0.5 mg/mL Gailase | (Sigma)) to obtain single cell
suspensions for 30 minutes at 37 °C, followed lgafion and washing with FACS-PBS (1x
PBS, 2% FCS). Tumor cell suspensions were incubatlitdanti- ;-integrin-FITC (Serotec)
and anti-CD31-PE (Pharmingen) antibodies and aedlywith a FacsScan (Becton
Dickinson) using the CellQuest software.
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4.3. Results

4.3.1. PB.-integrin is required for islet cell sorting

A complete knock out of th@;-integrin gene results in embryonic lethality. We
therefore employed mice carrying conditiofiatintegrin alleles,8,"" mice, (Fassler and
Meyer, 1995), and crossed them to mice expresbm@te recombinase under the control of
the cell specific_Rt insulin_ pomoter, RipCre, (Ahlgren et al., 1998). This mgtgave rise
to RipCref,"" mice that lack3;-integrin specifically in thé cells of the pancreatic islets of
Langerhans, enabling investigatiohits function specifically in this tissue. The effex f3;-
integrin deletion was first looked at with respéct normal islet development. Islets of
RipCrep," mice were compared to either wild type C5PBJf' control mice. In mice, most
islets adopt their final shape, namely insulin esging3 cells located in the center, and non-
B cells (glucagon expressing cells, somatostatin producing cells and pancreatic
polypeptide (PP) cells) in the islet peripherynfrthe age of four to five weeks.

Histopathological analysis by H&E staining of islefrom 8-10 weeks old
RipCref,"" mice showed no apparent changes in islet numbee, and architecture
(Figure 1, upper panel and data not shown). A clexamination by staining pancreata for
insulin and glucagon, however, revealed differengesthe organization of islet cells
(Figure 1, lower panel). In control animals, mostets (82.4%) displayed a normal
phenotype, namelg cells located within the three most peripheral tgfers (Figure 1,
lower left panel). Only in a small percentage otcol isletsa cells were also found within
the center of islets (Tablel, 17,6%), hereafteerretl to as mixed phenotype. In contrast,
most islets of RipCrg;" mice were of the mixed phenotype (81% mixed v&6 X¥rmal
phenotype, Figure 1, lower right panel and Tabl&\then calculating the average number of
a cells per islet area, we found that in Rip@&' islets, total number ofx cells/1000 urh
is increased (1.30@ cells/1000 urhvs 2.205a cells/1000 ph, Table 1, P<0.005). Thus,
deletion off1-integrin leads to disturbances in cell type sgatien during islet development.

Figure 1: Sorting phenotypein RipCre;8,"" islets

Immunohistochemical analysis of wild type (upper
left) and p;-integrin deleted PFA-fixed sections of
pancreatic islets by H&E staining show no

alterations in islet architecture.
Immunofluorescence co-stainings for insulin
(green), glucagon (red) and nuclei (DAPI, blue)
reveal thata cells are not properly located to the
islet periphery ing;-integrin deficient islets.

TableI: Quantification of sorting phenotype
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C57B,(fl/) RCre;By(fl/fl)
N 28 28
% normal 82,4% 19,0%
% mixed 17,6% 81%
a-cells per 1000prh 1,307 P<0.005* 2,205
+/-0,646 +-1.122

*. unpaired t-test

4.3.2. Deletion of p1-integrin reduces tumor mass

To investigate the role d¥;-integrin in vivo during Rip1Tag2 tumorigenesis, we
crossed Rip1Tag2 (RT2) mice into fB¢" background, resulting in RTR" control mice.
To excise of the3," allele specifically in thg cells of the islets of Langerhans, RF2"
mice were further crossed to RipCre-mice. Efficimdombination of th@;-integrin gene in
the resulting RCre;RTR;"" experimental and RTR;"" control mice was monitored by
determiningp,-integrin protein levels in tumors of 12 weeks ohice. Tumor cells were
subjected to FACS analysis by performing a CD3Hdd¢é&melial cell marker) anfl;-integrin
co-staining, allowing exclusion of endothelial sefiftom the analysis. More than 95% of the
cells derived from RTB:"" tumors show;-integrin expression (Region R2 in Figure 2 and
Table 2), whereas in RCre;RB2'" tumors a secondpl-integrin negative population
appears (R1). This population represents around dD&l analyzed cells (Table 2). From
these experiments, we conclude that@tf# allele is efficiently recombined in about 40% of

all tumor cells.
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Figure 2: Histogram of g;-integrin surface levels

FACS analysis of RTA" (left panel) and RCre;RTB" (right panel) tumor cell suspensions
stained forf;-integrin. Dashed and red lines represent controigtained) cells and;-integrin stained
cells respectively.

