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CHAPTER [:

NTRODUCTION TO TYPE | INTERFERONS
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[. 1) TYPE | INTERFERONS SUPERFAMILY

In 1957, Alick Isaacs and Jean Lindenmann discavanterferon (IFN). In
their experiment they showed that a supernatantivetk from chick
chorioallantoic membranes and incubated with inat®d influenza virus,
was capable of protecting other membranes fronciife by active virus (1).
This supernatant contained soluble protein fact@pable of inducing a
variety of biological functions, called IFNs. Th&assical function of these
proteins is the protection against viral infectioBgposure of cells to viruses
and doublestranded RNAs induces the production F¥-d and IFNb.
However, it emerged soon the ability of IFNs to ioeolved in other
biological processes: cell differentiation, celogth control, modulation of
immune system, and anti-tumor defense (2-5).

There are two major categories of IFNs: type | gk 1. IFN-g is the only
type Il IFN, whereas the type | IFNs consist of feonajor classes: IFN;,
IFN-b, IFN-t and IFNw. This thesis will focus on human type | IFNs, in
particular the antitumor role of IFE-and IFNb in endocrine and non-
endocrine cancers. IFBl-comprises a family of different cytokines. There a
at least 14 human IF-non allelic functional genes found on the shom ar
of the chromosome 9. They encode for 13 differamnén IFNa proteins
(IFN-al, IFN-a2, ...) with IFN-al and IFNal3 resulting in the identical
final protein. All proteins have 166 amino acidscept IFNa2, which
contains 165 subsequent to a deletion at positbrSéme of these subtypes
have variant forms (6). The various human I&Npecies have 75-99% amino
acids sequence identity and are also highly spagesific with regard to
biological properties (6). The human IFNgene is present as a single copy
also on chromosome 9. The protein is composed ®fahtino acids and there
is only approximately 30% amino acid sequence itlebetween IFNa and
IFN-b (6). A three dimensional, high resolution struetof IFN-a2a (fig.1)
has been generated using heteronuclear NMR specpp<7). In addition,
X-ray crystallographic structures have been deteechifor human IFN&2b
(fig.2) (8) and natural IFNb- (fig.3) (9). The tertiary structure of type | IFNs
contains multiple helices (fig.1-3). However, uelk the four helices
commonly found in othem-helical cytokines, all type | IFNs display a
conserved core of five helices (A-E) and one longnection (AB2 loop).
The most conserved feature of type | IFNs is tisalfide bond. In IFNa and
IFN-b there are two and one disulfide bonds, respegtivEhese have an
important role in the stabilization of the molec(fe9). Human IFNa2b and
IFN-b (fig.2,3) exist in the crystal as a noncovalemheli, through extensive



interactions mediated by a zinc ion ¢2n The IFN- dimer is different from
the IFN- 2b dimer in that the two molecules are not reldtea twofold axis,
but by a rotation of about 44° along an axis apjnaxely perpendicular to
the plane defined by helices C, B, and D. Thus ed&iFN-2b dimerizes
with the same contact surface (helix D and AB IgdpN- dimerizes with
contact surfaces from opposite sides of the mogeddbwever, the biological
significance of these dimers and the differentratdons with the receptor
are unclear (8,9).

Figure 1. Three dimensional structure of
human IFNa2a (ref 7)

Disulfide bond
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Figure 2: Three dimensional structure of human IERb. Extensive interactions in
the dimmer interface are mediated by a zinc iorf {Zmef.8).



Figure 3: Three dimensional structure of human IBNThe modeled
portions of the carbohydrates and zinc ion’{¥are also shown (ref.9)
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Finally, unlike IFNa, natural human IFNb> (fig.3) contains a single site,
asparagine 80, through which N-linked glycosylaiwam occur and which has
been shown to vary according to the cells in whikK-b is synthesized (10-
11). It is thought that glycosylation plays impartaoles in facilitating IFNa
secretion from cells, in increasing its solubiliand stability, and in its
metabolism in vivo (11-16).

At present, only two recombinant alpha IFNs (IBRa and IFNa2b) are
available as registered drugs; both appear to legual activity. Similarly,
two types of recombinant human IFNare currently in clinical use. IFNib
is produced inEscherichia colibacteria, and as bacteria lack the ability to
glycosylate proteins, it is not glycosylated. Ferthore, IFN-1b has an
amino acid sequence different from the natural huniaN- ; it has a
cysteine-to-serine substitution at position 17 ardkletion of théN-terminal
methionine residue. In contrast, IFNta is produced in mammalian cells,
with an amino acid sequence and glycosylation idahto that of natural
IFN- . It has been observed that non-glycosylated IEN-is much more
susceptible to aggregation and is more immunogdic When the protein is
not glycosylated, the hydrophobic domain is expoared the protein will
have a tendency to form aggregates as an alteenatay to shield this
surface, and formation of aggregates is one ofntloee effective ways to
increase the immunogenicity of proteins (18). Hoerewnon-glycosylated



IFN-b1b, although more hydrophobic than glycosylated -, retains
biological activity but with lower specific activyit(19,20).

|. 2) TYPE | INTERFERON RECEPTOR

All the cellular effects of type | IFNs appear te modulated by a common
receptor complex, present in low numbers (100-5@@0ecules/cell) on the
surface of all vertebrate cells examined and comgh&xy two chains (IFNAR-
1 and IFNAR-2) that dimerize following the interact with the ligand (fig.4)

(6).

Figure 4: Signal transduction pathways activated by tydeNd.

IFNa/b, after the interaction with its receptor (AR-1 RAc), activates the tyr kinase Jak-1
and Tyk-2 that are responsible for the activatiérihe cytoplasmic targets of type | IFNs.
The tyr phosphorylation of the targets causesrdmestocation to the nucleus of STAT-1 and
STAT-2 hetero and homodimers, that migrate to tiheleus and bind to DNA mediating the
transcription of several genes. Receptors congistinAR-1 + AR2-b interact with type |
IFNs, without transducing signals.



Mature human IFNAR-1, resulting from removal of theptide sequence
leader, is a 530 amino acid residue integral mengmotein. IFNAR-1 is
considered the signaling subunit and it existshasfull chain. The IFNAR-2
is the subunit responsible for the interaction with ligand. Three forms of
IFNAR-2 have been isolated, as differentially spdicproducts of the same
gene (fig.4): the soluble (IFNAR-2a), short (IFNAR) and long (IFNAR-2c)
form (21-23). The full length receptor chain (IFNAXR), comprised of 487
amino acids, together with IFNAR-1 subunit congétihe predominantly
active form of the type | IFN receptor complex @iy IFNAR-2c is capable
of binding ligand, but with a lower affinity (204tbless) than the dimeric IFN
receptor complex itself (24). Therefore, both réoceghains are required to
form a high affinity binding site and initiate s@ntransduction. The short
form (IFNAR-2b), consisting of 303 amino acids ofiiah only 67 residues
are in cytoplasmic portion of the molecule, is atdebind type | IFNs, but
does not couple to signal transduction becauselts| the signal transducing
tail of IFNAR-2c (25). The soluble form (IFNAR-2a)acking of the
transmembrane and cytoplasmic portions, may aatragulator of free IFNs
and, depending on concentration, lead to the rieaati@n or enhancement of
IFN bioactivity (26,27).

After the IFNAR-1 and IFNAR-2c dimerization (fig.4\vo intracytoplasmic
receptor-associated kinases (Tyk-2, associated IMNAR-1, and JAK-1,
associated with IFNAR-2c) are activated and theiivation induces the
tyrosine phosphorylation of the receptor itself. tims way the tyrosine
phosphorylated sites of the IFN receptor becomekidgcelements for Src
homology 2 (SH2) and phosphotyrosyl-binding dom@ontaining proteins
present in the membrane or the cytoplasmic commentni6). Prominent
among these are the Signal Transducer and Activatoifranscription
(STATs). These are a family of latent cytoplasmianscription factors
involved in cytokine, hormone, and growth factagnsil transduction (28-32).
STAT proteins mediate broadly diverse biologicabgasses, including cell
growth, differentiation, apoptosis, fetal develope transformation,
inflammation, and immune response. Receptor-reauitSTATs are
phosphorylated on a single tyrosine residue inctmboxyl terminal portion.
The modified STATSs are released from the cytoplasmgion of the receptor
subunits to form homodimers or heterodimers throtegtiprocal interaction
between the phosphotyrosine of one STAT protein thedSH2 domain of
another. Following dimerization, STATs rapidly tséwcate to the nucleus
and interact with specific regulatory elements tuduce target gene
transcription (28-32).



IFN receptor activation classically leads to thegghorylation and activation
of STAT-1 and STAT-2 (fig.4). STAT-1 and STAT-2 fora heterodimer that
associates with another cytoplasmatic protein, pd&jlting in the formation
of the mature interferon-stimulated gene factorISGF3) complex that
translocates to the nucleus to initiate gene trgotsan by binding to
interferon-stimulated response elements (ISRE). (S3AT 1:1 homodimers,
STAT 3:3 homodimers, STAT 1:3 heterodimers, STA% Bomodimers, and
CrkL:STAT-5 heterodimers are also activated duengagement with type |
IFN receptor/IFNa/b complex. These dimers move to the nucleus whexe th
bind to gamma-activated sequence (GAS) regulatdements in the
promoters of IFN-activated genes (33,34). Thusyalong specificity via the
IFN-activated Jak/STAT pathway is established kg ftrmation of multiple
different complexes that activate distinct regutatelements in the promoters
of IFN-regulated genes. This is the most intriguasgpects of the function of
type | receptor: its ability to discriminate therioais types and subtypes of
IFN and to elicit different biological responseshid could be partially
explained by the different interactions of I with the common receptor
complex. IFNb induces a real association between IFNAR-1 andAIRNR,
while IFN-al, a2, -a6, -a7 and a8 do not (35). However, in spite of
intensive studies, the interactions between IFNs their receptor complex
and the molecular mechanisms underlying the funatiobiological
differences among the IFNs are still largely unknowlore clear are the
direct biological effects inducing growth inhibitiostimulation of apoptosis,
translational and posttranslational modificatiohshe proteins and cell cycle
arrest. The variability in these direct responsey tre influenced by cell type
specific differences in STAT complement, availdpilof coactivators and
oncogenic alterations present in the target céll.(3

|. 3) INDUCTION OF APOPTOSIS

Apoptosis plays an important role in the controtrny normal physiological
processes, such as embryonic development, immumgglaten and
maintenance of tissue homeostasis (37). Decreasasltigity to apoptotic
stimuli is a trait commonly shared by cancer cellsis feature provides the
tumour cells with a survival advantage, facilitgtirthe out-growth of
malignant clones and may also explain a variabkcesqtibility to various
anti-cancer drugs (38,39). Type | IFNs induce apsigtin different ways
(fig.5), influencing the death receptor (extrinsigathway) and the



mitochondrial pathway; in this way, it could playrale in the antitumor
activity and clearing of virus-infected cells (411,).
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Figure 5: The regulation of apoptosis and cell cycle bytiiee | IFNs. Activation of STAT
pathways by the type | IFN/tyrosine kinases (Jak/Zy complex leads to induction of
proapoptotic machinery through caspase cascadeatioti depending upon Fas system up-
regulation, Jnk1/p38 stimulation or still unidem®d mechanisms; inhibition of cell cycle
progression via p21/p27 increased expression, sepign in the phosphorylation of pRb,
p130 and p107.

The Extrinsic Pathway

Apoptosis can be mediated by the activation of ldeateptors belonging to
the tumor-necrosis factor (TNF) receptor familyg@). Members of the TNF
receptor family share a common internal domain,sthealled death domain,
and are activated by several ligands, including N\ fFas ligand and TRAIL
(TNF-related apoptosis-inducing ligand). The intéian between receptor
and ligand recruits FADD (Fas-associated death dormeotein) and pro-
caspase-8 to the death domain forming the DISCil{deducing signaling
complex). At the DISC, cleavage of procaspase-8lyi¢he active form of
this protease. In type | cells, the amount of atéd caspase-8 is sufficient to



initiate apoptosis via direct activation of the wah effector caspase-3
(40,41).

In myeloma, as well as in glioma cell lines, loegh treatment with IFN has
been suggested to sensitive the cells to Fas-indamoptosis (42,43).
Moreover, the Fas ligand/receptor system may meditfects of IFNa2 in
basal cell carcinoma (44). In fact, after injectiohlFN-a2 into basal cell
carcinomas, Fas receptor and apoptosis were indaocedtumours regressed.
However, Chawla-Sarkar et al. have recently demnatest that IFNb is a
stronger Fas system and apoptosis inducer tharalifiNmelanoma cells (45).
Similar data were obtained by Sanceau et al. inosaa cell lines in which
IFN-b induces p38 MAPK-mediated Ser 727 STAT-1 phosplation and
apoptosis more efficiently than IFAI{46). Studies on T cells have shown a
downregulation of FLICE-like inhibitory protein (HR) and inhibitor
apoptosis proteins (IAP), both inhibitor regulataré apoptosis process,
following treatment with IFNs (fig.5) (41). Despite these biological
differences the molecular basis of the diversityeen IFNa and IFNb in
the induction of apoptotic events is still unknown.

The Mitochondrial Pathway

In type Il cells, the signal enhancing-effect oftashondria is needed to
induce the full apoptotic process. The detailedenlar background to IFN-
induced apoptosis remains unclear, but it was dstrated that it also
involves an ordered activation of mitochondrial ey, as shown by the
release of cytochrome c (cyt ¢) and the associatiitim apoptosis-activating
factor 1 (Apaf-1) and procaspase-9 to form the &gmgpne complex. This
leads to the activation of caspase-9, which induicegurn executioner
caspases (caspases-3, -6, -7) (fig.5) (47).

Moreover, Thyrrell et al. have demonstrated tha-H-induced apoptosis is
not inhibited by antagonistic antibodies to the-Fea=eptor and, thus, it is a
Fas-independent effect (32).

In a similar experimental model, Panaretakis ehalie showed that IFM-
induced apoptosis occurs together with the acbwatf the pro-apoptotic
Bcl-2 related proteins Bak and Bax (48). Howeveak Exctivation occurred
early in the apoptotic response, prior to the dytome c release and loss of
mitochondrial membrane potential, whereas Bax atiobm followed these
events (49). The same authors showed a transidrdl imcrease of two
inhibitors of apoptosis (Bcl-xL and Mcl-1), thatuwdd explain the late onset of
the apoptosis induced by IFAI{49). Taken together these results suggest a
mitochondrial involvement in the apoptosis triggebs type | IFNs (50).



The Stress Kinase Cascade Involvement

There are indications that other pathways affedtegregulation of apoptosis
can also be modulated by type | IFNs. In eukarycgits enzymatic isoforms
of MAPK, such as Jun kinase-1 (JNK1) and p38 kinaseediate
antiproliferative stimuli and apoptosis. They hdame sequence homology,
but are functionally different from proliferativeathway-associated Erk-1/2.
In fact, INK1 and p38 kinase are part of enzymezdsrades activated by anti-
proliferative agents such as ionizing and ultraatiohys and cytokines.

In this regard, there are several evidences theg tYFNs activate members
of the MAPK family, including Erk (51), the p38 MAP(that belongs to the
stress-activated kinases) and JNK-1 (52-54). Initiadd p38 seems to be
essential for the transcription of IFN-dependenhege independently of
activation of STAT protein (52-55).

It was, moreover, found that p38 MAPK pathway igaged in type | IFN
signalling in primary human hematopoietic progemsitand its function is
required for the generation of the suppressivecteffof IFNs on normal
hematopoiesis (56). Moreover, p38 MAPK, is involiadthe generation of
the antileukemic effects of IFME-in break cluster region (BCR)-ABL-
expressing cells of acute myeloid leukemia (57).

Another gene involved in the IFN-mediated apoptoss the tumour
suppressor gene p53. Takaoka et al. (58) have thgecshown that
transcription of the p53 gene is induced by I&MN; accompanied by an
increase in p53 protein level. 1A signalling itself does not activate p53;
rather, it contributes to boosting p53 responsesttess signals. In these
experimental conditions p53 gene induction by I&M-contributes to tumour
suppression, is activated in virally infected celts evoke an apoptotic
response and is critical for antiviral defenceha& host (58).

Finally, the role of NF-kB in the apoptosis indudadIFN-a is controversial.
In fact, it has been demonstrated that i&Nx can activate NF-kB through
STAT-3 and via phosphatidylinositol 3 kinase (PI3)d Akt activation in
lymphoma cells and promotes survival of human pryiglymphocytes via
PI3K (59). Other studies demonstrate that ENensitizes human hepatoma
cells to TRAIL-induced apoptosis through DR5 upidagan and NF-kB
inactivation or suppresses the antiapoptotic eftdcNF-kB and sensitizes
renal cell carcinoma cells vitro to chemotherapeutic drugs (60,61).

For a summary see Table 1.



Table 1.Modes by which type | IFNs induce apoptosis

General Mechanism Molecular target Ref
Fas Receptor/Ligand 42-45
Cyt-c release and loss of mitochondrial 47
Death receptor and membrane potential
mitochondrial involvement Fas-independet Caspase 9 activation 32
Bak and Bax activation 48
P38 kinase and consequent activation of 52.54
MapKapK-2
JNK-1 and P38 kinase 55
Stress kinase cascade P53 58
STAT-3->NF-kB->Akt 59
-Sensitization to TRAIL 60-61

- DR5 increase->NF-kB inactivation

|. 4) TRANSLATIONAL AND POST -TRANSLATIONAL MODIFICATIONS OF
PROTEINS

Protein kinase dependent from double-stranded RN?KR)

IFNs regulate at the transcriptional level morentl290 gene products that
determine their responses. The protein kinase aigmefirom double-stranded
RNA (PKR), involved in protein synthesis regulatiois one of gene

stimulated by type | IFNs. Human PKR is a serinmedhine kinase of 551
amino acid residues, implicated in the promotiorcell death mediated by
double-stranded RNA. Once activated, PKR phosphteyl exogenous
substrates. The best characterized substrate ofi®Kfe small subunit of the
eukaryotic initiation factor 2 (elF2). PKR inhibiteanslational initiation by

phosphorylating elF2 on serine (62). AdditionalBKR also regulates the
action of several transcription factors such askBFIRF-1, p53, STAT-1

and NF-90. Modulation of all of these differentgets allows PKR to control
diverse cellular processes, such as cell growth (68erentiation (64) and to
exert antitumour activity (65), by induction of kejcle arrest and, mainly, of
apoptosis. In fact, PKR activation regulates tratshal and transcriptional
pathways (elF-2a and NF-kB-dependent) resultinthenspecific expression
of selected proteins (Fas, p53, Bax and otherd) ttigger cell death by
engaging with the caspase pathway (66).