Table I1: Quantification of gy-integrin surface levels in RT2;8"" and RCre;RT2;8"" tumor cell
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suspensions
| % of cellsin R1 % of cell in R2
N | 3 3
RT2;B," | 2,64 +- 2,08% 96,42 +/- 2.34
RCre;RT2; B, | 39,24 +/- 3,07% 56,07 +/- 2,62%

The effects offf;-integrin depletion on RipTag2 tumorigenesis wexangined by
immunohistochemical and immunopathological analy@antrol and experimental mice were
sacrificed at the age of 12 weeks. Tumor-bearimgpata were excised and tumor incidence
was scored by counting and measuring macroscopig@ible (>1 mm) tumors. Tumor
incidence (i.e. number of tumors per mouse, Fig@®&) remained unchanged in
RCre;RT2B," mice as compared to control mice. However, whenttal tumor volumes
were calculated and compared, tumor burden wasdfdonbe significantly reduced in
RCre;RT28," mice (Figure 3B).

We next investigated whether the decreased turaes sir masses respectively were
due to a proliferation defect or increased apoptasif;-integrin deleted tumors. For this
purpose, PFA-fixed, paraffin embedded tissue sestaf pancreata from 12 weeks old mice
were prepared followed by immunohistochemical stgis for BrdU (as proliferative marker)
and TUNEL (marker for cells undergoing apoptosigfire;RT2B,"" tumors were not only
significantly less proliferative (Figure 3C), butsa showed a decreased apoptotic rate
(Figure 3D). Interestingly, tumor progression was affected since tumors of both genotypes
showed a similar incidence of adenomas and gragedd 3 carcinomas (Figure 3E).
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Figure 3
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Figure 3: Statistics of histopathological and histochemical analyses of RT2;8" and
RCre;RT2; 8" tumors

Tumor incidences (panel A) and tumor volumes (paBglof RT28,"" control tumors and
RCre;RT28," experimental tumors. Proliferating cells were wkzed by BrdU staining (panel C)
and apoptotic cells by the TUNEL reaction (panel BjdU or TUNEL positive cells per a defined
area were counted. For tumor grading (panel E), eusnof H&E stained sections were classified
according to their histological grading. White bar®RkT23"™ control tumors; black bars;
RCre;RT28" experimental tumors; HYP, hyperplastic islets; Adenoma; G1, carcinoma gradel;
G2, carcinoma grade 2; G3, carcinoma grade 3; *,(P¥, **, P<0.05; ***, P<0.01; N, number of

analyzed mice;
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4.3.3. Loss ofl-integrin induces tumor cell dissemination into Iynphatics

Previously, we have reported that NCAM- deficiensulinomas show increased
tumor associated lymphangiogenesis (Crnic et a4 as well as tumor tissue
disaggregation and increased metastasis (Cavadiaral., 2001; Perl et al., 1999). To
investigate whether loss @-integrin leads to increased lymphangiogenesisanayzed
sections of 11-13 weeks old mice for the preserfidgnaphatic vessels using tleLYVE-1
antibody (Baneriji et al., 1999). Tumors were diddieto five groups according to the degree
of lymphatic vessel lining (no lymphatic vessel® %, 1-10 %, 10-25 %, 25-50 % or > 50 %
of tumor perimeter covered by lymphatic vesselgufé 4). Statistical analysis revealed that
no significant changes in lymphangiogenesis wergenfed for any group. Moreover, as
asseyed by immunohistochemical staining, VEGF-Cele\are not altered if;-integrin
deleted tumors (data not shown). We conclude thss bfp-integrin function does not
induce lymphangiogenesis and the expression ofymgiogenic factor VEGF-C.

Lymphangiogenesis

3 80- C_IRT:R1(fI/A)
=
2 70 I RCre;RT2;B1(fl/fl)

[T

S 20-

= 10- % L
G 1 ] || _-r_l

0% <10% <25% <50% >50%
% of tumor circumferrence covered
by lymphatics

Figure 4: Lymphatic lining of RT2;8"" and RCre;RT2; 8" tumors

RT2;8" (white bars) and RCre;RTZ" (black bars) tumors were categorized accordingthe
degree of lymphatic coverage of the tumor circuariee (see text). Statistical analysis (unpaired t-
test) indicated that differences within groups ao# statistically significant.

Ablation of NCAM in the RiplTag2 model leads to avere change in tumor
architecture, namely marked tissue disaggregatidrttze appearance of hemorrhagic lacunae
(Cavallaro et al., 2001; Xian et al., 2006) Exteadsiochemical analysis of NCAM-/- tumor
cell lines revealed that NCAM-deficient cells haueimpaired capability to adhere to extra-
cellular matrix in vitro, arising from the lack of NCAM dependent, FGFR-&dmated
activation ofps-integrin. We thus investigated if deletion afintegrin in this tumor model

induces tissue disaggregation by analyzing H&E nsti sections of RTR;" and
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RCre;RT28,"™ tumors. We did not observe significantly increasefpearance of
hemorrhagic lacunae and therefore tissue disaggmegavithin RCre;RT2B,"" tumors.
Interestingly though, during the analysis of sewtistained for LYVE-1 (see above), we
found disseminated tumor cell clusters enclosetyimphatic vessels in 60% of 15 analyzed
RCre;RT2B,"™ mice and only in 7.7% of 12 control mice (Figue&nd 5B). The tumor cell
clusters were predominantly found in close vicirtibythe tumors (Figure 5C, left panel) or
tumor edges (Figure 5C, right panel). Importantiynunohistopathological analysis did not

reveal the occurrence of metastases.
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Figure 5: Disseminated tumor cell clustersin RCre;RT2; 8" mice

Percent of mice (panel A) showing disseminated tug®l clusters and average number of
disseminated tumor cell clusters per mouse (pafehBRT2;5,"" (white bars) and RCre;RTZ;""
(black bars) mice. N, number of analyzed mice; *P<0.02; C: LYVE-1 staining (brown, big
arrowheads) of RCre;RTA" tumors. Circulating tumor cell clusters are higjtited with small
arrowheads. A, artery; E, exocrine pancreas; T,dum
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4.3.4. Bl-integrin-deficient B tumor cells exhibit proliferation deficiencies

To investigate how the deletion pf-integrin contributes to the reduction of tumor
burden and might limit the metastatic potentialdifseminated tumor cells, we established
cell lines from RCre;RTB,"" experimental as well as R control tumors. PCR
analysis confirmed the presence of two flogedntegrin alleles in control cell§Tifl/fl) and
two deleted alleles in cells derived from experitaétumors BTiA, Figure 6A, upper panel).
FACS analysis demonstrated tlfifiA cells lostp;-integrin expression. Cell lines derived
from RT2;NCAM+/+ 3T2) and RT2;NCAM-/- BTN2) tumors (Cavallaro et al., 2001), both
carrying the wild type;-integrin alleles, showegh-integrin expression levels comparable to
those of the3Tifl/fl cell line (data not shown). Importantly, N levels in these cell lines
vary in thatBT2 cells express very high levels of NCAM, whereashe 3Tifl/fl and BTiA

cell lines NCAM levels are rather low (Figure 6).
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Figure6: Cell linesderived from RT2;8,"" and RCre;RT2; 8,"" tumors

A, top: Genotyping of cell lines derived from RBIZ), RT28."™ (ATifl/fl), RCre;RT28" (BTiA)
and RT2;NCAM-/- TN2) tumors by PCR analysi§T2 and STN2 both carry the wild typg;-
integrin alleles (wt) STifl/fl carry the conditional alleles (fl) and almsball STiA cells have undergone
recombination and therefore mainly carry the dedeg) alleles. A, bottom: Western Blot analysis of
NCAM levels ingT2, ATifl/fl, STIA and STN2 cells. NCAM levels iAT2 cells are very high, whereas
LTifl/fl and STIA cells have low NCAM expressiofiTN2 served as negative control. B-integrin
surface expression levels gSrifl/fl (black line) andgTiA (red line) cells, assayed by FACS analysis.
STiA cells have no morg-integrin surface expression. Dashed line, confuvistained cells);