The eukaryotic initiation factor-5A of protein syhesis (elF-5A)
The elF5A belongs to a family of translational tastthat are involved in the
regulation of cell growth. elF5A is peculiar becauts activity is modulated



by a series of post-translational modificationd thdminates in the formation
of the wunusual amino acid hypusine. Hypusine *-ENamino-2-
hydroxybutyl)lysine] is formed by the transfer detbutylamine portion from
spermidine to thee-amino group of a specific lysine residue of elF-5A
precursor and by the subsequent hydroxylation doca2 of the incoming 4-
aminobutylmoiety (67). elF-5A probably acts in tfieal stage of the
initiation phase of protein synthesis by promotthg formation of the first
peptide bond (68). Hypusine plays a key role in tbgulation of elF-5A
function. In fact, only the hypusine-containing €& form is active and,
consequently, the dosage of intracellular hypusimretent measures also the
activity of elF-5A, since hypusine is containedym this factor (69). The
correlation between hypusine, elF-5A activity, aadl proliferation suggests
that activated elF-5A might play a role in cell gth and differentiation (70).
The cell proliferation regulatory properties of édR could be correlated by
its reported mMRNA chaperon functions since elF-BAinvolved in the
transport of mMRNAs from the nucleus to the cytopliadig.5) (71). It has
been also proposed that these mMRNAs could encaderditeins involved in
the regulation of cell proliferation (72).

Caraglia et al. reported that IFNinduces growth inhibition and reduction of
the activity of elF-5A in human epidermoid canceéB Kells (fig.5) (73). The
activity of elF-5A was evaluated through the deteation of hypusine levels
since this amino acid is essential for the functdrihis translational factor
that is involved in the regulation of cell proliédion and transformation. IFN-
a is able to induce a strong inhibition of elF-5Atiaity (fig.5) since a
reduction of hypusine synthesis was recorded wiplarallel increase of elF-
5A protein expression. This finding suggests ahterrtreduction of the active
fraction of elF-5A (hypusine-containing elF-5A:tbtalF-5A ratio) (73).
Moreover IFNa induces cell growth inhibition and apoptosis inntan
epidermoid cancer cells and these effects are aniteed by EGF. On the
other hand, when EGF antagonized the apoptosiscatliby IFNa, a
restoration of hypusine synthesis caused by thekoy and an increase of
extracellular signal regulated kinase (Erk) acyiate recorded in cancer cells
(73). All these data support the hypothesis of molvement of elF-5A,
another protein synthesis regulator, in the apaoptosluced by IFNa, at
least in human epithelial cells.

The modulation of protein degradation

The proteasome is a multisubunit enzyme compleixplags a central role in
the regulation of proteins that control cell-cygmgression and apoptosis,
and has therefore become an important target ficcaanter therapy. In fact,



the expression of proteins essential for the reagulaof cell growth and
survival can be also controlled at post-transaifdl and post-translational
levels, the latter through the regulation of proteiegradation. Before a
protein is degraded, it is first flagged for destion by the ubiquitin
conjugation system, which ultimately results in tlatachment of a
polyubiquitin chain on the target protein. The pestome’s 19S regulatory
cap binds the polyubiquitin chain, denatures tteggan, and feeds the protein
into the proteasome’s proteolytic core. The protiolcore is composed of 2
inner beta rings and 2 outer alpha rings. The 2 loetys each contain 3
proteolytic sites named for their trypsin-like, pgtutamyl peptide hydrolase-
like (i.e., caspase-like), or chymotrypsin-like iaity. Inhibition of the
proteasome generally results in cell-cycle arradtapoptosis (74).

It has been demonstrated that type | IFNs can a¢guhis complex system.
Since 1996 it has been demonstrated that type IsIEAh regulate the
expression of a 16-kDa protein that is producedhgybovine endometrium
during early pregnancy and that shares epitopds wmatquitin and ubiquitin
cross-reacting proteins (75). In addition, I&Nnduces the expression of an
ubiquitin cross-reactive protein (ISG15) and twoiquidin-conjugating
enzymes (UbcH5 and UbcH8) in T cells. A molecudaigét of these enzymes
is the inhibitor of kB (IkB) protein, a cytoplasmjrotein that binds and
inactivates NF-kB. IkB degration activates Rel/NB-khat triggers the
transcription of genes involved in the apoptotiti&groptotic process. (76)
More recently, it was demonstrated that administnadf interleukin-b (IL-
1b) in vivo attenuates IFM-induced STAT-1 tyrosine phosphorylation in the
liver but not in the spleen. The inhibitory actioh IL-1b in vivo is not
affected by depleting hepatic Kupffer cells, sugiges that IL-Ib may
directly target IFNa signalling in hepatocytes. Indeed, pretreatment of
human hepatocellular carcinoma HepG2 cells witHibLsuppresses IFd-
induced antiviral activity and protein MXxA mRNA ergssion. Furthermore,
IL-1b  attenuated IFNs-induced STAT-1 binding and tyrosine
phosphorylation without affecting the level of STAT protein. This
inhibitory effect can be reversed by pretreatmeiith veither proteasome
inhibitors or transfection of dominant negative KB-inducing kinase
mutants. Taken together, these findings suggestlthibb attenuates IFN+
induced STAT-1 activation by a proteasome-depenaeahanism (77).

In human epidermoid lung cancer cells [BeNnduces apoptosis through, at
least in part, the increase of the expression acttvity of tTGase, a
ubiquitous member of the transglutaminase enzymelya that has been
reported to play a role in apoptosis (78). Theease of the expression of



tTGase was not due to the induction of its tramsicm, but to a decrease of
its degradation via a proteasome-dependent pathway.

Therefore, type | IFNs could modulate apoptosisulgh the regulation of the
degradation of intracellular proteins involved hettriggering of apoptotic
process. However, not only the target of the typleN-dependent signalling
but also the components of the pathway activatethéygytokine itself can be
subjected to regulation via proteasome-dependeigfradation. In fact,
Mumps virus, a common infectious agent of humarajsing parotitis,
meningitis, encephalitis, and orchitis, induces rddgtion of STAT-3
mediated by the ubiquitination and subsequent pso@e-dependent
degradation (79). The latter could be a mechanignwiich viruses protect
themselves by the anti-viral action of type | IFIRfally, the suppressors of
cytokine signalling (SOCS) are a family of physmikal regulators of
cytokine responses, including the type | IFNs. (fighe modes used by
SOCS to turn off the IFN+dependent signalling is the delivery of the
transductional components to the degradative psoteal machinery (80).
For a summary see Table 2.

Table 2. Correlations between the protein degradation del type | IFNs-dependent
pathways

Proteasome Target Source Biological Effect Ref
component
16kD protein similar to Unknown Bovine Unknown 75
ubiquitin and ubiquitin endometrium
cross-reacting protein during
pregnancy
- Ubiquitin cross- Unknown T cells Unknown 76
reactive protein
- Ubiquitinating
enzymes (UbcH5 and
UbcH8)
Unknown STAT-1 Hepatocellular Attenuation of IFNa 77
carcinoma cells activity by IL1b
Unknown TTG Epidermoid Mediates apoptosis 78
cancer cells induced by IFNa
Unknown STAT-3 Epithelial cells Attenuation of IFNa 79
activity by Mumps
virus
Unknown IFN-AR, Epithelial cells  Attenuation of IFNa 80
JAK-1, activity by  the
Tyk-2, inactivator SOCS

STATs




|. 5) CELL CYCLE ARREST

The arrest of cell cycle is another antitumor mecra described in several
cancers after treatment with type | IFNs. IFNand IFN- can affect all
phases of the mitotic cell cycle (81). Infact, typNs have been described
to induce a @G; arrest, to prolong S-phase transition or to bloeks in
Go/M.

Temporal order and continued passage through el ¢s dependent on the
sequential formation and activation of series ofingéthreonine protein
kinases. These protein complexes consist of a aegyl subunit, termed
cyclin, and a catalytic subunit, the cyclin-depantdkinases (cdks) (fig.6).
From G, following mitosis, cells may also enter a stdlésting state” called
quiescence, or & As cells enter the cycle following mitosis (oteshatively
from quiescence), the D-type cyclins (D1, D2 and) @8d cyclin E are
synthesized sequentially, leading to the formatidncyclin D-cdk4/6 and
cyclin E-cdk2 complexes. Other cdk-complexes, sashcyclin A-cdk2,
operate in S and £swhilst cyclin B-cdkl functions in MM phase. To ensure
fine-tuning in the regulation of proliferation, thetivity of these complexes is
regulated at multiple levels, including the syntbesnd destruction of the
regulatory cyclin, and by phosphorylation and degpihmrylation on specific
residues of the kinase subunit by the enzymes CAKl &€dc25A,
respectively. In addition, a new level of regulatiof these complexes has
been elucidated by the identification of two fassliof low molecular weight
cdk inhibitors. This inhibitors include the Inkdnfdy (p15, p16, p18 and p19
proteins), which binds specifically to cdk4 and @dihereby interfering with
cyclin D-cdk interactions; and Cip/Kip family (p2p27 and p57 proteins),
inhibiting the kinase activity of cyclin E-cdk2, dyn A-cdk2 and cyclin D-
cdk4/6 complexes (82).

Many proteins have been suggested as substratésefalifferent cyclin/cdk
complexes. A main substrate of cyclin D-cdk4/6 he tpRb protein that
influences the transcription of genes necessaryGoprogression through
binding and regulating the activity of members ok tE2F family of
transcription factors as well as histone deacetglagHDAC:s). The
phosphorylation of pRb by cyclin D-cdk4/6 inducesoaformational change,
which disrupts its binding to HDAC and causes deession of some genes
with E2F sites in their promoters. Further phospglation of pRb, and the
two other pocket proteins p107 and p130 by cychcdE2 leads to release of
E2F and transactivation of E2F-responsive geneslinet) for S phase
progression, such as DNA polymerase alpha, dihgtatd reductase, and c-
myc. Therefore, the phosphorylation of the pRb grotby cyclin/cdk
complexes is a rate limiting step in @rogression (83).
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Figure 6: The proposed model for type-I IFNs induceglli®e arrest. Addition of type | IFN

to exponentially growing cells can cause glie arrest. This is associated with a down-
regulation of Cdk4 and Cdk2 activity, presumabbdimg to activation of the pocket proteins.
This effect is thought to be brought about throughprimary response involving the
transcriptional induction of the Cdk inhibitors p&Bd p21. This is followed by a secondary
response involving a post-translationally reguldtentease in p27 levels, down-regulation of
cyclins D and A, as well as down-regulation of @ak-activating phosphatase Cdc25A. The
binding of Cip/Kip inhibitors to the G1 Cdks alssalbls to a blockage of their phosphorylation
by the CAK enzyme. In parallel with the above-menéd processes the levels of c-myc are
rapidly downregulate¢modified from Sangfelt O. et al., ref. 82).

IFN- induced a cell accumulation in g-{ike state and a cell cycle arrest in
G; phase in Daudi cells and in U-266 cells, respebtiy83). These effects
seem to be modulated by the suppression in theppbogdation of pRb, p130
and p107 (82,83).

Since pocket protein phosphorylation is regulatgdtiioe cdk-complexes,
several groups have addressed the issue of whé#heracts by down-
regulating cdk activity. Indeed, type | IFNs haveeb shown to strongly
repress the activity of the cdk2 —4 and 6-compleres number of different
cell types. There are several possible explanafionthis effect, as there are
many ways of regulating cdk activity. First, IFNutd act by decreasing the
levels of the cdks or their regulatory cyclin suibsinSecond, it could increase
the expression of one or several cdk-inhibitoryt@ires, or, thirdly, influence
the phosphorylation status of the cdks by affecGAd activity or expression
of Cdc25A (fig.6) (82,83). Experimental data havewn that, indeed, IFN



influences cdk activity through all of these medbars (82). In fact, long
incubation with IFN- decreases cyclin D3 and cyclin A expression and
activity in the Burkitt lymphoma cell line DaudiZ® The induction of several
cdk-inhibitory proteins (p21, pl5, p27) in paralke the decrease in the
activity of G1 cdks has been detected during IFNeatment. In particular,
the increase in p27 levels induced a dissociationyolin E/Cdk2-p130 or
pl07 complexes to yield cyclin E/Cdk2-p27 complex@&3, 84). As
mentioned above, full cdk activity is only acquirédhe kinase subunit is
dephosphorylated at certain residues and phosgtedylon others. This
requires both the phosphatase CDC25a and the cdgies CAK. Type |
IFNs seem also to down-regulate the expressiondoR&A and to block the
activity of CAK. The overall reduction in activiseof cyclins and cdk,
resulted in decreased pRb phosphorylation, themieyenting cell cycle
progression into S phase (85).

Another involved pathway could be the activationtbé double-stranded
RNA-activated protein kinase (p68 PKR), inducindl aycle arrest in G
through the proto-oncogenentycsuppression (86,87).

Other studies revealed S-phase accumulation ironsgpto IFN- and IFN-,
as a failure to complete DNA replication. In hegaltular carcinoma, where
IFN- induced an accumulation in S-phase, the cell egefgendent induction
of cyclin A and cyclin B was impaired, resulting ieduced activity of cdk2
and cdc2 kinases. Because cyclin A expression s®lately required for
passage through S phase, while cyclin B is syrtgbdsto function as a
regulatory subunit in cdc2 kinase complexes ass qalbgress from S- into
G,/M, the decrease of cellular cyclin A and B contespresents a likely
cause for IFN--dependent growth inhibition (88). Similar resukgere
observed by Detjen et al. in neuroendocrine tunals (89). Qin et al.
reported the loss or inactivation of the normaldBeckpoint conferred by the
Rb protein as a mechanism of IFNand IFN- —mediated accumulation of the
cells in the S phase. The increase appeared taideoda continued S phase
entry and subsequently a failure of S phase celtsansit efficiently into G
and M phases (90).

Finally, few papers reported a blockage at théMphase after type | IFNs
treatment, but the involved mechanisms are not ¢etely clear (91,92).



|. 6) THE AIMS OF THE PRESENT THESIS:

The current thesis has been designed with thewWolp aims:

1.

PN

10.

11.

12.

13.

14.

15.

16.

17.

To compare the anti-tumor effects of IEN-and IFNb and the
involved mechanisms in: pancreatic carcinoid (B@N kne), human
pancreatic adenocarcinoma (BxPC-3, MiaPaCa-2 amt-Pacell
lines) and adrenocortical cancer (H295 and SW-13ices).

To evaluate the mechanisms of tumor cell resisttmdEN-a, related
to the up-regulation of epidermal growth factoregtor (EGF-R) in
epidermoid cancer cells (KB cell line).
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CHAPTER I

INTERFERON-BETA IS A HIGHLY POTENT
INHIBITOR OF GASTROENTEROPANCREATIC
NEUROENDOCRINE TUMOR CELL GROWTH
IN VITRO

Vitale G, de Herder WW, van Koetsveld PM, Waaijers M,
Schoordijk W, Croze E, Colao A, Lamberts SWJ, HudlalJ.
Cancer ResearcR006; January (in Press).



Abstract

Interferon (IFN)a controls hormone secretion and symptoms in human
gastroenteropancreatic neuroendocrine tumors (GEPSN but it rarely
induces a measurable tumor size reduction. Theteffieother type | IFNs,
i.e. IFNb, has not been evaluated. We compared the antit@ffiects of
IFN-a and IFNb in BON cells, a functioning human GEP-NET celleirAs
determined by quantitative RT-PCR analysis and immeytochemistry,
BON cells expressed the active type | IFN receptd®NA and protein
(IFNAR-1 and IFNAR-2c subunits). After 3 and 6 dayfstreatment, IFN3
significantly inhibited BON cell growth in a timeand dose-dependent
manner. 1G, and maximal inhibitory effect on day 6 were 8 IWand 98%,
respectively. In contrast, the effect of IFNresulted significantly in a less
potent effect (1G: 44 1U/ml, maximal inhibition: 26%). IFNx induced only
cell cycle arrest, with an accumulation of the el S phase. IFN; apart
from a more potent delay in S-G2/M phase transithef cell cycle, also
induced a strong stimulation of apoptosis, evabliaby flow cytometry
(annexin V and 7-AAD) and measurement of the DNAgfmentation.
Besides, only IFN- severely suppressed chromogranin A levels in the
medium from BON cells after 6 days of treatmem. conclusion, IFN3 is
much more potent, compared to IE\n its inhibitory effect on GEP-NET
cell proliferation in vitro through the inductiorf apoptosis and cell cycle
arrest. Further studies are required to establistiver IFNb has comparable
potent tumor growth inhibitory effects in vivo.



Introduction
Gastroenteropancreatic-neuroendocrine  tumors (GEPSN are a
heterogeneous category of tumors and represerdripest group of all NETs
(1). GEP-NETSs frequently synthesize several biaally active substances,
(bioamines and neuropeptides), leading to disehaeacterized by diarrhea,
abdominal cramps and pain, cardiac valve diseasenchoconstriction,
flushing, telangiectasias and pellagra-like dertisatioften debilitating for
patients (1-3). In the liver, monoamine oxidases datoxify the amines
released by the tumor and prevent the occurrencieoftumor-associated
hypersecretion syndrome. However, the presencemdtit and occasionally
large retroperitoneal and ovarian metastases, wdemeted products by-pass
the liver detoxification, is commonly associatedhis syndrome (4).

In addition to the impaired quality of life, patisrwith advanced GEP-NETSs
have a dismal prognosis with a 5-year survivallodw 20-30% (5). In these
cases there are relatively few therapeutic optiorsst of them are palliative.
Surgery is indicated only for conservative resexdioof the intestine,
mesenteric tumors and fibrotic areas, in order nprove symptoms and
quality of life (6). Hepatic resection in selectpdtients with metastatic
functioning GEP-NETSs is safe, provides temporatiefef symptoms, and
may prolong survival (6,7). As alternative to heépa¢section in patients with
liver metastases, local ablative procedures may ladsconsidered including
chemoembolization, laser and radiofrequency abiaas palliative support to
control symptoms of hypersecretion syndrome (6).e Thuse of
chemotherapeutic regimens is limited to fast grgwor undifferentiated
tumors (8). Few studies suggest the use of targesedbtherapy with
somatostatin analogues coupled e or Auger electron emitters in the
management of GEP-NETS, but its definitive role yetsto be defined (9-11).
The most common medical treatment in advanced GEPsNncludes the
use of somatostatin analogs and interferon (IFNgone or in combination.
Somatostatin analogs are used in the treatmentiitali symptoms, but
tachyphylaxis is frequently recorded and these slraigg unable to control
tumor progression (12-13). IFN4nduces a 42% biochemical and 14% tumor
response in carcinoid, and a 51% biochemical ar¥d fiZmor response in
neuroendocrine pancreatic tumors (14-15). Howealsn after the treatment
with IFN- a measurable tumor reduction is only reported siocally (16).
Therefore, therapeutic options to inhibit the gtowf metastatic GEP-NET
tumors are still unsatisfactory, and many patidogsome refractory to the
conventional palliative therapy. For all these oess novel treatment
strategies appear mandatory. Few authors repohiad IENb has greater
antitumor effects than IFM- on melanoma, squamous carcinoma, glioma,



breast and hepatocellular cancer (17-21). On thases, IFNs appears to be
of potential interest in the treatment of tumors.

To further explore the possibilities of new meditdarapies in GEP-NETS,
we compared in this study the role and mechanisractbn of IFNa and
IFN-b in the regulation of cell growth in BON cells, anttioning human
NET cell line, derived from a lymph node metastasfsa pancreatic
carcinoid.

Materials and methods
Cell lines and culture conditions
Human pancreatic carcinoid BON cells were obtaiinech Dr Townsend (The University of
Texas Medical Branch, Galveston, Texas, USA). Téklsovere cultured in a humidified
incubator containing 5% CQat 37°C. The culture medium consisted of a 1:1tuné of
Dulbecco’s modified Eagle’s medium (DMEM) and F1gi€dium, supplemented with 10%
FCS, penicillin (1x1® U/l), fungizone (0.5 mg/l) and I-glutamine (2 mmipl Periodically,
cells were confirmed adlycoplasmaree. Cells were harvested with trypsin EDTA 1086l a
resuspended in medium. Before plating, cells wersted microscopically using a standard
hemocytometer. Trypan Blue staining was used tesassell viability, which always
exceeded 95%. Media and supplements were obtaired fSIBCO Bio-cult Europe
(Invitrogen, Breda, The Netherlands).

Drugs and Reagents

Human recombinant IFN-2b (Roferon-A) was obtained from Roche (Mijdrechthe
Netherlands). Human recombinant IFNta was obtained from two preparations: Serono Inc.
(Rebif, Rockland, MA) and GIBCO Brl (Paisley, UKAIl compounds were stored at -20°C,
and the stock solution was constituted in distillwdter according to the manufacturer
instructions. Anti-human IFN-neutralizing antibody was purchased from Sigmariahd(St.
Louis, MA).

Quantitative RT-PCR

The expression of type | IFN receptors (IFNAR-INAR-2 total, the short form IFNAR-2b,
and the long form IFNAR-2c) and housekeeping getypokanthine-phosphoribosyl-
transferase (HPRT) mRNA was evaluated by quantéaRT-PCR in BON cells. Poly A
MRNA was isolated using Dynabeads Oligo ¢@dTPynal AS, Oslo, Norway) from cell
pellets containing approximately 5x1€ells. The cells were lysed for 2 minutes on itai
buffer containing 100 mM Tris-HCI (pH 8), 500 mMQli 10 mM EDTA (pH 8), 1% LIDS,

5 mM DTT and 5 U/100 ml of RNAse inhibitor (HT Bathnology Ltd. Cambridge, UK). To
the lysate 30l prewashed Dynabeads Oligo (df)were added, and the mixture was
incubated for 10 minute on ice. Thereafter, thedseaere collected with a magnet, washed
three times with 10 mM Tris-HCI (pH 8), 0.15 M LiC1 mM EDTA, 0.1% LiDS, and two
times with a similar buffer from which LiDS was dtedd. Messenger RNA was eluted from
the beads in 2 x 20 of H,O for 2 min at 65C. Complementary DNA (cDNA) was
synthesized using the poly*ARNA in a Tris-buffer (50 mM Tris-HCI, pH 8.3; 108M
KCl; 4 mM DTT; 10mM MgC}) together with 1mM of each deoxynucleotide tripttuate,
10 U RNAse inhibitor, and 2 U AMV Super Reversergeriptase (HT Biotechnology Ltd.,
Cambridge, UK) in a final volume of 4d. This mixture was incubated for 1 h at 42°C. One
tenth of the cDNA library was used for quantificatiof IFN receptors and HPRT mRNA
levels. A quantitative PCR was performed by AmptjTaold® DNA Polymerase and the
ABI PRISM 7700 sequence detection system (PerkineElApplied Biosystems, Groningen,
The Netherlands) for real-time amplifications, acliog to manufacturer's protocol. The
assay was composed by 1bTagMan Universal PCR Master Mix (Applied Biosystems,
Capelle aan de ljssel, The Netherlands), forwaithgr (500 nmol HPRT and IFNAR-2c;
300 nmol IFNAR-1, IFNAR-2 total and IFNAR-2b), rege primer (500 nmol HPRT and
IFNAR-2c; 300 nmol IFNAR-1, IFNAR-2total, and IFNARD), probe (100 nmol HPRT,



IFNAR-1 and IFNAR-2total; 200 nmol IFNAR-2b and IRR-2c) and 10 | cDNA template,

in a total reaction volume of 29. PCR amplification started with a first step min at
50°, followed by an initial heating at 95 for 10 min, samples were subjected to 40 cydes o
denaturation at 9% for 15 sec and annealing for 1 min at®0The primer and probe
sequences were purchased from Biosource (Nivdlelgium) and are indicated in Table 1.

Table 1: Primers and probes used for the quantitative RRP

IFNAR-1
Forward
Reverse
Probe

IFNAR-2 (total form)
Forward

Reverse

Probe

IFNAR-2b (short form)
Forward

Reverse

Probe

IFNAR-2c¢ (long form)
Forward

Reverse

Probe

HPRT
Forward
Reverse
Probe

5-CCCAGTGTGTCTTTCCTCAAA-3’
5-AAGACTGGAGGAAGTAGGAAAGC-3’
5-FAM-TCCGCGTACAAGCATCTGATGGA-TAMRA-3’

5-AGTCAGAGGGAATTGTTAAGAAGCA-3
5-TTTGGAATTAACTTGTCAATGATATAGGTG-3
5-FAM-AAACCCGAAATAAAGGAAACATGAGTGGAAATT-TAMRA- 3’

5-GCTTAAGAAATAGCCTCCCCAAA-3’
5-CTGTGAATAGCCACTGCATTCC-3
5-FAM-TCTTGAGGCAAGGTCTCGCTAAGGGC-TAMRA-3’

5-TGACAAGCACCATAGTGACACTGA-3

5-TAGGAAATGGCCAGGCTAAAAA-3’

5-FAM-TGGATTGGTTATATATGCTTAAGAAATAGCCTCCCCA-
TAMRA-3’

5-TGCTTTCCTTGGTCAGGCAGTAT-3'
5'-TCAAATCCAACAAAGTCTGGCTTATATC-3
5-FAM-CAAGCTTGCGACCTTGACCATCTTTGGA-TAMRA-3’

The detection of HPRT mRNA was used for normal@atof IFN receptor mRNA levels.

Expression of IFNAR-2a mRNA, the soluble form ofNIkR-2 subunit, was determined
indirectly by subtracting IFNAR-2b and IFNAR-2c froIFNAR-2 total. Several controls

were included in the RT-PCR experiments. To exclodetamination of the PCR reaction
mixtures, the reactions were also performed inaeence of DNA template in parallel with
cDNA samples. As a positive control for the PCRctisms of HPRT and type | IFN receptors
human cDNA was amplified in parallel with the cDamples.

Immunocytochemistry

Cytospin preparations of BON cells were fixatedwatetone and subsequently incubated for
30 minutes at room temperature with antibodies tiondn IFNAR-1 (rabbit polyclonal
antibody, Santa Cruz Biotechnology, Inc., SantazCfalifornia, USA), IFNAR-2b (rabbit
polyclonal antibody, Santa Cruz Biotechnology, Jr&anta Cruz, CA, USA) and IFNAR-2c
(monoclonal antibody, Dr E. Croze, Berlex BiosciesicRichmond, CA) subunits. Finally, a
peroxidase complex (IL Immunologic, Duiven, The iNatands) for IFNAR-1 and IFNAR-
2b, or standard streptavidin-biotinylated alkalpf®sphatase (IL Immunologic, Duiven, The
Netherlands) for IFNAR-2c, were used accordingh® manufacturer’s recommendations to
visualize the bound antibodies. Negative controtstifie immunohistochemistry included: 1)
omission of the primary antibody; and 2) preabsorbof the antibody for IFNAR-2b with
the respective immunizing receptor peptide.

Cell proliferation assay
After trypsinization, the cells were plated in 1 oflmedium in 24-well plates at a density of
5x1C cells/well. The plates were then placed in a 35%,CQ incubator. Three days later



the cell culture medium was replaced with 1ml/wefledium containing various
concentrations (0, 1, 5, 10, 50, 100, 1000 IU/mi) IBN- or IFN- (Serono Inc.).
Quadruplicates of each treatment were performeate®lwere further incubated at 37°C and
5% CQ. After 3 and 6 days of treatment cells were haedg$or DNA measurement. Plates
for 6 days were refreshed after 3 days and commwate added again. Measurement of
total DNA-contents, representative for the numbércells, was performed using the
bisbenzimide fluorescent dye (HoedlsB83258) (Boehring Diagnostics, La Jolla, CA), as
previously described (22).

To evaluate the specificity of the effects of IFNen cell growth, we exposed type | IFNs
with anti-human IFN- neutralizing antibody. Cells (5xi@ells/well) were plated in 24-well
plates and after 3 days of incubation at 37°C &#dD;,, the medium containing IFN-(0,

5, 50 IU/ml) or IFN- (100 IU/ml) in the absence or in presence of hothan IFN-
neutralizing antibody (4ng/ml), was changed. Plates were refreshed afterays dand
compounds were added again. After 6 days of treatrplates were collected for DNA
measurement. Both IFNs, alone or in combinationhwanti-human IFN- neutralizing
antibody, have been incubated for 1 day at 4°Crpddoe added to BON cells, in order to
antagonize the IFN-activity.

Apoptosis assays

After trypsinization BON cells were plated in 6-Wwagllates at a density of 0.5-1xX10
cells/well. These plates were placed in a 37°C, 6@ incubator. Three days later the
medium was refreshed in the presence and abseooérdlcgroup) of IFNa or IFN-b
(Serono Inc.) at the concentration of 100 IU/miteifl, 2 and 3 days of incubation cells were
gentle trypsinized and washed with ice-cold PBSIsGeere resuspended in 100 ul of 1 x
binding buffer (Nexins Research B.V., Hoeven, Thetiérlands), and stained with 5 pl of
FITC-annexin V (25 pug/ml) and 10 ul of 7-amino-actinycin D (7-AAD) (1 mg/ml). Cells
were incubated for 15 min on ice in the dark. Eveaynple was diluted with 385 ul of 1 x
binding buffer and immediately analyzed by FACSmaiflow cytometer (Becton Dickinson,
Erembodegem, Belgium). At least 20000 cells wetedaed for each sample. With the use of
CellQuest Pro Software, three subsets of cellgdas intensity of staining with annexin and
7-AAD, were identified: annexif7-AAD~ (live cells), annexifi7-AAD™ (early apoptotic
cells) and annexii7-AAD" (late apoptotic and necrotic cells) (23). Subsetjuerthe
percentage of each population was calculated. Annard binding buffer were obtained
from Nexins Research (Kattendijke, The Netherlandgile 7-AAD from Becton and
Dickinson.

Apoptosis was further confirmed by the analysistha® DNA fragmentation. After plating
5x10" cells/well on 24 well plates, cells were incuba&d37°C. Three days later the cell
culture medium was replaced with 1ml/well mediunmtaining various concentrations (0, 1,
5, 10, 50, 100, 1000 IU/ml) of IFN-or IFN- (Serono Inc.). Quadruplicates of each
treatment were performed. After an additional iratidn of 1 day, apoptosis was assessed
using a commercially available ELISA kit (Cell DkatDetection ELISA“S Roche
Diagnostic GmbH, Penzberg, Germany). The standartbqol supplied by the manufacturer
was used, as previously described (24).

Cell cycle analysis

Cells (0.8-2x16) were plated in 75cfrflasks. After 3 days medium was changed with fresh
medium (control group) and with fresh medium pl&®Nd4 or IFN- (Serono Inc.) at the
concentration of 100 IU/ml. After 1, 2 and 3 daysreubation (with a confluence of about
60-70%), cells were harvested by gentle trypsiioratwashed with cold PBS (calcium and
magnesium free), and collected by centrifugatiaor. ¢ell cycle analysis, approximately®10
cells were re-suspended in 200f PBS and fixed in 70% ice-cold ethanol with@rernight
incubation at -20°C. After brief centrifugation, llsewere washed once with PBS and
incubated for 30 minutes at 37°C in PBS contaird@gg/ml of propidium iodide (Sigma
Aldrich, The Netherlands) and f@/ml of DNase-free RNase (Sigma Aldrich, The
Netherlands). For each tube 20000 cells were imatel¢i measured on a FACScalibur flow
cytometer (Becton Dickinson, Erembodegem, Belgiugihg CellQuest Pro Software.



Chromogranin A determinations

BON cells (5x16 cells/well) were cultured in 24-well plates anéqgd in a 37°C, 5% GO
incubator. Three days later the culture medium weglaced with 1ml/well medium
containing various concentrations of IFNer IFN- (Serono Inc.) (0, 1, 5, 10, 50, 100
IU/ml). Plates were further incubated at 37°C afd B0, refreshed after 3 days and
compounds were added again at escalating condensatAfter 6 days of treatment the
supernatant and the plates were collected for chgoamin A and DNA measurements,
respectively. Human chromogranin A was measurethénconditioned media by a solid-
phase two-site immunoradiometric assay based oroohmmal antibodies that bind to two
distinct contiguous epitopes within the 145-245igagf chromogranin A (Cromogranin A-
RIA CT, CIS bio international, Gif-sur-Yvette, Fi@), according to the manufacturer
procedures (25).

Effects of two different preparations of IFNta on cell growth and chromogranin A
production.

After trypsinization, the cells were cultured in-@4ll plates at a density of 5x16ells/well.
The plates were then placed in a 37°C, 5% @ubator. Three days later the cell culture
medium was replaced with 1ml/well medium containi#agious concentrations (0, 1, 5, 10,
50, 100 1U/ml) of IFN--1a from 2 different preparations: Serono Inc. &BCO Brl. Plates
were refreshed after 3 days and compounds weredaiyien. After 6 days of treatment cells
and conditioned medium were harvested, as indicabeye, for DNA and chromogranin A
measurement.

Statistical analyses

All experiments were carried out at least threeeinand gave comparable results. For
statistical analysis GraphPad Pri§h8.0 (GraphPad Software, San Diego, USA) was used.
Relative 50% growth-inhibition concentrations {Cand maximal inhibitory effect were
calculated using nonlinear regression curve-fittipgpgram. The comparative statistical
evaluation among groups was firstly performed by GAMA test. When significant
differences were found, a comparison between grevgss made using the Newman-Keuls
test. The unpaired Student t-test was chosen tlyznthe differences in concentration-effect
curves (IGy and maximal inhibitory effect) and effects in celicle modulation between
different types or preparations of IFNs, and tHéedences of the growth inhibitory effects of
IFNs after 3 and 6 days of treatment. Correlatinalgses were performed using Pearson’s
coefficients. In DNA fragmentation analyses, theanmgeof quadruplicates for each treatment
with the same dose of IFN-have been correlated to the corresponding means of
quadruplicates in the corresponding plates for ¢k proliferation assay after 6 days of
treatment with IFN-. In addition, in one experiment DNA measuremeritsr& days of
treatment with IFN- have been correlated to the corresponding chroanagr A
concentrations, evaluated in the corresponding itonéd medium.In all analyses, values of
p<0.05 were considered statistically significart@are reported as meaBSEM.

Results
Expression of type | IFN receptors mRNA and prat@BON cells
Since the activity of type I IFNs is modulated byc@mmon receptor, we
analyzed the expression of IFNAR-1 and IFNAR-2 gtoshort and long
form) mMRNA in BON cells by quantitative RT-PCR (flg\).
Using sequence specific primers against the tyipé\Nlreceptor subunits, we
detected the presence of IFNAR-1, IFNAR-2 totaNAR-2b and IFNAR-2c
MRNA. IFNAR-1 mRNA expression, normalized for thena@unt of the
housekeeping gene HPRT, was higher than IFNAR&.t8mong IFNAR-2
subunits, IFNAR-2c was the form expressed at divelg low level.



Specific immunoreactivity for IFN receptor subun{tsNAR-1, IFNAR-2b
and IFNAR-2c) was found in BON cells at immunocytemistry (fig.1B-D).

It was stronglypositive for IFNAR-1 on the membrane and cytoplasm
(fig.1B), moderately positive for IFNAR-2b on theembrane and cytoplasm
(fig.1C) and weaklypositive for IFNAR-2c on the membrane (fig.1D).
Therefore, quantitative RT-PCR study demonstrakexd gresence of type |
IFN receptor subunit transcripts and immunocytodsemn confirmed the
presence of activable receptor proteins on BONroelinbrane.
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Figure 1. A: Relative expression of type | IFN receptor (ARAR-2 total, AR-2b, AR-2c)
MRNA in the human carcinoid BON cell line, evaluhtby quantitative RT-PCR. The
amount of IFN receptor mMRNA was calculated relatvéhe amount of HPRT mRNA and is
given in arbitrary units. The soluble form of IFNAR subunit was determined indirectly by
subtracting IFNAR-2b and IFNAR-2c from IFNAR-2 tbtd&/alues represent the mean
SEM. B-D: Immunocytochemical detection of IFNAR-B)( IFNAR-2b (C) and IFNAR-2c
(D) receptors in human BON carcinoid cells. A stréRJAR-1 immunostaining is evident in
the membrane and cytoplasm. A moderate positivity IFNAR-2b was detected in the
membrane and cytoplasm, whereas a weak immunaggaisievident for IFNAR-2¢c along
the cell membrane. Magnification, x 400.