Using adhesion of cells to collagen IV (a specfitostrate fo3i-integrin) as an
assay forf;-integrin activation, we have previously shown thativation off;-integrin is
abolished in NCAM-deficienBTN2 cells and can be re-established by re-intradplCAM
(Cavallaro et al., 2001). We thus compared theesidh capabilities dbTifl/fl and BTiA cell
lines to those oBT2 cells in the presence or absence of NCAM. Equadunts of cells were
seeded onto either uncoated or collagen IV coaéadl plates and cells were allowed to
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adhere for 90 min. Intrinsic adhesion to collagehaf the BTiA cell line was very low
(6.76 % off3T2, Figure 7) and adhesion could not be increaggufisantly by re-introducing
NCAM140 (9.86%). Similarly, adhesion of Mock-traestedfTifl/fl cells was only 16% of
BT2 cells, however, re-introducing NCAM140 signifitly stimulated adhesion to th&-
integrin specific ligand collagenlV (16% Mock tré@sted vs. 32% NCAM 140 transfected
cells) but not to uncoated plastic. Interestinglyen inT2 cells that express very high
amounts of NCAM, adhesion could be further stimedaby NCAM transfection. Thus,
NCAM signaling lies upstream @f-integrin activation irfy tumor cells.

Adhesion of 3 tumor cell lines to collagen IV

250"
o [ Mock Uncoated
< 200+
o NCAM140 Uncoated
§ 1504 I Mock Col IV
5 I NCAM 140 Col IV
S1004---------------- - -
[~
Q
§ 50
0- — F.-. .} .__ — u - P
BTifI/fl BT2 (wt/wt) BTiA
cell line

Figure 7: Adhesion assay of Stumor cells

Mock-transfected (clear bars) or NCAM140 transfdcfdotted bars)3 tumor cells were seeded on
either uncoated (grey bars) or collagen IV coategd(bars) dishes. Adherent cells were counted as
described in Materials and Methods. Adhesion of IMmansfected3T2 cells to collagen was taken as
100% for reference. ***: increase in adhesion fatsstically significant (P<0.003, unpaired t-test)

Since deletion of};-integrin in RT2 tumors leads to a reduction of cwraolumes,
decreased proliferation and apoptosis, we analgredith rates of3;-integrin deleted3-
tumor cells in comparison to control cells. As shoin Figure 8,3T2, BTN2 andBTifl/fl
display very similar growth curves and linear resgien curves have comparable slopes
(0.0024 for3T2, 0.0025 fo3Tifl/fl and 0.0027 forBTN2). Growth of the3;-integrin deleted
cell line @BTiA) however, was significantly slower (0.0014, P €0@1, unpaired t-test of
linear regression curves).
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MTT assay of J tumor cells
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Figure 8: Growth curves of gtumor cellsin 2D-culture

MTT assay ofF-tumor cell lines. Absorption as an indirect meastor cell counts is plotted against
the time after seeding cells (Oh). Linear regressiarves were calculated and are displayed for each
cell line. *** indicates that decrease in growthteaof STiA cells is statistically significant compared
to all other cell lines (P<0.001, unpaired t-tegtlimear regression curves)

Since integrins are the major receptors for extlalee matrix (ECM), we
hypothesized that culturin@Tifl/fl and BTiA tumor cells in a 3D matrigel culture could
reflect the potential effects @h-integrin deletion on cell growth closer to @nvivo system.