Effects of type | IFNs on cell growth

After 6 days of incubation, IFM- and IFN- significantly suppressed the
growth of BON cells in a dose-dependent mannet @it IGo of 44 1U/ml
and 8 IU/ml, respectively (fig.2A-B). The growthhibitory effect of IFN-
was significantly more potent than that of IEBN-as shown by the higher
maximal inhibition of proliferation induced by IFN-compared with IFNa



after 3 (74.8% +2 and 16.3% 4.3, respectively, p<0.0001; fig.2A) and 6
days (97.6%_+4.3 and 25.8% +2.6, respectively, p<0.0001; fig.2B) of
treatment, as well as by the lower logd®f IFN- compared with IFNa
after 3 (1.1 +0.1 and 1.6 4.1, respectively, p<0.05) and 6 days (0.9.%
and 1.6 +0.2, respectively, p<0.0001). Note that after §sdaf incubation
IFN- induced a statistically significant cell growthihition already at very
low concentrations (1 1U/ml). The antiproliferatieéfects of IFNa and IFN-

were time-dependent. In fact, the maximal inhditiof cell proliferation,
induced by both cytokines, resulted to be hightard days compared with 3
days of incubation (IFNt: p<0.05, IFN-: p<0.0001). No statistically
significant difference was observed between thelieslof 1Gy of inhibition
after 3 and 6 days for either IFdNer IFN- .
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Figure 2. A-B: Dose-dependent inhibition of cell proliferatioftea 3 (A) and 6 B) days of treatment with
IFN-a and IFNb in BON cell line. Measurement of total DNA-contentas performed using Hoechét
33258. The mean DNA contents in controls were: 32g8vell (IFN-a, 3 days), 3592 ng/well (IFi; 3
days), 8941 ng/well (IFN, 6 days), 8497 ng/well (IFM; 6 days). %o IFN-a  : IFN-b. *: p<0.001, **:
p<0.01, ***: p<0.05 vs controlC-D: Effects of IFN- (C) and IFNa (D) on cell growth, alone and
following pre-absorption with neutralizing antibediagainst IFN- (IFN-beta Ab). *:p<0.001, **:p<0.05
vs relative controls. Measurement of total DNA-@tis was performed using HoecdNs83258. Values
are expressed as the percentage of control (uetreslls) and represent the meaiSEM of at least 3
independent experiments in quadruplicate.



To clarify the specificity of action of IFN-we evaluated the effects on cell
growth after a pre-absorption of IFlNand IFN- with neutralizing antibodies
against IFN-. As shown in fig.2C, the anti-tumor activity of 30/ml IFN-
was significantly weakened by immuno-neutralizathereas the effect of 5
IU/ml IFN- was completely abolished. Moreover, these antdmdvere
unable to counteract the inhibitory effects of I&MNN cell growth (fig.2D).

Effects of type | IFNs on apoptosis

The effects of IFNa (100 IU/ml) and IFN- (100 1U/ml) on the induction of
apoptosis in BON cells were examined by flow cytomeUsing annexin V
and 7-AAD, 2-color flow cytometric analysis detett® populations: viable,
early apoptotic, and both late apoptotic and nécreells. Percentages of
these populations, compared to the untreated dosfter 1, 2 and 3 days of
treatment with IFNa or IFN- are shown in fig.3A, B, C. We observed
(fig.3A) a significant decrease in the fraction whble cells during the
incubation with IFN- (1, 2 and 3 days: p<0.01). The percentage of early
apoptotic cells significantly increased after lad 3 days (all p<0.01) of
treatment with IFN- (fig.3B). In the same way, IFN-induced a significant
increase (p<0.01) in the fraction of late apoptagcrotic cells (fig.3C). It is
noteworthy that, after 2 days of treatment with {FLOO 1U/ml) about 20%
of cells showed signs of apoptosis or necrosisclwvis 2.3 times higher than
the control. In contrast, IFM-did not significantly modify the fractions of
life cells, early apoptotic and late apoptotic/mdicrcells in comparison to the
untreated group.

During the treatment with IFMd- and IFN- the measurement of the DNA
fragmentation was further used to investigate tffece on the apoptosis
(fig.4A-B). After 1 day of incubation, IFNt had no remarkable stimulatory
effects on DNA fragmentation at any concentratiprtar1000 1U/ml in BON
cell line. On the other hand, a dose-dependentcimmu of apoptosis was
observed after IFNb- treatment, with a maximal increase of DNA
fragmentation of about 3 times compared to theeat#xd control in BON
cells. This cytokine stimulated apoptosis alreadyesy low concentrations (1
IU/ml). These data were also confirmed by morphiglaigobservations. Only
the treatment with IFN- induced morphological alterations consistent with
apoptosis, such as cell shrinkage, picnotic nucisb detachment from the
plate after 1-3 days (not shown). The inhibitorfeefs of IFN- on the cell
growth of BON cells appeared to be mainly due toeany pro-apoptotic
activity, as shown by the highly significant posgticorrelation between the
cell proliferation inhibition after 6 days of trea&nt and DNA fragmentation
variation after 1 day of incubatiorf ¢ 0.82, p<0.001; fig.4C).
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Figure 3A-C: Effects of IFNa (100
IU/ml) and IFNb (100 1U/ml) on the
induction of apoptosis in BON cells,
evaluated by flow cytometry for
annexin V and 7-AAD.
Values of viable cells, early apoptotic
cells and late apoptotic/necrotic cells
are expressed as percentage compared
to the untreated control. Data are
reported as mearr SEM. Control
values have been set to 100%. The
mean percentages SEM of viable
cells in controls were: 89.2% 1.3 (1
day), 88.1%+ 0.9 (2 days), 85.9%
1.3 (3 days). The mean percentages
SEM of early apoptotic cells in
controls were: 4.5% 0.2 (1 day), 4.7
+ 0.9 (2 days), 4.2% 0.4 (3 days).
The mean percentagesSEM of late
apoptotic/necrotic cells in controls
were: 3.7%t 0.2 (1 day), 3.3% 0.5
(2 days), 7.4% 1.7 (3 days).
%o IFN-a

: IFN-b (Serono).
*: p<0.01vscontrol.
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Effects of type | IFNs on the cell cycle

We also evaluated the effect of treatment with BKEtOO0 1U/ml) and IFN-
(200 1U/ml) on cell cycle phase distribution affer2 and 3 days of incubation
(fig. 5).

IFN-a treatment induced a slight, but significant acclamon of cells in S
phase after 2 (p<0.05) and 3 days (p<0.001) ofirtreat compared to the
control. In the same way, the incubation with IFNicreased the fraction of
BON cells in the S phase of the cell cycle alreaftgr 1 day (p<0.001 after 1,



2 and 3 days), whereas the proportion of cells inpBase decreased in
comparison with the control (p<0.001 after 24h, 48id 72h). These data
suggested that BON cells in S phase failed to ifrant® G, and M phases
efficiently and exhibited a prolonged stay in S sghafter treatment with type
| IFNs.Of note, the cell cycle arrest induced bi4F was more potent than
that of IFNa, as showed by the statistically significant difiece in
percentage of cells in S phase compared to theataiter 1, 2 and 3 days of
incubation with IFN- and IFNa (all p<0.001).

Figure 5: Cell cycle distribution after 1, 2 and 3 days aftibation with 100 1U/ml IFNa
and 100 IU/ml IFNb in BON cells. Data are expressed as me&tEM of the percentage of
cells in the different phases, compared with umégtaontrol cells. Control values have been
set to 100%. The mean percentages of control tel31l phase were: 60% 0.8 (1 day),
64.8%+ 0.9 (2 days), 65.4% 0.6 (3 days). The mean percentages of contro$ ¢ellS
phase were: 23.9% 0.9 (1 day), 20.6% 0.9 (2 days), 21% 0.6 (3 days)%» IFN-a

IFN-b. *: p<0.001, **: p<0.05 vs control.
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Biochemical effects of type | IFNSs.

The chromogranin A levels in the media, collectexif BON cells during the
interval 3-6 days of incubation with IFN-were significantly suppressed,
also using low dose (fig. 6B). This effect was daependent, with 16
values of 6 IU/ml (comparable with the s{Cof IFN- on cell proliferation
inhibition). On the other hand, IFA- (fig. 6A) induced only a slight
suppression of chromogranin A even at high dos@ (Udml). It is interesting
to observe that, chromogranin A values, detecteéer & days of treatment

with IFN- , highly correlated with the relative values of DN@antification
(r* = 0.98, p<0.0001).
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Effects of two different preparations of IFNta on cell growth and
chromogranin A production.

The potencies of IFN-1a preparations from two different sources (Serono
Inc. and GIBCO Brl) on cell proliferation and chrogranin A production
were superimposable (4¢on cell growth: 6 IU/ml for both preparations;sC
on chromogranin A: 4 IU/ml and 3 1U/ml, respectielFor IFN- Serono
and IFN- GIBCO no statistically significant difference wasbserved
between the values of logdg(on cell growth: 0.79 ©.04 and 0.75 0.06,
respectively; on chromogranin A: 0.650t08 and 0.44 9.12, respectively)
and maximal inhibition of proliferation (on cellgwth: 98% +1.6 and 99% +
2.7, respectively; on chromogranin A: 828 and 85 8.4, respectively).



Discussion
IFN-a is currently used as a therapeutic agent in skvesdignancies,
including GEP-NETs (14-16,26-29). This cytokine drgjs to the class of
type | IFNs (e.g. IFNg, IFN-b, IFN-w, IFN-k and IFNt), which modulate a
variety of biological responses through the actbrabf a common receptor,
composed by two subunits: IFNAR-1 and IFNAR-2 (30,3IFNAR-1 is
considered the signaling subunit and it existshasfull chain. The IFNAR-2
is the subunit responsible for the interaction wifie ligand. There are three
forms of IFNAR-2, which are differentially splicgntoducts of the same gene,
e.g. the soluble (IFNAR-2a), short (IFNAR-2b) amshg (IFNAR-2c) form
(26,31,32). The chain IFNAR-2c with its long cytapmic domain and the
IFNAR-1 subunit constitute the predominantly actieem of the type | IFN
receptor complex. IFNAR-2c is capable of bindingahd, but with a lower
affinity (20-fold less) than the dimeric IFN receptcomplex itself (33).
Therefore, both receptor chains are required tofarhigh affinity binding
site and initiate signal transduction. The shomrfas able to bind type I IFNSs,
but does not couple to signal transduction becatskcks the signal
transducing tail of IFNAR-2c (34). The soluble fomay act as a regulator of
free IFNs and, depending on concentration, leadh® neutralization or
enhancement of IFN bioactivity (35,36).
Whereas the role of IFld-has been extensively studied, the effect of other
type | IFNs on neuroendocrine cell proliferatiors mot been evaluated. IFN-
b is a multifunctional cytokine binding to the samezeptor of IFNa, but
with higher affinity (37). It seems to be an ess#nmhediator not only for the
host defense in the innate immune responses agaiosgibial infections, but
also for a host defense system against oncogefg&isFew studies showed
that IFNb has greater antitumor effects than IBNvia the activation of
apoptosis (17-21). Therefore, IHN-represents a promising drug in the
treatment of cancer.
In the present study, we compared the anti-tumfecesf of IFNb-1a and
IFN-a-2b in human GEP-NETS, as well as the mechanisatsatie involved
in the growth inhibition. The expression of mMRNAdaprotein for the active
subunits of type | IFN receptor (IFNAR-1 and IFNAR) was detected by
guantitative RT-PCR and immunocytochemistry in ltkkenan BON cell line.
Both IFNs showed an inhibitory effect on the ceblgeration of these cells,
but the antitumor activity of IFN-1a was significantly higher than that of
IFN-a-2b. This difference could be explained by the pbtero-apoptotic
activity of IFN-b-1a, as shown by the increase in apoptotic celsuated by
flow cytometry and the increase in DNA fragmentati®n the other hand,



IFN-a-2b did not stimulate apoptosis in BON cells, lwvas able to induce a
cell cycle arrest with an accumulation of the cell$ phase. These results are
consistent with previous studies, which demondiradedelay in S-G2/M
phase transit of the cell cycle after treatmenhviiN-a in the human GEP-
NETs cells (38,39). The present study shows thartajpom the potent
induction of apoptosis, IFM-1a can induce a cell cycle arrest as well,
resulting in increasing the fraction of cells iet8 phase. Moreover, this latter
effect was significantly more potent and earlieartithat of IFNa-2b. The
specificity of the effects of IFN-on BON cell growth is shown by the
abolishment of the inhibitory effect of IFN- after incubation with
neutralizing antibodies against IFNin BON cells.

Although, IFNa and IFNb interact with the same receptor, the induction of
differential pathways can be explained by the d#fees in the structure
between both cytokines (40,41), generating diffeaémnteractions with the
same receptor. In fact, although both IFNs indyecesine phosphorylation of
the receptor subunits, IFBl- but not IFNa, induces the association of
IFNAR-1 and IFNAR-2c chains, indicating that thesfficity of signaling for
distinct type | IFN subtypes could be establishgdlifferential conformation
of the receptor complex (34,42). Moreover, it wasndnstrated that IF/8-
can trigger survival pathways in human tumor ciié could, at least in part,
explain its poor effects on apoptosis onset if carag with that one caused
by IFN- (43). On the basis of these results, studies emp#thways activated
by the two IFNs isoforms are warranted. However, caanot exclude that
apoptosis induced by IFN-was likely due to the strong lack of transition of
BON cells from S to @M phase of cell cycle. In fact, apoptosis couldaas

a consequence of inefficient cell cycle progressmiminating in apoptosis
(44).

In addition, we evaluated the effects of IBNand IFNb on chromogranin A
production. Chromogranin A is the most sensitivel apecific marker in
GEP-NETs (45,46) and BON cells are able to relgase substance. In
patients, circulating chromogranin A levels are atgfent by several factors:
tumor mass, secretory activity and granule derigitumor cells (45,46). This
may render the use of chromogranin A in monitotting response of tumor
mass during medical treatment difficult. In facteveral drugs (e.g.
somatostatin analogs) induced a decrease in planoanogranin A levels,
through an inhibitory effect on synthesis and siane without any effect on
tumor growth (46). We detected a very potent demeddent suppression of
the chromogranin A levels in the conditioned memntikkected from BON cells
in the interval 3-6 days of incubation with IFN-whereas the biochemical
effect of IFN-a was minor and statistically present only at higised On the



basis of a strong positive correlation between mlogranin A concentrations
and DNA quantification after 6 days of treatmenthwiFN- , we hypothesize
that the suppression of this tumor marker resulttsnfthe decrease in the
number of the cells, rather than from an inhibitiorsynthesis and secretion.
This observation suggests that, in patients theroabations of plasma
chromogranin A could give important information abthe effect on tumor
growth during the treatment of GEP-NETs with IFNalso considering that
the estimation the total tumor mass in dissemin&&dP-NETs is not easy
(46).

Finally, our findings support the clinical attracthess to use IFN-in the
treatment of GEP-NETSs, considering that IBNnhibited cell proliferation
and stimulated apoptosis already at very low comagans (1-10 1U/ml).
These concentrations can be achievedvo, since 12.3 IU/ml is the maximal
IFN- serum concentration reported in healthy subjefiey subcutaneous
administration of this cytokine (47,48). Translatiof these findings into a
clinical application is, however, not easy, consitg the short half life of
IFN- . But new promising strategies (PEGylated formyiearmroteins like
IFNAR-2a, or gene therapy) can improve pharmacdkineand
pharmacodynamic properties of IFN-bringing its real clinical application in
cancer closer (36,49,50).

In conclusion, this is the first study showing thlaé antitumor activity of
IFN-b in GEP-NETSs is considerably more potent than BENFhis seems to
be related to the fact that IFANinduced cell cycle arrest only, whereas both
apoptosis and cell cycle arrest were responsibldAN-b-mediated growth
suppression even at very low doses. These datadproationales for future
preclinical and clinical trials using IFN4n GEP-NETS.
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CHAPTER I

TYPE | INTERFERONS IN THE TREATMENT OF
PANCREATIC CANCER : MECHANISMS OF
ACTION AND ROLE OF RELATED RECEPTORS
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Abstract
Chemotherapy and radiotherapy have only a margualin the management
of pancreatic adenocarcinoma.
We evaluated the role of type | interferons (IFldey their receptors in the
regulation of cell growth in 3 human pancreatic ramt®arcinoma cell lines
(BxPC-3, MiaPaCa-2 and Panc-1).
The treatment with IFNb showed a very potent inhibitory effect on the
proliferation of BXxPC-3 (IG: 14 IU/ml) and MiaPaCa-2 (Kg 64 1U/ml)
after 6 days. The inhibitory effect of IFblwas dose- and time dependent and
significantly stronger than IFM- This antitumor effect is mainly modulated
by the stimulation of apoptosis, which was eardisd more potent than IFN-
a, although cell cycle arrest was induced as wedind®l was the most
resistant cell line to both IFNs, showing a stintiola of apoptosis only at
very high doses, and cell cycle arrest at modatase. As determined by real
time quantitative RT-PCR and immunocytochemistryl, & cell lines
expressed type | IFN receptor (IFNAR-1 and IFNARubunits) mRNA and
protein. The expression of active subunits (IFNARwid IFNAR-2c) was
significantly higher in BxPC-3 and mainly localizesh the membrane,
whereas in Panc-1 the staining for IFNAR-1 and IFRNZc was mainly
cytoplasmatic and about 60-70% of cells were negdtr IFNAR-2c
In conclusion, IFNb is much more potent than IF&l4n its anti-proliferative
effect on pancreatic cancer cell lines through imguction of an early
apoptosis, particularly in BXPC-3. The relative thigxpression of IFNAR-1
and IFNAR-2c subunits in BxPC-3 and membranousridigion could
explain the major sensitivity of this cell line #eN treatment.



Introduction
Pancreatic adenocarcinoma is a highly aggressivigmaacy (1). Surgery is
the only curative therapy. Unfortunately, due tlaek of specific symptoms,
limitations in diagnostic methods and the biololicaggressive nature of
this tumor, only 5% to 15% of patients are surguatdidates at the time of
the diagnosis (1). In this selected group of pagieadjuvant chemotherapy
has a significant survival benefit but the 5-yaawi/al of 21 % remains poor
(2). The role of chemoradiotherapy in the managéman pancreatic
adenocarcinoma is unclear (3). However, it has [#w®nwved that interferon
(IFN)-a in combination with adjuvant chemoradiotherapyioved overall 5-
year survival rates of 55% despite advanced tumesescted (4).
In vitro andin vivo studies have showed the efficacy of type | IFNg.(B-N-
a, IFN-b, IFN-w, IFN-k and IFNt), in the treatment of several tumors (5-9).
Although the antitumor effects of IFB-have been studied in detail, those of
IFN-b are not well clarified. IFNs is a multifunctional cytokine binding the
same receptor of IFM; but with higher affinity (10). It seems to be an
essential mediator not only for the innate immuesponses against microbial
infections, but also for a host defense systemnagjaancogenesis (6,11).
Besides, few studies showed that IBNias greater antitumor effects than
IFN-a (10, 12-16). On the basis of these observatidrN-d represents a
promising drug in the treatment of cancer.
Importantly, several chromosomal aberrations hawenb detected in
pancreatic adenocarcinoma, including a frequerst ddschromosome arm 9p,
observed in more than 80% of human pancreatic ¢4t4@¢ Together to the
tumor-suppressor genes pl6INK4a, p15INK4b and pHARo the IFNa
and IFNb genes are located on chromosome 9p (18). Thereforelation to
the defensive role of IFNs against tumors (11), #iesence of IFNs
expression may have an important role in the pahegis of pancreatic
adenocarcinoma.
To further explore the possibilities of new medit@atments in pancreatic
cancer, we evaluated in the present study theuamtit activity of IFNa and
IFN-b in 3 human pancreatic adenocarcinoma cell line®®3, MiaPaCa-2
and Panc-1) and the role of their receptors inrdsponsiveness to type |
IFNS.