In fact, already two days after seeding the cellsatrigel, differences in cell and cell-cluster
shape became apparent: many of the plgiEd/fl cells formed filopodia-like protrusions
(Figure 9A, left panel) some of them longer tham tell/cell clusters diameter (Figure 9A).
In contrastBTiA cells did not seem to out-grow cell protrusiond generally looked rather
unhealthy under this growth conditions (Figure @i8ht panel. Quantification of this effect
by counting cells with or without protrusion in afthed volume revealed that more than 70%
of the countedTifl/fl cells developed protrusions, whereas nosiagle of thep;-integrin
deleted cells showed formation of these structutese week after plating, aBTiA cells
died, whereag-integrin expressin@Tifl/fl cells were still alive, forming protrusionand
proliferating.
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Figure 9: Growth of
BTifl/fl and STiA célsin
matrigel

A: Pictures of cells two
days after seeding them in
a 3D matrigel cultureS;-
integrin expressing
BTiflifl cells (left panel)
develop filopodia or

neurite-like  protrusions,

in contrast STIA  (right
5 807 | panel) cells do not
w
g0 produce these structures
£ad and do not seem to
= roliferate B:
2 a0 protfeate. |
= 301 Quantification of
5 20- protrusion formation of
2 104 BTiflffl and BTiIA cells.
G L] L|
BTifl/fl BTiA
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4.3.5. Bl-integrin expression, but not NCAM is necessary fametastasis formation

We next asked whether cell lines carrying fentegrin or NCAM deletion were
able to grow and form tumors and metastasessivo. Equal amounts of tumor cell
suspensions offTifl/fl, BTiA , BTN2 and T2 cells were injected subcutaneously into
immune-competent C57 mice. After five weeks, miarevsacrificed and tumor incidence,
tumor size and tumor volumes were determined (Eid@WA and 10B). Tumors were formed
in 12,5% of allBT2 injected sites and in 37,5% of BITifl/fl injected sites. The average size
of tumors fromBT2 cells was 293,35 +/- 129.4 mas compared to 174,66 +/- 53.11 ffion
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tumors arising fronBTifl/fl cells. In contrastBTiA andBTN2 cells did not give rise to any
tumors.
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Figure 10: Ectopic transplantation of Stumor cdl lines

A: Average volumes of tumors arising from eiti#82 or STifl/fl cells (see text and Materials and
Methods). B: tumor incidence in C57 mice injectétth whe indicated cell lines. 16 sites were injecte
the percetage of sites with tumors is displayed.

To assess the metastatic potential of the cel$)ine injected equal amounts of cells
into the tail vein of athymic nude mice. After foureeks of incubation, mice were sacrificed.
Pancreata, lungs and livers of all mice were isolabrgans were fixed in PFA and sections
were cut through the whole organs. As shown in &aBl] by immunopathological
investigation by H&E staining, metastases to eitherlungs and/or the livers were identified
in all B tumor cell lines except f@TiA, lacking;-integrin expression.

Tablell1: Intravenousinjection of B-tumor cell lines
Cell line Number of injected sites Number of mice wh Site of metastasis
metastases
T2 5 4 lung/liver
BTifl/l 5 3 lung
BTN2 5 4 lung/liver
BTiA 5 0 -

These results indicate that depletion of NCAM anelréforef3;-integrin activity in
BTN2 cells diminishes tumor formation but does nuteifere with metastasis formation.
However, total loss of;-integrin function results in an incapability BTiA cells to form
tumors and metastasisvivo indicating a crucial role d¥;-integrin in these processes.
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4.4, Discussion

4.4.1. By-integrin function is required for proper islet development

We show here that deletion @-integrin in the cells of pancreatic islets of
Langerhans leads to disturbance in proper islétsedregation. Interestingly, a similar
phenotype was observed in NCAM-deficient isletsn{ks al., 1999) and islet expressing a
dominant negative version of E-cadherin (Dahl et1#196), indicating that both cell adhesion
molecules play an important role in proper celltisgr Previously, ourin vitro studies
showed that NCAM dependent FGFR signaling lead$,fotegrin activation (Cavallaro et
al., 2001). Therefore, one might speculate thet $ignaling pathway is involved in the
sorting process during islet development.

4.4.2. [s-integrin outside-in signaling but not NCAM mediated inside-out signaling is
required for metastasis formation

Tissue disaggregation and lymphangiogenesis, haga bhown to be sufficient on
their own to induce the formation of lymph node astases. Interestingly, in RCre;RF2"
mice, tumor cell clusters were found disseminated fymphatic vessels. However, the fate
of the disseminated tumor clusters in RCre;BT%; mice is not clear. They are not able to

form metastases, since none could be observed ie;RT2B,"" mice, neither in the local

lymph nodes, nor in other organs. In addition RRT&,"" tumor-derived cells do not form
metastasis when injected into nude mice. This pimemon does not seem to be linked to the
adhesive defects @;-integrin-deleted cells, sindgTN2 cells, which are deficient fds;-
integrin mediated adhesion, can still metastasRather, the proliferation deficiency
observed in the primary tumor and in the RCre;R7"%; tumor-derived cells might be the
main reason for the incapability to grow metastadiswever, we cannot exclude that the
clusters are not circulating at all since thesés@k very difficult to detect in the circulatory
system.