Methods
Cell lines and culture conditions

The human pancreatic cell lines, BxPC-3, MiaPaCan#l Panc-1 were purchased from
American Type Culture Collection. The cells werdtued in a humidified incubator



containing 5% C@at 37°C. The culture medium consisted of RPMI 18dfplemented with
10% FCS, penicillin (1xI0 U/l) and L-glutamine (2 mmol/l). Periodically, t®lwere
confirmed asMvlycoplasmafree. Cells were harvested with trypsin (0.05%DTA (0.02%)
and resuspended in medium. Before plating, cellsswaunted microscopically using a
standard hemocytometer. Trypan Blue staining wasl tie assess cell viability, and always
exceeded 95%. Media and supplements were obtaired fSIBCO Bio-cult Europe
(Invitrogen, Breda, The Netherlands).

Drugs and Reagents

Human recombinant IFN-2b (Roferon-A) was obtained from Roche (Mijdrechthe
Netherlands), while human recombinant IFN-a was acquired from Serono Inc. (Rebif,
Rockland, MA). Polyinosic:polycytidylic acid (polyC) was obtained from Sigma-Aldrich
(Leiden, The Netherlands). All compounds were stat-20°C, and the stock solution was
constituted in distilled water according to the mm@cturer instructions.

Cell proliferation assay

After trypsinization the cells were plated in 1 oflmedium in 48-well plates at a density of
5x10° — 4x10d cells/well, depending on the length of the incidraperiod. The plates were
then placed in a 37°C, 5% G@cubator overnight. The next day the cell cultaredium
was replaced with 1ml/well medium containing in@ieg concentrations (0-10000 [U/ml) of
IFN or IFN . Quadruplicates of each treatment were perforni@dtes were further
incubated at 37°C and 5% GQAfter 1, 3 and 6 days of treatment cells werevésted for
DNA measurement, at approximately 70-80% conflueitates for 6 days were refreshed
after 3 days and compounds were added again. Mmasut of total DNA-contents,
representative for the number of cells, was peréatmsing the bisbenzimide fluorescent dye
(Hoechst" 33258) (Boehring Diagnostics, La Jolla, CA), asvjmesly described (19).

Cell Death Detection (DNA fragmentation)

After plating 10 — 4x10d cells/well, depending on the length of the incutratperiod, on a 48
well plate cells were left overnight to adhere. Thext day the cell culture medium was
replaced with 1ml/well medium containing increasiogncentrations (0-10000 IU/ml) of
IFN or IFN . Quadruplicates of each treatment were perfornfter an additional
incubation of 1 and 3 days, apoptosis was assessed a commercially available ELISA kit
(Cell Death Detection ELISAS Roche Diagnostic GmbH, Penzberg, Germany). The
standard protocol supplied by the manufacturer wsesd, as previously described (20).
Relative apoptosis was determined by a ratio obtrerage absorbance of the treatment wells
to the average absorbance of the control wells.dta were corrected for the effect on cell
number after 1 and 3 days of treatment.

Cell cycle analysis

Cells (1-4 x 10), depending on the length of the incubation perivdre plated in 75c¢m
culture flasks (Corning Costar, Amsterdam). Afteddy medium was changed with fresh
medium (control group) and with fresh medium plEbld or IFN- at the concentration of
1000 IU/ml. Duplicates of each treatment were penfd. After 1, 2 and 3 days of
incubation, cells were harvested by gentle trygsition and prepared for cell cycle
determination using propidium iodide for DNA staigj as previously described (17). The
stained cells were analyzed by FACScalibur flow ooytter (Becton Dickinson,
Erembodegem, Belgium) and CellQuest Pro Softwaedl. ¢ycle progression was measured
with corresponding absorbances fop/@, S and G-M phases, whereas apoptosis was
measured by quantifying the sula-@ak.

Quantitative RT-PCR

The expression of type | IFN receptors (IFNAR-INAR-2 total, the short form IFNAR-2b,
and the long form IFNAR-2c), IFM-and housekeeping gene hypoxanthine-phosphoribosyl-
transferase (HPRT) mRNA was evaluated by quantéa®T-PCR in all 3 pancreatic cancer
cell lines, as previously described (17). Brieflyply A* mRNA was isolated using
Dynabeads Oligo (d}3 (Dynal AS, Oslo, Norway) from cell pellets contaig
approximately 5x10cells or from cells previously plated on 48 weltps, as reported in
poly I:C section. Complementary DNA (cDNA) was dyesized using the poly ZAnRNA in



a Tris-buffer together with 1mM of each deoxynuti@e triphosphate, 10 U RNAse
inhibitor, and 2 U AMV Super Reverse Transcriptéldd Biotechnology Ltd., Cambridge,
UK) in a final volume of 40 |. This mixture was incubated for 1 h at 42°C. Gifth of the
cDNA library was used for quantification of IFN egtors, IFNb and HPRT mRNA levels.

A quantitative PCR was performed by AmpliTaq Gol@®A Polymerase and the ABI
PRISM 7700 sequence detection system (Perkin-Efpetied Biosystems, Groningen, The
Netherlands) for real-time amplifications, accogdito the manufacturer’s protocol. Each
sample was assayed in duplicate. The assay wasrmed using 151 TagMan Universal
PCR Master Mix (Applied Biosystems, Capelle aanljdeel, The Netherlands), forward
primer, reverse primer, probe and lI0cDNA template, in a total reaction volume of 26
PCR amplification started with a first step for thmat 50°, followed by an initial heating at
95°C for 10 min, samples were subjected to 40 cyctetenaturation at & for 15 sec and
annealing for 1 min at 6C.

The primer and probe sequences that were usebdatetection of IFNAR-1, IFNAR-2 total,
IFNAR-2b, IFNAR-2c and HPRT have been previouslgat#ed (19). In addition, we also
evaluated IFN- mRNA expression in the present study using théoviohg primers and
probe:

IFN- forward, 5'-CAGCAATTTTCAGTGTCAGAAGCT-3’;

IFN- reverse, 5-TTCATCCTGTCCTTGAGGCAG-3’;

IFN- probe, 5-FAM-TGTGGCAATTGAATGGGAGGCTTGAAT-TAMRA-3'

All the primer and probe sequences were purchased Biosource (Nivelles, Belgium).

The detection of HPRT mRNA was used for normal@atof IFN receptor mRNA levels.
Expression of IFNAR-2a mRNA, the soluble form ofNIkR-2 subunit, was determined
indirectly by subtracting IFNAR-2b and IFNAR-2c froIFNAR-2 total. Several controls
were included in the RT-PCR experiments. To asiretttet no detectable genomic DNA was
present in the poly AMRNA preparation (because the IFNyene is intron-less), the cDNA
reactions were also performed without reverse trptsise and amplified with each primer-
pair. To exclude contamination of the PCR reactioixtures, the reactions were also
performed in the absence of DNA template in paraiiéh cDNA samples. As a positive
control for the PCR reactions of HPRT and typeN lfeceptors human cDNA was amplified
in parallel with the cDNA samples.

Polyinosinic-polycytidylic acid (poly I:C) stimulan

Cells were plated at 6x3@x10' cells/well, depending on the length of the incidraperiod,

on 24 well plates and left to adhere overnight.eAthis period the medium was replaced.
Poly I:C, double stranded RNA, a potent activatbriEN- expression, was added at a
concentration of 108y/ml in quadruplicates and samples were collectest 2, 4, 6 and 24
hours of incubation, as described in the quantiéaRT-PCR section. Samples were kept on
ice and directly stored at -80°C.

Immunocytochemistry

Cytospin preparations of BxPC3, MiaPaCa-2 and Pacells were fixed with acetone for 10
minutes. After washing two times with PBS, the eliere incubated for 30 minutes at room
temperature with antibodies to human IFNAR-1 (ralgmlyclonal antibody, Santa Cruz

Biotechnology, Inc., Santa Cruz, California, USAdadFNAR-2¢c (monoclonal antibody, Dr

E. Croze, Berlex Biosciences, Richmond, CA) sulsjrdhd for overnight with antibodies to
IFNAR-2b (rabbit polyclonal antibody, Santa Cruzofichnology, Inc., Santa Cruz, CA,

USA). Finally, a peroxidase complex for IFNAR-1 alkfdNAR-2b, or standard streptavidin-

biotinylated alkaline phosphatase (both from IL Immologic, Duiven, The Netherlands) for
IFNAR-2c, were used according to the manufactureesommendations to visualize the
bound antibodies. Negative controls for the immusimichemistry included: 1) omission of

the primary antibody; and 2) preabsorbtion of thebady for IFNAR-2b with the respective

immunizing receptor peptide.

Statistical analyses

All experiments were carried out at least threeeimand gave comparable results. For
statistical analysis GraphPad Pri§h8.0 (GraphPad Software, San Diego, USA) was used.
Fifty percent growth-inhibition concentrations £WC and maximal inhibitory effect were



calculated using nonlinear regression curve-fittipgpgram. The comparative statistical
evaluation among groups was firstly performed bg #INOVA test. When significant
differences were found, a comparison between grevgss made using the Newman-Keuls
test. The unpaired Student t-test was chosen tgznthe differences in concentration-effect
curves (IGy, and maximal inhibitory effect) and effects in celfcle modulation between
different types of IFNs, and the differences of grewth inhibitory effects of IFNs after 3
and 6 days of treatment. Correlation analyses wertormed using Pearson’s coefficients.

In all analyses, values of p<0.05 were considetaiiktically significant. Data are reported as
mean +SEM. Statistical analysis was made after logarithinansformation.

Results
Antiproliferative effects of type | IFNs
After 6 days of incubation, IFM- and IFN- significantly suppressed the
growth of all three pancreatic cancer cell linesainlose-dependent manner
(Fig. 1), with a mean I§ of 606 IU/ml and 14 IU/ml in BxPC-3,
respectively; 1531 1U/ml and 64 IU/ml in MiaPaCa+2spectively; 1250
IU/ml and 112 IU/ml in Panc-1, respectively.
The growth-inhibitory effect of IFN-was significantly more potent than that
of IFN-a, as shown by the higher maximal inhibition of gfevation induced
by IFN- compared with IFNa (96.7%+ 2 and 72%t 5.7, respectively,
p<0.0001 in BXPC-3; 87.5% 3.2 and 69.1% 6.1, respectively, p<0.0001 in
MiaPaCa-2; 70.7% 1.4 and 53%t 5.7, respectively, p<0.0001 in Panc-1)
after 6 days of treatment, as well as by the lowglCs, of IFN- compared
with IFN-a (1.15+ 0.06 and 2.7& 0.15, respectively, p<0.00001 in BxPC-3;
1.8+ 0.07 and 3.1& 0.13, respectively, p<0.00001 in MiaPaCa-2; 205
0.05 and 3.% 0.17, respectively, p<0.0001 in Panc-1). It iiasting to note
that in BXxPC-3 and MiaPaCa-2 IFNinduced a statistically significant cell
growth inhibition already at very low concentrasai®-10 1U/ml).
In all 3 pancreatic cell lines the effects of IBNand IFN- were time
dependent. In fact, the maximal inhibition of cptbliferation, induced by
both cytokines, resulted to be higher after 6 dayspared with 3 days of
incubation (both p<0.0001 in BXPC3; p<0.005 and.pg01, respectively for
IFN-a and IFN- in MiaPaCa-2; both p<0.0001 in Panc-1). In addition
none of the cells a statistically significant drface was observed between
the values of Igpafter 3 and 6 days of incubation with [FNer IFN- .
The cell lines exhibited different sensitivities tiwe treatment, particularly
with IFN- . BxPC-3 resulted to be the most sensitive anccRatihe most
resistant. The maximal inhibition of proliferatidor IFN- was higher in
BxPC-3 than in MiaPaCa-2 (p<0.05) and in Panc-10(p&d1), while it was
lower in Panc-1 compared with MiaPaCa-2 (p<0.01mil@rly, the IGo of
IFN- was significantly lower in BxPC-3 than in MiaPa€aand Panc-1



(both p<0.001), and higher in Panc-1 compared WtaPaCa-2 (p<0.05).
The maximal inhibition of proliferation for IFMd- was higher in BxPC-3
compared with Panc-1 (p<0.05), while no differenctéCsy values of IFNa

was observed between the 3 cell lines.
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Figure.1: Effects of IFN-alpha (A, B, C) and IFN-beta (D, E, F) on the cell proliferation, measuring total DNA-contents, representative for the number of cells, using
HoechstTM 33258. Pancreatic cancer cell lines were incubated for 6 days without (control) or with the drugs indicated at different concentrations. Values are expressed as the
percentage of control (untreated cells) and represent the mean + SEM of at least 3 independent experiments in quadruplicate. Natural logarithmic transformation was used to
normalize the distributions for ANOVA. The mean DNA contents in controls were: 2260 ng/well (IFN-alpha, BxPC-3), 2430 ng/well (IFN-beta, BxPC-3), 8562 ng/well
(IFN-alpha, MiaPaCa-2), 8803 ng/well (IFN-beta, MiaPaCa-2), 4224 ng/well (IFN-alpha, Panc-1), 4172 ng/well (IFN-beta, Panc-1).

*:P<0.001; **: P< 0.01; ***: P< 0.05 vs. control.



Effects of type | IFNs on apoptosis

A crucial step in apoptosis is DNA fragmentatiorpracess that results from
the activation of endonucleases, which degrade nechtio into smaller
fragments. The measurement of DNA fragmentation wsesl to investigate
the effect of treatment with IFid-and IFN- on apoptosis (Fig. 2 and 3).
After 1 day of incubation, IFNt had no remarkable stimulatory effects on
DNA fragmentation at any concentration up to 10001l in all 3 cell lines,
only at the dose of 10000 1U/ml IFAldinduced a significant increase in DNA
fragmentation (Fig.2 A-C). On the other hand, aeddspendent induction of
apoptosis was observed after IBNtreatment in BxPC-3 and MiaPaCa-2,
already at a very low concentration (5-10 1U/ml)thaa maximal increase of
DNA fragmentation of about 3.5 times compared te timtreated control
(Fig.2 D, E). In Panc-1 a stimulating effect on pjesis has been observed
only for high doses of IFN-(> 500 1U/ml) (Fig. 2 F).

After 3 days of treatment with IF-an increase in DNA fragmentation has
been detected in BXPC-3 and MiaPaCa-2 at a moderdtegh dose (Fig 3
A,B). At this time the induction on apoptosis wddl present after IFN-
with a maximal stimulation of about 4 and 10 timesmpared to the control,
respectively in MiaPaCa-2 and BxPC-3 (Fig 3 D, Also after 3 days of
incubation the stimulating effects on apoptosissigéed in Panc-1 only at
high doses of IFN& (10.000 1U/ml, Fig. 3 C) and IFN-(>500 IU/ml, Fig. 3
F).

These data were also confirmed by morphologicakdagions. In all three
cell lines the treatment with IFN-induced clear structural alterations
consistent with apoptosis, such as cell shrinkggenotic nucleus and
detachment from the plate after 1-3 days, alsoesy ilow doses in BXxPC-3
cell line (not shown). These morphological changes evident only at high
doses of IFNa treatment.

The inhibitory effects of IFN- on the cell growth of BXPC-3 and MiaPaCa-2
cell lines appeared to be mainly due to an earbrgpoptotic activity, as
shown by the highly significant positive correlatidbetween the cell
proliferation inhibition after 6 days of treatmeahd DNA fragmentation
variation after 1 day {r= 0.95, p<0.0001, both for BxPC-3 and MiaPaCa-2)
and 3 days of incubation?(= 0.95, p<0.0001, for BxPC3? = 0.90,
p<0.0001, for MiaPaCa-2). At early stage, apoptesams to be not involved
in the antiproliferative effect of IFM- on pancreatic cancer cells, in fact no
significant correlation has been observed betwedirpooliferation inhibition
after 6 days and DNA fragmentation variation afteday of treatment with
IFN-a. Only after 3 days of treatment with IFN-we observed a positive
correlation between DNA fragmentation variation atie 6 days cell



0.74, p<0.0001, for BxPCZ = 0.71, p<0.0001,
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Figure 2: Effects of [FN-alpha (A, B, C) and IFN-beta (D, E, F) on the apoptosis (DNA fragmentation) in BxPC-3, Mia-PaCa-2 and Panc-I cell lines. Pancreatic cancer
cell lines were incubated for 1 day without (control) or with the drugs indicated at different concentrations. Values are absorbance units and are expressed as percent

control. Data are the mean = SEM.
*P< 0.001 vs. control.
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Figure 4. Cell cycle distribution after 1, 2 and 3 daysimfubation with 1000 1U/ml IFN&
and 1000 IU/ml IFNk in BXPC-3 (A-C), MiaPaCa-2 (D-F) and Panc-1 (G4)ls. Data are
expressed as meanSEM of the percentage of cells in the differenagds, compared with
untreated control cells. Control values have betmcs100%.

- IFN-a : IFN-b. *: p<0.05, **: p<0.01, ***:p<0.001 vs control

Effects of type | IFNs on the cell cycle

We also evaluated the effect of treatment with B=KEOOO [U/ml) and IFN-
(1000 1U/ml) on cell cycle phase distribution aftéy 2 and 3 days of
incubation in BXPC-3, MiaPaCa-2 and Panc-1 (FigI4A

IFN-a treatment induced a significant accumulation ¢f3atell lines in S
phase compared to the control and a decrease ponpian of cells in GG,
phase in MiaPaCa-2 and Panc-1. In addition, theodmams of cell cycle
revealed a late and slight increase in cells withdgplod DNA content (sub-
Go phase) only in BxPC-3 and MiaPaCa-2, confirming thduction of
apoptosis after IFN: treatment, as previously shown by the DNA
fragmentation analyses. In the same way, the inmrbaith IFN- increased
the fraction of all 3 cell lines in the S phasetloé cell cycle, whereas the
proportion of cells in @G; phase decreased in comparison with the control.
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An accumulation of cells in subgGhase has been observed in BxPC-3,
MiaPaCa-2 and Panc-1 after IFN{reatment. These data suggested that
pancreatic cancer cells in S phase failed to trantd G, and M phases and
exhibited a prolonged stay in S phase after treatnvéh type | IFNs.The cell
cycle arrest induced by IFN-was more potent than that of IRN-
considering that the percentage of cells in S pltasepared to the control
resulted to be higher after 3 days of incubatiothMiFN- than after IFNa
(BXPC-3: p<0.05, MiaPaCa-2: p<0.001, Panc-1: p<D.00
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Figure 5A-F: Relative expression of type | IFN receptor (ARAR-2 total, AR-2a, AR-2b,
AR-2c) and IFNb mRNA in human pancreatic cancer cell lines (BXRGA&PaCa-2, Panc-
1), evaluated by quantitative RT-PCR. The amountFdf receptor and IFN> mRNA was
calculated relative to the amount of HPRT mRNA @&ndiven in arbitrary units. The soluble
form of IFNAR-2a subunit was determined indiredily subtracting IFNAR-2b and IFNAR-2c
from IFNAR-2 total. Values represent the maa8EM

Expression of type | IFN receptors and IFNRRNA
Since the susceptibility of cells to IFNs couldieef the different amount of
corresponding receptors, we analyzed the expressitype | IFN receptors



(IFNAR-1 and IFNAR-2, short and long form) mRNA breal time
guantitative RT-PCR in BxPC-3, MiaPaCa-2 and Parwell lines. Using
sequence specific primers against the type | IFbeptor subunits, we
detected the presence of IFNAR-1, IFNAR-2 totaNAR-2b and IFNAR-2c
MRNA, normalized for the amount of the housekeepjege HPRT. As
shown in figure 5, the expression of IFNAR-1 mRNAaswvsignificantly
higher in BxPC-3 and MiaPaCa-2 compared with Par{bdth p<0.001),
while no difference was observed between BxPC-3 BhdPaCa-2. In
addition, the number of IFNAR-2a, IFNAR-2b and IFRA&c mRNA copies
was higher in BxPC3 than in MiaPaCa-2 and Panc<0.(1).

Low expression of mMRNA encoding for IFNwas detected in BxPC-3, while
it was undetectable in MiaPaCa-2 and Panc-1. W ialgestigated whether
the potent IFN inducer, poly I:C, was able to stimbel pancreatic cancer cells
to produce endogenous IFN-Treatment with poly I:C at the concentration of
100 ng/ml strongly up-regulated the expression of IFNRRNA in only
BxPC-3 (Fig. 6). The peak of IFNstimulation was detected after 2 hours of
incubation with poly I:C, with an increase of ab@&@-fold compared to the
control. After 24 hours the levels of IFNmMRNA returned to the normality.
In contrast, in the MiaPaCa-2 and Panc-1 cell |ileN- mRNA was absent
in normal baseline condition as well as after station with poly I:C (100

ng/ml).
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Figure 6: Relative expression of IFR-mRNA after 2h, 4h, 6h and 24h of incubation witiip
I:C (100hg/ml) in BxPC-3 cell line, evaluated by quantitatiRT-PCR. The amount of IFhI-
mRNA was calculated relative to the amount of HRRRNA and is given in arbitrary units.
Data (mearr SEM) are presented as percentage change oveotth®lc *: p<0.001; **:p<0.05.



Figure 7: Immunocytochemical detection of IFNAR-A,D,G), IFNAR-2b B,E,H) and
IFNAR-2c (C,F,I) receptors in BxPC-3 A-C), MiaPaCa-2 D-F) and Panc-1 G-I).
Magnification, x 400. The espressions of IFNAR-H #iRNAR-2c are mainly membranous in
BxPC-3 (A; C see solid arrow), while in Panc-1 brgbeptors are localized in the cytoplasm
(G; | see solid arrow) and 60-70% of the cellsrargative for IFNAR-2c (I, see dash arrow)

Immunocytochemistry

Specific immunoreactivity for IFN receptor subun{tsNAR-1, IFNAR-2b
and IFNAR-2c) was found in all 3 pancreatic caroat lines (Fig. 7A-1). It
was stronglypositive for IFNAR-1 in BXPC3 (Fig. 7A) and the isiag was
predominantly at the plasma membrane. On the ¢thed, MiaPaCa-2 (Fig.
7D) and in Panc-1 (Fig. 7G) the expression of IFNARvas lower and
particularly distributed in the cytoplasm. IFNAR-Ahowed a comparable
expression in BxPC-3 (Fig. 7B) and Panc-1 (Fig. .7H) BxPC3 the
immunostaining of IFNAR-2b was localized on theopfasm and on the
membrane, while in Panc-1 the expression of IFNARS preferentially on
the cytoplasm. In MiaPaCa-2 (Fig. 7E) the expresb this subunit was
cytoplasmic and lower compared with the other 2 eés. IFNAR-2c is




mainly expressed on the plasma membrane and ioytioplasm in BxPC-3
(Fig. 7C) and in MiaPaCa-2 (fig. 7F), respectivdly. addition, in Panc-1
(Fig. 71) this subunit is mainly expressed in cyagm, but the IFNAR-2c
pattern is heterogeneous, in fact the stainingegative in about 60-70% of
the cells.

Discussion
Although few trials criticized the intense toxicitf IFNs (21,22), several
studies showed that combination of IBNwith adjuvant chemoradiation
therapy might increase response rates and achieMenged survival in
patients with pancreatic cancer (4,23). In addjtible administration of IFN-
a in combination with 13-cis retinoic acid or withflaorouracil, leucovorin
and cisplatin seems to have an increased antipralife effect in advanced
pancreatic carcinoma (24-26). Interestingly, recesports showed that
regional adenovirus-mediated IFN-gene transfer significantly suppressed
the growth of subcutaneous xenografts of human rpatic cancer cells in
nude mice (27,28).
Whereas the role of IFld-has been extensively studied, the effect of other
type | IFNs on pancreatic cancer has been lessi@eal. Preliminary reports
suggested the possibility to use IBNn the treatment of pancreatic cancer
(29-32). A high local production of IFN-seems to have a strong antitumor
effect on PANCO02-H7, a highly metastatic mouse peaitc carcinoma cell
line successfully transfected with a vector contegra murine IFNb gene.
The IFND-secreting cells drastically lose their capacity goowth and
metastasize in syngenic mouse, whereas the sanset@@isfected with a
control vector remain highly tumorigenic and medtist(29). A recent paper
showed that the treatment of human pancreatic cane lines with
gemcitabine and human IFbl-gene entrapped in liposomes was more
effective than each treatment alone (30). Busthal. described the
stabilization of the disease in a patient with mpiete resection of a
pancreatic cancer, treated with IENin combination with gemcitabine,
cisplatinum and radiotherapy (31). On the otherdhd&ecchiaet al. showed
few long-lasting responses and disease stabilizatigatients with advanced
pancreatic cancer by combining IENwith chemotherapy (5-fluorouracil,
folinic acid, epirubicin, mitomycin C) and retingid(32). However, the
efficacy of IFNb in the treatment of pancreatic cancer, the paenti
differences in antitumor activity with IFld-and the involved mechanisms of



action are still poorly understood. Besides, inickl practice one of the main
limits of therapy with type | IFNs is the absendenaolecular predictors,
potentially useful in deciding whether a patienbwd be treated. This is a
crucial point, considering that several tumours emenpletely or partially
resistant even to high doses of IFNs. While, tlss lof type | IFNs genes has
been excluded to be a predictor factor of resptmsiee treatment with IFN:
and IFNb treatment (18), the role of the IFN receptor hasheen reported
so far.

Therefore, in the present study, we compared thiewanor effects of IFNa
and IFNb, as well as the mechanisms that are involved & dhowth
inhibition of 3 human pancreatic cancer cell lifBxPC-3, MiaPaCa-2 and
Panc-1). Moreover, for the first time we evaluatieel cellular distribution of
type | IFN-receptor subtypes in these cell lineg #und that IFNs potently
inhibits cell proliferation already at very low amntrations (5-10 IU/ml), at
least in BXPC3 and MiaPaCa-2. These concentratande achievenh vivo,
since 12.3 IU/ml is the maximal IFN-serum concentration reported in
healthy subjects after subcutaneous administratiohis cytokine (33,34).

The direct anti-tumor effects of IFA-and b are associated with the
induction of apoptosis and cell cycle arrest. IlPBx3 and MiaPaCa-2 both
cytokines are able to induce apoptosis, but theease in DNA fragmentation
after IFN- treatment occurred earlier and was considerabigemotent than
IFN-a. It is well known that type | IFNs induce apop®siy activating the
caspase cascade, releasing cytochrorfrem mitochondria, inducing tumor
necrosis factor-related apoptosis-inducing ligafi@RAIL) expression and
promoting DNA fragmentation. However, this actieatioccurs late (after at
least 48-72h) (35,36). Surprisingly, in BxPC-3 avihPaCa-2, a significant
induction of apoptosis is already evident afteray of treatment with low
dose IFNb, while this effect is present only after 3 daysreatment with a
moderate to high dose of IFAl- Panc-1 results to be the most resistant cell
line to both IFNs, showing a stimulation of apojasnly at very high doses
(IFN-a > 10000 IU/ml, IFNb > 500 IU/ml). However, also in Panc-1 the
induction of apoptosis is already observed aftday of incubation with IFN-
b. In all 3 pancreatic cancer cell lines both IFN&luce a significant
accumulation of cells in S phase compared to tmérol suggestive of a cell
cycle arrest in the late S phase. The block indumetFN- is more potent
and earlier than that of IFH-

The differential expression and distribution of IFBceptor subunits could
partially explain the different susceptibility df 8 cell lines to IFN treatment.
All type | IFNs activate a common receptor comptexnposed of two major



subunits, IFNAR-1 and IFNAR-2 (37,38). IFNAR-1 isonsidered the
signaling subunit, as it is absolutely required $gnal transduction. The
IFNAR-2 is the subunit responsible for the intei@ctwith the ligand. There
are three forms of IFNAR-2, which are differentyadipliced products of the
same gene, e.g. the soluble (IFNAR-2a), short (IRN2b) and long (IFNAR-
2c) form (6, 39-41). The IFNAR-2c and IFNAR-1 sulisnconstitute the
predominantly active form of the type | IFN recaptomplex. IFNAR-2c is
capable of binding ligand, but with a lower affinif20-fold less) than the
dimeric IFN receptor complex itself (42). Therefob®th receptor chains are
required to form a high affinity-binding site anuitiate signal transduction
leading to the induction of IFN-responsive gendse Bhort form is able to
bind type | IFNs, but does not couple to signahsduction because it lacks
the signal transducing tail of IFNAR-2c (43). Thauble form may act as a
regulator of free IFNs and, depending on concepotratlead to the
neutralization or even enhancement of IFN bioaisti{44,45).

Quantitative RT-PCR study and immunocytochemicallysis demonstrate
the presence of type | IFN receptor subunit trapscand proteins in BxPC-
3, MiaPaCa-2 and Panc-1 cells. The high expressitFiNAR-1 and IFNAR-
2c subunits in BXPC-3 could explain the major s@nsi of this cell line to
IFN treatment. In fact, as shown by Wageeal, increasing the cell surface
levels of IFNAR2c in cancer cells enhances theinsgwity to the
antiproliferative and apoptotic effects of type=Ns (46). Besides, long-term
cultures of IFNAR1-deficient mouse embryonic fibladis as well as IFK-
deficient cells result in the formation of transfad colonies, which could
form tumors in nude mice (5). It is interesting tbserve that, by
immunocytochemistry we demonstrate striking diffexes in the subcellular
localization and distribution of IFNs receptor salts. While in BXPC-3 the
staining for the active subunits of IFN recept&iNAR-1 and IFNAR-2c) are
mainly membranous, in Panc-1 the expression of bsthunits is
preferentially in the cytoplasm. Besides, in Parabbut 60-70% of the cells
exhibit no detectable levels of IFNAR-2c. This meteneity in IFNAR-2c
expression may provide an additional explanatiantfie low sensitivity of
these cells to IFNx and IFNb treatment. In Panc-1 it is possible a selection
of cell type during type | IFNs treatment, with heg possibility to survive for
IFNAR-2c negative cells. Therefore, all these dstmgest that the high
sensitivity of BxXPC3 to IFNs treatment could beatet to the strong
expression of IFNAR-1 and IFNAR-2c and the main rbeamous
localization. On the other hand, the low expressaytoplasmic localization
and heterogeneous staining of the active recept®&anc-1 could explain the
relative resistance of these cells to IFNs treatmehis is the first study, as



far as we know, showing the importance of expressuistribution and
localization of type | IFNs receptor subtypes ie thodulation of response to
IFNs treatment in pancreatic cancer. Our data laeesaggestive for a careful
evaluation of IFNAR subtypes in pancreatic canedoie treatment with type

| IFNs is considered.

Finally, the expression of IFH-was investigated. BxPc-3 is the only cell line
able to produce IFN mRNA in normal condition or after the stimulation
with poly I:C, a synthetic double-stranded RNA clypwer of inosinic and
cytidylic acids able to mimic a viral infection. ik noteworthy, that BxPC-3
has been described to be more differentiated thafP&Ca-2 and Panc-1 (47).
We cannot exclude a main role of the endogenoudugtmn of IFNb in the
differentiation of these cell lines, consideringtthFNs are also differentiating
factors (5,10).

Although IFN-a and IFNb interact with the same receptor, the inductioa of
differential response can be explained by the ditserin the structure
between both cytokines. There is only 35% sequéhestity between both
IFNs, and unlike IFNa, IFN- is glycosylated and includes a zinc ion
(48,49). These differences generate different attéwns and affinities for the
related receptor. In fact IFN-has a higher affinity (10-fold) than IF&I{9).
However, this cannot completely explain the differe in potency of cell
growth inhibition between both cytokines, partigiyydan BxPC-3, where the
ICs0 for IFN-b is 40 times lower than that of IF&l- Differences in the
interaction of these IFNs with their receptors niga also involved. In fact,
although both IFNs induce tyrosine phosphorylatbnhe receptor subunits,
IFN-b, but not IFNa, induces the association of IFNAR-1 and IFNAR-2c
chains, indicating that the specificity of signalifior distinct type | IFN
subtypes is established by differential confornratd the receptor complex
(43,50).

In conclusion, our study shows that IENs significantly more effective than
IFN-a in inducing cell growth inhibition in pancreati@mcer, because it
induces a more potent and earlier cell cycle araest apoptosis activation
compared with IFNa. Considering that IFNb- stimulates apoptosis already at
very low dose, this cytokine could be a more pramgiagent than IFN for
the treatment of human pancreatic cancer, partiguia tumors with a high
expression of IFNAR1 and IFNAR2c, supporting ite us future clinical
investigation. In addition, there is clear vitro evidence that differential
expression levels and distribution of the IFNs ptoesubunits play a role in
the regulation of the response to type | IFNs thyeren pancreatic cancer.
Future studies should investigate vivo whether the intensity, subcellular
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11.
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localization and distribution of IFNAR-1 and IFNAR: at
immunohistochemistry might predict the responsehirapy with IFN- in
pancreatic cancer.
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Abstract

Adrenocortical carcinoma (ACC) is a rare tumor wahpoor prognosis.
Despite efforts to develop new therapeutic regimexuggery remains the
mainstay of treatment. In the present paper, wduated the anti-tumor
effects of type | interferons (IFd-and IFNb) on human ACC cell lines
(H295 and SW13).
As determined by quantitative RT-PCR analysis anchiuinocytochemistry,
H295 and SW13 cells expressed the active type | igdeptor mRNA and
protein (IFNAR-1 and IFNAR-2c subunits). Both IFsignificantly inhibited
ACC cell growth in a dose-dependent manner, buetfext of IFNbla (IG:
5 IU/ml, maximal inhibition: 96% in H295; Kz 18 IU/ml, maximal
inhibition: 85% in SW13) was significantly more pat than that of IFN
(ICs0: 57 IU/ml, maximal inhibition: 35% in H295; Ka 221 IU/ml, maximal
inhibition: 60% in SW13). Whereas in H295 cells boFNs induced
apoptosis and accumulation of the cells in S phas&W13 the anti-tumor
mechanism is modulated by the cell cycle arrest.dnterestingly, only IFN-

potently suppressed IGF-2 mRNA expression in H295.
In conclusion, IFNs is much more potent, compared to IBN-in its
inhibitory effect on ACC cell proliferationn vitro via the induction of
apoptosis and cell cycle arrest. Further studies raquired to establish
whether IFNb has comparable potent tumor growth inhibitory &fe vivo.



Introduction
Adrenocortical carcinoma (ACC) is a rare tumor vatdismal prognosis. The
incidence of AAC in the population is 0.5 to 2 patlion and about two-third
of ACC are functional, producing cortisol, aldoste®, androgens, or
estrogens (1, 2).
Complete surgical resection is currently the ondyeptially curative therapy
for localized adrenal cortical carcinoma (3). Wheamimplete resection is not
possible, or in advanced disease, the treatmestiate is chemotherapy with
mitotane (2). Mitotane is an adrenolytic compourithwa specific activity on
the adrenal cortex (4). The efficacy of the treatime approximately 30%,
dependent of the stage of the tumor. This drugsgseveral side effects in
central nervous system, liver, kidney, and bonerovaand long-term therapy
is indicated only in case of a clinical responsk (2 addition, there are no
conclusive data showing favourable effects on saivand quality of life
after the treatment with mitotane alone or in cambon with chemotherapy
in ACC (5).Therefore, novel treatment strategies are cleadyired for this
carcinoma.
In vitro andin vivo studies have shown the efficacy of type | intenfer
(IFNs) in the treatment of several tumors, aloneirorcombination with
chemotherapy (6, 7). Type-I IFNs primarily inclublNs-a, IFN-b and IFN-
w, that interact with same receptor complex, comgosg two subunits:
IFNAR-1 and IFNAR-2 (8, 9). These cytokines modelanti-tumor activity
through different mechanisms, e.g. cell cycle ariegluction of apoptosis,
activation of NK cells, T cells, monocytes and negtrages, induction of
surface antigen expression on tumor cells, as veall inhibition of
angiogenesis and the production of various growtiofs (10). It has been
described that type | IFNs are able to downregulaeexpression of gene and
protein release of insulin-like growth factor-2 @) in some cancers (11,
12). Considering that, IGF-II is highly expressedrhore than 90% of the
ACC and being involved in adrenal growth and tumgeniesis of this cancer
(13), type-I IFNs could be of potential interesthe treatment of ACC.
To further explore the possibilities of new meditlaérapies in ACC, we
investigated then vitro effects and the mechanism of action of type-lI IFNs
(IFN-a2b and IFNb) on the growth of two established human ACC c¢e#s
(H295, SW13).