Integrins have been shown to be bi-directional aligg molecules (Hynes, 2002).
Inside-out signals activate integrin-mediated adime$o ligands such as collagen, laminin
and others. On the other hand, outside-in integjgnaling results in cellular responses such
as proliferation, survival or apoptosBT2 cells have very high NCAM levels and hence
show high levels oB;-integrin activationBTN2 cells have lost NCAM-dependent, inside-out
activation off3;-integrin but still express the protein, allowirggception of outside-in signals.
In the contraryBTiA cells lost both integrin functions. Using theséabbshed cell lines in
adhesion, proliferation and transplantation ass#lgsved for the discrimination of the role of
adhesive (inside-out) and growth promoting (out$ideintegrin functions. The cell-line-
derived data are summarized in Table 4.
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Table |V: Summary of data derived from experiments on Stumor cell lines

NCAM exp Col IV stim. 2D 3D s.C. i.v.

BT2 +++ + + + * + +

BTifl/l + + + + + +
BTN2 - HrE* + + * - +
BTiA + - -+ - - -

NCAM exp, NCAM expression levels of cell lines, +high levels, +, low levels, - no expression; Col
IV stim., adhesion to collagen IV stimulatable bZAW transfection, +: stimulatable, -: not
stimulateble; 2D, growth of cell lines in 2D culas; +: cells growing; -/+: cells grow slower; 3D,
growth of cell lines in matrigel, +: cells grow, cells cannot grow; s.c., tumor growth after
subcutaneous injection, +: tumors are formed, -:tamor formation; i.v., metastasis formation after
intravenous injection, +: metastases formed, -nmetastases formed; * data not shown; *** shown in
(Cavallaro et al., 2001)

Deletion ofPs-integrin clearly reduces the proliferative capépibf cellsin vitro as
well asin vivo, which we have shown in 2D and 3D growth assay$ subcutaneous
transplantation experiments. InterestingBTN2 cells that have lost NCAM dependent
inside-out activation cannot form tumors when itgecsubcutaneously, but are still capable
of metatasis formation when injected intravenoustp nude mice. In contrasBTiA cells
that can receive neither inside-out nor outsidsigmals, do not grow tumors or metastasize at
all upon transplantation. This suggests that espyasof 3;-integrin is required to transduce
outside-in signals that allow cells to survive andliferate at distant sites.

One therefore might speculate that tumor cells tiaae reduced adhesive properties
due to disturbances in the inside-out signaling Bteintegrin (such as for example
RT2;NCAM-/- tumors) disseminate and therefore meesily enter routes for metastasis
formation. Since they still expregs-integrin, the protein is available to transduce-pr
proliferative outside-in signals. In contrast, i€f;RT2;h" mice B:-integrin expression is
lost in 40% of the tumor cells. These cells disseta but, lacking;-integrin, cannot receive
outside-in signals that allow them to proliferated @&ventually metastasize. This hypothesis
could be tested by interfering wi-integrin function in RT2;NCAM-/- tumors. We are
currently intercrossing RCre;RTR;i"" and RT2;NCAM-/- mouse strains. If our hypothesis
holds true, we would expect no more metastases forined.