Material and method
Cell lines and culture conditions
Human H295R cells, a human adrenocortical carcinoetfidine, were obtained from ATCC
(Manassas (VA), United States). As previously showimese cells produce several
corticosteroid hormones (14). SW13 adrenal tumdts cevere obtained from ECACC
(Salisbury, Wiltshire, UK).
The cells were cultured in a humidified incubatoniining 5% C@ at 37°C in 75 cfh
culture flasks (Corning Costar, Amsterdam,The Neginels). The culture medium consisted
of a 1:1 mixture of Dulbecco’s modified Eagle’s med (DMEM) and F12K medium,
supplemented with 5% FCS, penicillin (1X10/1), fungizone (0.5 mg/l) and L-glutamine (2
mmol/l). Periodically, cells were confirmed Bfy/coplasmafree. Cells were harvested with
trypsin EDTA 10% and resuspended in culture mediBefore plating, cells were counted
microscopically using a hemocytometer. Trypan Bhiaining was used to assess cell
viability, and always exceeded 95%. Media and sapphts were obtained from GIBCO
Bio-cult Europe (Invitrogen, Breda, The Netherlands

Drugs and Reagents

Human recombinant IFM-2b (Roferon-A) was purchased from Ro&hgAlmere, The
Netherlands). Human recombinant IFNka was purchased from Serono Inc. (Rebif,
Rockland, MA). Human recombinant IFNib was obtained from Schering (Mijdrecht, The
Netherlands). Anti-human IFN-neutralizing antibody was purchased from Sigmariahd
(St. Louis, MA). Caspase inhibitors Devd-cho, Leliay and letd-cho were purchased by
Biosource (Brussel, Belgium). Mitotane ((1,1—digbl2(o-chlorophenyl)-2(p-
chlorophenyl)ethane), Lysodren) was obtained framstBl-Myers Squibb (Sermoneta, Italy).
All compounds were stored at -20°C, and the stamltion was diluted according to the
manufacturer instructions.

Quantitative RT-PCR

Quantitative PCR was performed as described preliqd5, 16). Briefly, for the detection
of interferon receptors (IFNAR1, IFNAR2c, IFNar2hihd IGF-Il total RNA was isolated
using a commercially available kit (RoéheAlmere, The Netherlands) according the
manufacture procedure.

cDNA was synthesized using 10 pl (10 pg/ul) RNAaifris buffer (50 mmol/L Tris-HCL
(pH 8.3), 100 mmol/L KCL, 4 mmol/L DTT, and 10 mniolMGCL,), together with 5 ng
Oligo(16)12-18 Primer (InVitrogen, Breda, The Netheds), 1 mmol/L of each
deoxynucleotide triphosphate, 10 units RNase itdnibiand 2 units avian myeloblastosis
virus Super Reverse Transcriptase (HT biotechnglagya final volume of 40 pL. This
mixture was incubated by 85 for 10 min followed by 4% for 60 min., (biometra,
Westburg, The Netherlands).

A quantitative PCR was performed using the TagM&x#d nuclease assay (Perkin Elmer
Corporation, Foster City, CA, USA) and the ABI PRI® 7700 sequence detection System
(Perkin Elmer Applied Biosystems, Groningen, The tHddands) for real-time
amplifications, according to manufacturer’s protodine assay was performed using 12.5 pl
TagMan® Universal PCR Master Mix (Applied Biosystenihe Netherlands), 2.5 pl primer
mix contain: forward primer (500 nmol for IFNAR-2800 nmol for IFNAR-1, IFNAR-2
total, IFNAR-2b and IGF-II), reverse primer (500 ainfor IFNAR-2c; 300 nmol IFNAR-1,
IFNAR-2total, IFNAR-2b and IGF-Il), probe (100 nmédr IFNAR-1 IFNAR-2total, and
IGF-1I; 200 nmol IFNAR-2b and IFNAR-2c) and 10 cDNA template. After an initial
heating at 95C for 8 min, samples were subjected to 40 cycleteofturation at 9& for 15
sec and annealing for 1 min at°@) The primer and probe sequences were purchased fr
Biosource (Brussel, Belgium). The sequence of thengrs IFNAR-1, IFNAR-2 total,
IFNAR-2b and IFNAR-2c and IGF-2 were describedablé 1 (17).



Table 1: Primers and probes used for the quantitative RRP

IFNAR-1

Forward 5-CCCAGTGTGTCTTTCCTCAAA-3’

Reverse 5-AAGACTGGAGGAAGTAGGAAAGC-3’

Probe 5'-FAM-TCCGCGTACAAGCATCTGATGGA-TAMRA-3’

IFNAR-2 (total form)

Forward 5-AGTCAGAGGGAATTGTTAAGAAGCA-3
Reverse 5-TTTGGAATTAACTTGTCAATGATATAGGTG-3
Probe 5-FAM-AAACCCGAAATAAAAG

GAAACATGAGTGGAAATT-TAMRA-3’

IFNAR-2c (long form)

Forward 5-TGACAAGCACCATAGTGACACTGA-3
Reverse 5-TAGGAAATGGCCAGGCTAAAAA-3’
Probe 5-TGGATTGGTTATATATGCTTAAG

AAATAGCCTCCCCA-TAMRA-3

IFNAR-2b (short form)

Forward 5-GCTTAAGAAATAGCCTCCCCAAA-3’

Reverse 5-CTGTGAATAGCCACTGCATTCC-3

Probe 5-TCTTGAGGCAAGGTCTCGCTAAGGGC-TAMRA-3’
IGF-2

Forward 5-CCAAGTCCGAGAGGGACGT-3

Reverse 5-TTGGAAGAACTTGCCCACG-3’

Probe 5-FAM-ACCGTGCTTCCGGACAACTTCCC-TAMRA-3

The estimated copy numbers were obtained accotditiie method described by Swillens et
al. (18). IFNAR-1, IFNAR-2 total, IFNAR-b, IFNAR-2and IGF-Il were normalised by the
amount of RNA. Several controls were included ia RT-PCR experiments. To ascertain
that no detectable genomic DNA was present in thNeARhe cDNA reactions were also
performed without reverse transcriptase and areglifivith each primer-pair. To exclude
contamination of the PCR reaction mixtures, thetieas were also performed in the absence
of cDNA template in parallel with cDNA samples. /4s positive control for the PCR
reactions of type | IFN receptors and IGF-2 humaihADvas amplified in parallel with the
cDNA samples.

Immunocytochemistry

Cytospins preparations of H295 and SW13 cells wied with acetone (10 min.) and
incubated for 30 minutes at room temperature wittibadies to human IFNAR-1 (rabbit
polyclonal antibody, Santa Cruz Biotechnology, InSanta Cruz, California, USA) and
human IFNAR-2c (monoclonal antibody, Dr. E. CroBerlex Biosciences, Richmond, CA).



Finally, a peroxidase complex (IL Immunologic, Deiy The Netherlands) for IFNAR-1 or a
standard streptavidin-biotinylated alkaline phospba detection system (IL Immunologic,
Duiven, The Netherlands) for IFNAR-2c were used oading to the manufacturer’s
recommendations to visualize the bound antibodies.

Negative controls for the immunohistochemistry utdd omission of the primary antibody.

Cell proliferation assay

After trypsinization, the cells were plated in 1 oflmedium in 24-well plates at a density of
10° cells/well for H295 and of 5xfBW13. The plates were then placed in a 37°C, 5% CO
incubator. Two days later the cell culture mediurasweplaced with 1ml/well medium
containing various concentrations of drugs (I&N©-1000 1U/ml; IFNbla: 0-100 IU/ml;
IFN-b1b: 0-100 IU/ml). Quadruplicates of each treatmesre performed. Plates were
further incubated at 37°C and 5% CQAfter 3 and 6 days of treatment the cells were
harvested for DNA measurement. Plates for 6 dayse wefreshed after 3 days and
compounds were added again. Measurement of tota\-Biitents, representative for the
number of cells, was performed using the bisberggniiuorescent dye (Hoech¥t33258,
Boehring Diagnostics, La Jolla, CA), as previoushgcribed (19)

To evaluate the specificity of the effects of IFlla on cell growth, the cells were exposed to
IFN- la with an anti-human IFN-neutralizing antibody. H295 cells (1@ells/well) were
plated in 24-well plates and after 2 days of inc¢idma the medium containing IFNta (5
IU/ml), in the absence or in presence of anti-hudk&d neutralizing antibody (4g/ml),
was added. After 3 days the plates were collectedDNA measurement, as previously
described. IFN-1a alone or in combination with anti-human IFNieutralizing antibody,
have been incubated for overnight at 4°C prior & dulded to H295 cells, in order to
antagonize the IFN-activity.

Apoptosis assay

Apoptosis was evaluated by the analysis of the Didymentation. After plating of £0
cells/well for H295 and 2 x f@ells/well for SW13 on 24 well plates, cells wareubated at
37°C. After two days the cell culture medium waglaeed with 1ml/well medium containing
various concentrations of drugs (IFN-0-1000 IU/ml; IFNbla: 0-100 IU/ml; IFNkb1b: O-
100 IU/ml). Quadruplicates of each treatment weeefggmed. After 1 day of incubation,
apoptosis was assessed using a commercially alaiEbSA kit (Cell Death Detection
ELISA™"S Roche Diagnostic GmbH, Penzberg, Germany). Tawdsird protocol supplied by
the manufacturer was used, as previously descr{2&). Apoptosis was expressed as
percentage to control.

To evaluate the role of caspases involved in ttdudtion of apoptosis after IFNta
treatment, we studied the effects of caspase imingin combination with IFN-la in H295
cells. Cells (1B cells/well) were plated in 24-well plates and afteday of incubation, 1ml of
the medium containing b of different caspase inhibitors: Devd-cho (bloakaspase 3),
letd-cho (blocks caspase 8), Lehd-cho (blocks c®sp2) was added. After 1 day of
incubation, IFN-1a (5 IU/ml) in the absence or in the presenc&efcaspase inhibitors, was
incubated for 24 hours. Plates were collected fdAOragmentation detection, as previously
described.

Cell cycle analysis

Cells 2 x18for H295 and 5 x 10for SW13 were plated on 12 well plates. After ¥ thee
medium was changed with fresh medium (control) @h fvesh medium plus IFN2b (500
and 1000 IU/ml) or IFN-1a (50 and 100 IU/ml). After 3 days of incubati@morifluency of
about 60-70%), cells were harvested by gentle injzetion, washed with cold phosphate-
buffered calcium and magnesium free saline (PBBJ, eollected by centrifugation. Cells
were re-suspended in 2@0of PBS and fixed in 70% ice-cold ethanol with avernight
incubation at -20°C. After brief centrifugation, llsewere washed once with PBS and
incubated for 30 minutes at 37°C in PBS contair®gg/ml of propidium iodide (Sigma
Aldrich, Zwijndrecht, The Netherlands) andnifdml of DNase-free RNase (Sigma Aldrich,
Zwijndrecht, The Netherlands). For each tube 2008l were immediately measured on a



FACScalibur flow cytometer (Becton Dickinson, Erevdegem, Belgium) and analyzed
using CellQuest Pro Software.

Cortisol determination

After trypsinization, the H295 cells were culturéd 24-well plates at a density of 10
cells/well. The plates were then placed in a 3B%,CG incubator. After two days later the
cell culture medium was replaced with 1ml/well medi containing increasing various
concentrations of drugs (IFB: 0-1000 IU/ml; IFNbla: 0-100 IU/ml). Medium were
refreshed after 3 days and compounds were addénl &yaday 6, medium was removed and
fresh medium and drugs with forskolin &Y was added to the cells for 24 hours. Forskolin
stimulates the adenylate cyclase system. In presehfoskolin, cortisol is the major protein
secreted by the adrenal carcinoma cell line H296ontrast to other steroids protein (14).
After 24 hours the media were collected and staed20°C until the measurement of
cortisol.

Human cortisol concentrations were determined by nan-isotopic, automatic
chemiluminescence immunoassay system (Immulite, DRC Breda, The Netherlands)
according to the manufacturer procedures. Intra- iaterassay CV’'s were 5.6% and 7.8%,
respectively.

Statistical analysis

All experiments were carried out at least threeeinand gave comparable results. For
statistical analysis GraphPad Pri§h8.0 (GraphPad Software, San Diego, USA) was used.
Relative 50% growth-inhibitory concentrations {ffCand maximal inhibitory effect were
calculated using nonlinear regression curve-fittipgpgram. The comparative statistical
evaluation among groups was firstly performed by GAM\ test. When significant
differences were found, a comparison between grevgss made using the Newman-Keuls
test. The unpaired Student t-test was chosen tlyzmthe differences in concentration-effect
curves (IGy and maximal inhibitory effect) and effects in celicle modulation between
different types or preparations of IFNs, as welltlas differences of the growth inhibitory
effects of IFNs after 3 and 6 days of treatmentir€lation analyses were performed using
Pearson’s coefficients. In all analyses, valuespeD.05 were considered statistically
significant. Data are reported as meaBBM.

Results
Expression of type | IFN receptor mRNA and protems$1295 and SW13
cells
The activity of type I IFNs is modulated by a commreceptor. We generated
a set of specific primers to analyze the expressidirNAR-1 and IFNAR-2
(total, short and long form) mRNA in H295 and SWdls by quantitative
RT-PCR.In both cell lines we detected the presence of IRNIA IFNAR-2
total, IFNAR-2b and IFNAR-2c (fig. 1). IFNAR-1 mRNAexpression,
normalized for the amount of the total RNA, washegthan IFNAR-2 total
in both cell lines. Among the IFNAR-2 subunits, IKR-2c was the form
expressed at the relatively lowest level.
Specific immunoreactivity for the two active IFNceptor subunits (IFNAR-1
and IFNAR-2c) was found in H295 and SW13 cellsnanunocytochemistry



(fig. 2). It was positive for IFNAR-1 mainly locakd on the membrane (fig.2
A,C) and strongly positivefor IFNAR-2c on the membrane and cytoplasm
(fig.2 B,D).

Figure 1: Relative expression of type | interferon recepfaiR{1, AR-2 total, AR-2a, AR-2b,

AR-2c) mRNA in the human adrenal cancer cell lité295 and SW13, evaluated by
guantitative RT-PCR. The amount of relative copé¢dFN receptor RNA was calculated
correcting for the amount of total RNA. The solubdtem of IFNAR-2a subunit was

determined indirectly by subtracting IFNAR-2b aftNIAR-2c from IFNAR-2 total. Values

represent the meanSEM.



Figure 2: Immunocytochemical detection of the functional IF&¢eptor subunits IFNAR-1 (A, C)

and IFNAR-2c (B, D) in human adrenal cancer H295 @A\ and SW13 (B, D) cell lines. A strong
IFNAR-1 and IFNAR-2c immunostaining is evident niginn the membrane and lesser in the
cytoplasm. Magnification, x 400.

Effects of two different types of IFNen cell growth and apoptosis

We evaluated the effect of two commercially avddaliNF- preparations on
cell proliferation and apoptotic activity in H29%lls. IFN- 1a (Serono,
amino acid sequence and glycosylation equal asen#EiN- ) and IFN- 1b
(Schering, one amino acid change and absence obgfiation compared to
the native IFN-).

The effect of IFN-1a on cell proliferation was significantly more @ot
compared with IFN-1b after 6 days of treatment ¢ 9.7+2.7 IU/ml vs.
87.0£3.8 1U/ml,p<0.03 maximal inhibition effect on cell proliferation 88
+7% vs. 51+10%, respectively for IFN-a and IFN-1b, P<0.01) (Fig.3 A).

In H295 cells both types of INFpreparations increased DNA fragmentation
in a dose-dependent manner, but in concordance thgheffect of cell



proliferation, IFN-1a was more potent than IFNb (IFN- 1la, EGg:
5.0+1.4 IU/ml, vs. IFN-1b, EGy: 249+2 IU/ml p<0.01) (Fig.3 B).
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Effects of type | IFNSFN-a2b and IFN- 1a, on cell proliferation

After 6 days of incubation, IFMd2b and IFN- 1a significantly suppressed the
growth of H295 and SW13 cells in a dose-dependeantner (Fig.4 A,B).
H295 was significantly more sensitive than SW13, siewn by the
differences in IG, after 6 days of treatment with IFARb (57.0+2.3 1U/ml
and 221.1.1+1.3 1U/ml, H295 and SW13, respectivp.01) and IFN-1a
(5.4+£1.3 IU/ml and 18.1+£1.3 IU/ml, H295 and SWi&spectively; p<0.01).
There was no statistically significant differencetivieeen the 16 values of 3
and 6 days for every IFN. After 6 days of incubatiBN- 1a induced in both
cell lines a statistically significant cell growihhibition already at very low
concentrations (1 IU/ml, P<0.01, vs. control).



The growth-inhibitory effect of IFN-La was significantly more potent than
that of IFN-a2b, as shown by the higher maximal inhibition oblferation
induced by IFN-1a, compared with IFM2b (H295: 96 +7/% and 35 £%,
respectively, p<0.01; SW13: 85#% and and 60 8%, respectivelyp<0.01)
after 6 days of treatment, as well as by the loMigs of IFN- 1a compared
with IFN-a2b (p<0.01). In addition, the concentration usedobtain the
maximal inhibition of proliferation is 100 1U/ml folFN- 1a and 10 times
higher (1000 1U/ml) for IFNa2b. Comparable results were observed by a
thymidine incorporation assay (data not shown).
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Figure 4: Doses-dependent effect of interferon treatmentelh proliferation, expressed as
DNA content (A, B), after 6 days of incubation, and apoptosis, expressed as DNA
fragmentation (C, D), after 24 hours of incubatisnhuman adrenal cancer H295 cells (A, C)
and on SW13 cells (B, D). The mean DNA contentgantrol were: 7257+245 ng/well for
H295 and 6870+326 ng/well for SW13. Data are exgm@ésas percentage of control and
represent mean = SEM. Control is set as 100 percent
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To clarify the specificity of action of IFNd1a we evaluated the effects on cell
growth after a pre-absorption of IFN-a with neutralizing antibodies against
IFN- in H295 cells. The anti-tumor activity of IFNta (5 IU/ml) was
completely abolished by immuno-neutralization @jg.In fact, no significant
difference has been observed between DNA contdntiseocontrolvs IFN-

la + neutralizing antibodies against IFNar neutralizing antibodies alone,
while IFN- la alone induced a significant decrease in DNA eatst
compared to the control (p<0.01).