4.4.3. Loss off;-integrin reduces tumor burden potentially by indudng senescence
We found that tumor volumes, but not tumor inciderece reduced iB;-integrin
depleted tumors, which might be an indication Bwintegrin function is required for later

stages of tumor progression. When cells are prgpathched to the right ECM, they receive
signals allowing them to survive and proliferate cbntrast, dislocation of cells, or total loss
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of ECM anchorage induces anoikis, driving cell® iapoptosis. The main mediators of these
signaling processes are integrins, communicatingiaftuencing cell behavior via outside-in
signaling. Hence we suspected that the reducedrtbomaen inf3;-integrin-deleted tumors
might have been due to the induction of anoikiswkler, the number of apoptotic cells and
proliferating cells even decreased in RCre;BT2; tumors. This result suggests that anoikis
is not induced in the tumors. Rather the generahbwdic activity seems to be reduced. Such
a change in metabolic activity can be associatati wiiescence, senescence and tumor
dormancy. Senescence-associfd€dalactosidase (SB-Gal) is expressed in senescent cells
and is therefore frequently used as a marker. it lm& specifically detected at pH 6 via
histochemistry (Dimri et al., 1995). In contrasicterial B-Galactosidase is most active at
pH7.5. Since thg,"" mice are constructed in a way that, upon efficimpmbination, a
bacterialp-Galactosidase reporter comes under the contrtheof;-integrin promoter, and
because bacterifitGalactosidase also displays activity at pH 6, weld not test for SA3-

Gal in these mice. However, we recently obtaine@lgernative mouse line with conditional
Bi-integrin alleles designed in a different way, natrying a3-Galactosidase reporte3;Ell
mice). We have intercrossed these mice to the ROMRot model giving rise to
RCre,RT2B,EIl mice. Importantly, when we investigated secsiasf tumors derived from
RCre;RT2B,Ell mice, we could detect positive staining for 8Asal (data not shown). This
suggests that deletion d-integrin in RT2 tumors reduces tumor burden byuiidg
senescence. We are currently investigating theessmwn of other senescence-associated
markers, such as the formation of heterochromatimotem-ly (HP-ly) containing
heterochromatin foci, i;-integrin-deficient tumors. To our knowledge, tiighe first time
that integrin function is associated with seneseenc

Interestingly, outside-in signals from integrin® anainly transduced via the focal
adhesion kinase (FAK) and it has been shown tHabition of FAK signaling in human
carcinoma cell lines induces quiescemeevivo. This suggest that FAK activity might be
reduced in RCre;RTR;"™ tumors and inf-integrin deleted cell lines. It will be of
importance to investigate the quality of the focaimplexes in our cellular and mouse
systems in the future.

Targeting;-integrin function in tumors might induce senese&rand interfere with
metastasis formation, thufi-integrin inactivating antibodies might representnavel
approach for cancer treatment. Consistent with nloigson, studies on cell lines confirmed
their potential efficacy since blockirfg-integrin could revert the malignant phenotype of a
breast cancer cell line (Weaver et al.,1997).

4.4.4. Loss off3;-integrin induces tumor cell cluster disseminatiorbut not
lymphangiogenesis

It has been shown that increased tumor lymphangegje correlates positively with
the incidence of metastases (Cao, 2005). Among féreiors that contribute to
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lymphangiogenesis are VEGF-C and VEGF-D. Transgenipression of these factors
induces lymphangiogenesis and metastasis in th&€TRgP? tumor model (Mandriota et al.,
2001, Kopfsteiret al, submitted). Interestingly, in RT2;NCAM-/- tumattsese two ligands
were found up-regulated. RT2;NCAM-/- tumors alsowlsevere tissue disaggregation and
the appearance of large lacunae, filled with hehagic fluid, potentially leading to increased
interstitial fluid pressure. One controversial thedwypothesizes that tumor associated
lymphangiogenesis is induced to reduce the tumwoiwrstitial fluid pressure. Since the
observed tissue disaggregation is potentially chilsethe reduced capability @ cells to
adhere to ECM substrates, we hypothesized thainthetivation of 3i-integrin might lie
upstream of the induction of lymphangiogenesis T2 RICAM-/- mice. However, our results
show thaf3;-integrin deletion does not lead to tumor lymphaggnesis. Thus, it seems that
the increased lymphangiogenesis observed in RT2MKGAmMIce is not directly due to a
defect in the;-integrin function.

A recent report linked the appearance of hemorthigiunae and the concomitant
tissue disaggregation phenotype in NCAM-/- tumarsdecreased pericyte recruitment to
endothelial cells. In this study, it was demonstlathat loss of NCAM i3-cells negatively
influenced pericyte-endothelial cell-cell interacts, which results in increased blood vessel
leakage. Furthermore, pericyte deficiency per ssead haematogenous spreading of tumor
cells and metastasis formation (Xian et al., 2006).

Deletion off3;-integrin in the RT2 model did result in a disagg&on phenotype, yet
distinct to that observed in NCAM-deficient tumorkr RCre;RT28,"" mice, tumor
architecture per se was not altered, but clustetsimor cells disseminated into lymphatic
structures were found. Disseminated tumor cellsadse found in NCAM-deficient mice,
suggesting that in RT2;NCAM-/- tumors two differanechanisms are employed, impaired
pericyte recruitment and loss of cell matrix aditwesBoth of them result in tumor cell
dissemination. In the first one, loss of NCAM [ncells seems to induce disaggregation
indirectly by affecting blood vessel stability. lne second one, intrinsic adhesive properties
of B cells are affected upon NCAM ablation as we calldw by the study of the loss Bf
integrin activation and function. This leads to theor cell cluster dissemination described
in RCre;RT28," mice and we think this reflects an additionalemiative pathway leading
to tumor dissemination in NCAM-negative tumorsliSiti is not clear how the disseminated
cells in RCre;RTH,"™ mice enter the lymphatics. Lymphatic vessels dracturally
different to blood vessels and are thought to beerpermeable, which may be an explanation

Taken together, our results support our previoundiigs that loss of;-integrin
function in 3 cells reduces their cell-matrix adhesion and causmor cell dissemination.
Our data furthermore show that the inactivatiorfpfntegrin does not lie upstream of the
induction of lymphangiogenesis since RCre;BI?. tumors do not display increased
lymphatic vessel coverage. Further experimentsnaeded to unravel the pathways and
mechanisms leading to the induction of lymphangieges and lymph node metastasis in
NCAM deleted tumors.
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5. General discussion

In this work we provide evidence that NCAM bindsédlb members of the FGFR
family as well as to PDGRRand PDGFR. Based on the observation that RTKs lacking Ig
domains in their extracellular domains cannot lmdICAM, we suggest that the presence of
an Ig domain is a requisite for NCAM binding. ligtholds true, one might expect to identify
additional, if not all Ig-domain RTKs, as NCAM bind partners.

So far, the role of NCAM in modulating RTK signajihas been mainly studied with
FGFR signaling in neurons, and its effects werenarily thought to be pro-stimulatory
(Povlsen et al., 2003). Here, we broaden NCAMscplaf action” to additional RTKs in
non-neuronal tissues, such as endocrine and féwbblcells. Importantly, we furthermore
identify a novel way of action for NCAM, since wesrdonstrate that it can exert also
inhibitory functions on RTKs. In many human cancgdisth a reduction or an increase of
NCAM levels are correlated with increased maligiyamehich might be a reflection of
NCAMs dual role in modulating RTK signaling.

The RiplTag2 tumor model is one example where tds’iCAM correlates with
increased malignancy. NCAM-deficiency in these ttenteads to tissue disaggregation,
induction of lymphangiogenesis and the formationmettastases (Perl et al., 1999; Crnic et
al., 2004; Cavallaro et al., 2001). One target @AM signaling in3 tumor cells isf;-
integrin. We show here that loss @-integrin is sufficient to induce tumor cell
dissemination. In contrast, lymphangiogenesis irdugy NCAM-deficiency is independent
of Bi-integrin function and probably relies on an alsgive NCAM dependent pathway.
Induction of lymphangiogenesis alone has been shovwmduce metastasis (Mandriota et al.,
2001), however, interfering with lymphangiogeneisisNCAM depleted tumor mice only
partially blocked the formation of metastases (€utial., 2004), indicating that an additional
mechanism contributes to the metastatic phenofjpes. additional feature might be tissue
disaggregation that results from impaired periageruitment to blood vessel endothelial
cells in NCAM knock out tumors (Xian et al., 2006)nce lack of pericyte recruitment also
resulted in metastasis formation. Importantly, ugsslisaggregation induced by blockifig
integrin function did not give rise to metastagagthermore, tumor sizes were reducefl;in
integrin deleted tumors, probably due to the iniduncof senescence. These findings suggest
Bi-integrin to be a more promising target for thesiention with metastasis formation in
NCAM deficient tumors.
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