Figure 5: Effects of IFN- (5 IU/ml) on cell growth after 72 hours of inculgat, alone and
following overnight pre-absorption with neutraligiantibodies against IFN-{IFN-beta Ab)
at the dose of 40 pg/l All data are expressed eeptage of control. *: p<0.01 vs. control.

Effects of type-1 IFNs, IF42b and IFN- 1a, on apoptosis

After 1 day of treatment with IFN1a and IFNa2b we measured the DNA
fragmentation to investigate the effect on apoptdsg.4 C,D). In H295, a
striking dose-dependent induction of apoptosis wlaserved after IFN-la
treatment (EGy: 5.0£1.4 IU/ml). The maximal increase of DNA
fragmentation induced by 100 IU/ml of IFNka was about 6 times higher
compared with untreated control cells. IFflla stimulated apoptosis in H295
cells already at very low concentrations (1 1U/p¥0.01). A less effective
dose-dependent induction of apoptosis was obsefobowing IFN-a2b
exposure of H295 cells (B 249+2 1U/ml). The maximal increase of DNA



fragmentation was about 2.5 times compared to oméral after 1000 1U/ml

of IFN-a2b. Interestingly, no effect on apoptosis was olestafter treatment

with IFN-a2b and IFN-1a in SW13.

To study the role of caspases 3, 8 and 9 in thecirmh of apoptosis by IFN-
la in H295 cells we tested if specific caspasebitdris were able to block

the IFN- -induced DNA fragmentation. As shown in figure @ stimulation

of apoptosis by IFN-la is completely blocked by Devd-cho, a specific

inhibitor of caspase-3, while it is partially coardcted by the use of specific

inhibitors for caspase-8 (letd-cho) and -9 (Lehd)ch

Figure 6: Effect of specific caspase inhibition on apoptdsduced by IFNb in H295 cells.
After 24 hours of preincubation with 10 uM of Degtle (caspase 3 inhibitor), letd-cho
(caspase 8 inhibitor), Lehd-cho (caspase 9 inhihitbe cells were incubated for further 24
hours with 5 IU/ml IFNb in the presence or absence of the caspase inisibApoptose is
expressed as DNA fragmentation. Values are explesse the percentage of control
(untreated cells). +: compound present.*: P<0.05reftive control group; **: P<0.01 vs.
relative control group, ***: P<0.001 vs. relativerdrol group; ~: P<0.01 vs. IFN-without
caspase inhibitors



Effects of type-lI IFNdFN-a2b and IFN- 1a, on cell cycle

We evaluated the effect of treatment with IBRb (1000 IU/ml and 500
IU/ml) and IFN- 1a (100 IU/ml and 10 1U/ml) on cell cycle distribart after

3 days of incubation (Table 2).

In the H295 and SW13 cells both IFNs induced a i@mt and dose
dependent accumulation of cells in the S-Phase-d@Ebl 1000 IU/ml and
IFN- 1a 100 IU/ml: p<0.001 vs control in both cells; H&I2b 500 1U/ml and
IFN- 1a 50 IU/ml: p<0.05 vs control in H295 and p<0.&lcentrol in SW13
cells), while no significant change in/G, distribution was observed (table
2). The accumulation of cells in S-phase afterttneat with both IFNs was
significantly higher in the SW13 compared with H28#Is. In addition, the
proportion of cells in @M phase decreased significantly in comparison with
the control in both cells lines. These data suggk#tat adrenal cancer cells
exhibited a prolonged stay in S phase failing &msit into G/M phases after
treatment with type I IFNs.

Finally, the cell cycle analysis revealed an inseei the percentage of H295
cells with subdiplod DNA content (subs@hase) after IFN-La (100 1U/mil:
p<0.001: 50 IU/ml: p<0.05) and high dose of I&&b (1000 IU/ml: p<0.05),
confirming the induction of apoptosis mainly afi€iN- la, as previously
shown by the DNA fragmentation analyses.

Biochemical effects

The effect of both IFNs on forskolin induced castiproduction in H295 cells
is comparable to the relative cell proliferatiomilition. In fact, we did not
observe any significant difference betweegl@f cortisol (IFNbla: 8.4+ 0.2
pmol/l; IFN-a2b: 450 + 390 pmol/l) and cell proliferation. Tlsisggests that
there is no effect on cortisol secretion and the tlecrease in cortisol
production is related to the decrease in the nurobeells.






Effect of type-1 IFN$FN-a2b and IFN- 1a, on IGF-II transcription

The expression of IGF-Il MRNA was dectectable i@6izells (20+3 x 10
copies mMRNA IGF-II/ pg RNA), whereas it was undé&bte in SW-13.

In H295 cells the transcription of IGF-1I gene saetm be modulated by the
incubation with IFN-1a. We observed a dose-dependent decrease in the
number of copies of IGF-Il mMRNA after 3 days ofatment with IFN-1a

(fig 7). In contrast, IFNa2b was unable to modify the expression of IGF-II
gene in H295 cells (data not shown).
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Figure 7: Effect on the IGF-2 mRNA
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Discussion

Type | IFNs, initially identified for their abilityo modulate antiviral response
of cells, are also implicated in cell differentatj cell growth control,

immune response, and play an important role in @hé-tumor defense
(6,7,11,12). These cytokines modulate a varietpiofogical response after



activation of a common receptor complex composedtlwy subunits:
IFNAR-1 and IFNAR-2. IFNAR-1 is considered the safjrsubunit chain.
There are three forms of IFNAR-2, which are diffarally spliced products
of the same gene. IFNAR-2a, soluble form, actsragalator of the free IFNs
(21, 22). IFNAR-2b, short form, is able to bincpéyl IFN but does not
couple to signal transduction because it lackssipeal transduction tail (23);
IFNAR-2c, long form, characterized by its long qysm tail, constitutes
together with the IFNAR-1 subunit the predominactive form of the type-1
receptor complex. IFNAR-2c is capable to bind typeNs, but whith a lower
affinity (20 fold less) than the dimeric IFN receptomplex (24).

In the present study, we evaluated the anti-turffecis of type | IFNs (IFN-
a2b, IFN- 1a) in the human adrenal cancer H295 and SW13. cElie
expression of MRNA and protein for the active sutsuof type | IFN receptor
(IFNAR-1 and IFNAR-2c) was detected by quantitati®Rl-PCR and
immunocytochemistry, respectively, in H295 and SWEHs. Both IFNs
showed a dose dependent inhibitory effect on cellifpration. The anti-
tumor activity of IFN- 1a was significantly higher than that of IENb in
both cell lines, which is related to the higheruntion of apoptosis in H295
cells and S phase accumulation in both cell lifdge higher sensitivity to
IFN-1ba may be explained by differences in the strucaumek affinity between
IFN-a and IFNb. There is only 35% sequence identity between biois,
and unlike IFNa, IFN- 1a is glycosylated and includes a zinc ion (25, 26)
These differences could generate differential adgons with the same
receptor. In fact, although both IFNs induce tymesphosphorylation of the
receptor subunits, IFIldda, but not IFNa, induces the association of IFNAR-
1 and IFNAR-2c chains, indicating that the spettifiof signaling for distinct
type | IFN subtypes could be established by difided conformation of the
receptor complex (26, 27). Finally, IAN-has an higher affinity for the
relative receptor than IFld-(28).

H295 cells were significantly more sensitive to {Bla treatment compared
with SW13. This could be a consequence of the IFddiated pro-apoptotic
activity only in H295 cells, as shown by the in@ean DNA fragmentation
and in the percentage of cells in sylpBase after the treatment with IFN. We
evaluated the role of the activation of caspaseshéinduction of DNA
fragmentation after IFNbla treatment in H295 cells. In the classical model,
caspases are divided into initiator caspases (ssclcaspase-8, -9) and
executioner caspases (caspase-3, -6, -7), accamitingir function and their
sequence of activation. There are at least two magoptotic pathways. The
first involves the death receptor or extrinsic pak, which is initiated by
TNF-receptor family members that recruit adaptat signaling molecules to



assemble the death-inducing signaling complex. Tdosplex leads to
activation of caspases 8 and/or 10. An alternathitochondrial pathway
involves activation of caspase-9 upon recruitmenthte mitochondria by
cytochrome ¢ and apoptosis protease activatiororfdctMore downstream,
the initiator caspases lead to the activation efcekoner caspases -3, -6, and
-7, which in turn cleave specific proteins resugtin the DNA fragmentation
(29, 30). In H295 cells the stimulation of DNA fragntation by IFN-1a is
completely blocked by a specific inhibitor of caspe, while is partially
counteracted by the use of specific inhibitors daspase-8 and -9. On these
bases, IFNala seems to induce apoptosis through both thensidriand
mitochondrial pathways in ACC

At present, two recombinant IFNis{IFN-bla and IFNb1b) are available as
registered drugs. IFN-1a is produced in mammalian cells, with an amino
acid sequence and glycosylation identical to thatadural IFN- . In contrast,
IFN-b1b is produced irEscherichia colibacteria, and as bacteria lack the
ability to glycosylate proteins, it is not glycoatéd. Furthermore, IFN1ib
has one amino acid sequence different from theraldtuman IFN-; it has a
cysteine-to-serine substitution at position 17 argkletion of théN-terminal
methionine residue. We observed in H295 cells tthaieffects of IFNsla on
cell proliferation inhibition and stimulation of DNfragmentation were much
more potent compared with IFbtb. This is in agreement with the
observation that the absence of glycosylation iN-bB-1b can reduce the
biological activity (31).

Finally, we evaluated the effects of IHiN-a on IFG-Il mMRNA expression, the
most important autocrine/paracrine growth factor ACC. H295, but no
SW13 cells express IGF-Il. IGF-Il mRNA was inhildten a dose dependent
manner by IFNbla after 3 days of incubation. This effect was olasgerved
after incubation with IFNa. It is well known that in ACC the up-regulation of
the IGF-Il system represents a main pathway inwblvethe pathogenesis,
through the stimulation of the proliferation andhilsition of apoptosis (32).
This could partially explain why only in H295 cellSN-b 1a is able to induce
apoptosis.

In conclusion, this is the first study showing thgpe-I IFNs, particularly
IFN-bla, have a potent inhibitory effect on the pro&ten of the H295 and
SW-13 human ACC cells, This effect is mediated thea induction of
apoptosis and/or a cell cycle arrest in the S-ph@se findings support the
clinical attractiveness to use IHNin the treatment of ACC, considering that
IFN-b inhibited cell proliferation and stimulated apagtoalready at very low
concentrations (1-10 IU/ml). In addition, IHNta is able to inhibit at



transcriptional level the expression of IGF-II. thar studies are necessary to
evaluatein vivo this promising drug, not only as a single compobaot also
in combination with the currently used cytostatitatane.
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Abstract
The mechanisms of tumor cell resistance to interfer (IFN-a) are at
present mostly unsolved. We have previously demnatest that IFNa
induces apoptosis on epidermoid cancer cells anfd &@agonizes this effect.
We have also found that IFAHNnduced apoptosis depends upon activation of
the NH2-terminal Jun kinase-1 (Jnk-1) and p38 natpgctivated protein
kinase, and that these effects are also antagobiz&dsF. At the same time,
IFN-a increases the expression and function of the empialegrowth factor
receptor (EGF-R). Here we report that the apoptosigced by IFNa occurs
together with activation of caspases 3, 6 and 8thatlEGF also antagonizes
this effect. On the basis of these results, we hayeothesized that the
increased EGF-R expression and function could sgorte an inducible
survival response that might protect tumor celtsnfrapoptosis caused by
IFN-a via extracellular signal regulated kinase 1 arteik{1/2) cascades. We
have found an increased activity of Ras and Rai-1FN-a-treated cells.
Moreover, IFNa induces a 50% increase of the phosphorylated nssf@nd
enzymatic activity of Erk-1/2. We have also demaatsd that the inhibition
of Ras activity induced by the transfection of ttheminant negative Ras
plasmid RASN17 and the inhibition of Mek-1 with PZBD59 strongly
potentiates the apoptosis induced by I&ENVoreover, the selective inhibition
of this pathway abrogates the counteracting efedcEGF on the IFNa-
induced apoptosis. All these findings suggest #@itiermoid tumor cells
counteract the IFN-induced apoptosis through a survival pathway that
involves the hyperactivation of the EGF-dependesg R Erk signalling. The
selective targeting of this pathway appears to hgamising approach in
order to enhance the antitumor activity of 1BN-



Introduction
Interferona (IFN-a) is a biological agent widely used in the theragy
several neoplasms such as myeloma, renal cell nana, epidermoid
cervical and head and neck tumors and melanoma).(1=H-a, the first
cytokine to be produced by recombinant DNA techgg)das emerged as an
important regulator of cancer cell growth and d#fiation, affecting
cellular communication and signal transduction wpatys, and is also
produced during the immunological control of tungsgowth (5). However,
inconsistent data have been obtained regardinglthieal effectiveness of
IFN-a in the therapy of solid tumors. In fact, the bénaff IFN-a treatment is
limited to some neoplasms while others are comigletepartially resistant.
The mechanisms of tumor resistance to ENave been studied in vitro. The
alteration of JAK-STAT components of the IFRNinduced signalling can be
indeed a mechanism of resistance to IFN. In fachas been shown that
melanoma cell lines refractory to the antiprolitera effects of IFNs are
deficient in STATs and that the expression of STA&s be restored by in
vitro gene therapy (6). More germane to clinicalgpice is the possibility that
IEN treatment could be improved by the concomitadrhinistration of agents
known to enhance JAK-STAT responses; the use ofaids in combination
with IFN-a in cancer therapy is a salient example (7,8).
The way in which tumor cell growth is suppressedIBi-a is not well
known. A possibility is that cancer cells undergmatosis after exposure to
the cytokine. In fact, it is reported that INinduces apoptosis in human
squamous cancer (9,10), glioma (11) and virus-tetecells (12). Therefore,
it is likely that this cytokine acts, at least iarfy through the triggering of
programmed cell death.
On the other hand, Epidermal Growth Factor (EGF)alide to protect
eukaryotic cells from the onset of apoptosis (13-H&F acts through the
binding to its specific receptor (EGF-R), a transmenbrane protein with a
cytoplasmic tyrosine kinase domain (17,18). The sphorylation of the
intracytoplasmic tail allows the interaction of E®&Fwith cytoplasmic factors
that can induce Ras activation and the subseqtienilation of the mitogen-
activated protein kinase (MAPK) cascade composedhdde intracellular
protein kinases (MKKK, MKK and MAPK), which are aated successively
by phosphorylation events (17,18). Raf-1, stimulasdter steric interaction
with Ras, phosphorylates and activates an MKK whosén component is
Mek-1. Mek-1 phosphorylates the MAPKs extracelluignal regulated
kinase 1 and 2 (Erk-1/2) that translocate to theleaus and phosphorylate
gene transactivators, such as the serum respoctee-1a that are involved in
the regulation of cell proliferation (17,18). Mokew, it has been recently



reported that Erks mediate a strong antiapoptdtecie(19,20). For instance,
Erk plays an important role in protecting cardiagogytes from apoptotic
death following oxidative stress (21). ProtectidnP&12 cell death by N-
acetylcysteine requires Erk activation (20) thatm®reover, involved in the
phorbol myristate acetate-mediated inhibition ofigdmduced apoptosis in
tumor cells (22).

We have reported that IFAlHncreases the functional expression of the EGF-
R at the surface of human epidermoid carcinoma ¢28,24).

Moreover, we have shown that IFRlNinduces apoptosis in these cells through
the triggering of a stress response that leadsa@ctivation of NH2-terminal
Jun kinase-1 (Jnk-1) (10). EGF also antagonizesetb&fects. On the basis of
these findings, we have hypothesized that incre&@HB-R expression and
function could be part of an inducible survivallpaay, which is activated in
the tumor cells by exposure to IRN-In this paper, we have investigated the
molecular basis of the counteracting effects of -keNand EGF on the
apoptosis of human epidermoid cancer cells. Spatlyi we have evaluated
the involvement of the caspase cascade and of EEEndent signalling in
the apoptotic and antiapoptotic events recordeduin experimental model.
We have then studied the effects of IBNand EGF on the activity of Ras,
Raf-1 and Erk-1/2. We have finally evaluated if satective inhibition of Ras
and Mek-1 could enhance apoptosis induced by dFid- order to provide
direct evidence on the antiapoptotic activity ofisthpathway in our
experimental model and to identify novel molecuiamgets to enhance the
antitumor effects of this cytokine.

Materials and Methods
Materials
DMEM, BSA and FBS were purchased from Flow Labaiat(Milan, Italy). Tissue culture
plasticware was from Becton Dickinson (Lincoln PRaMJ, USA). IFNa was a gift of
Schering (Schering-Plough, NJ, USA). Receptor gre@G+ and protein Sepharose were
purchased from Sigma (St. Louis, MO, USA). Rabbitisera raised against Raf-1 C-12,
actin, Erk-1 K-23 and Erk-2 MAb C-14 were purchademim Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-pan-Ras MADb clone 10svpairchased from Calbiochem.

Cell culture

The human oropharyngeal epidermoid carcinoma KBlicel, obtained from the American
Type Tissue Culture Collection, Rockville, MD, US#as grown in DMEM supplemented
with heat-inactivated 10% FBS, 20mM HEPES, 100 U/p#nicillin, 100 ng/mi
streptomycin, 1% L-Glutamine and 1% sodium pyruvai®e cells were grown in a
humidified atmosphere of 95% air/5% ¢& 37°C.

Western blot analysis

KB cells were grown for 48 h with or without IF&l-and were thereafter exposed for the
indicated times to 10 nM EGF at 37°C. For cell asgtrpreparation, the cells were washed
twice with ice-cold PBS/BSA, scraped, and centfdigor 30 min at 4°C in 1 ml of lysis



buffer (1% Triton, 0.5% sodium deoxycholate, 0.1QNalmM EDTA, pH 7.5, 10mM
NaHPQ,, pH 7.4, 10mM PMSF, 25mM benzamidin, 1mM leupepdif®25 U/ml aprotinin).
Equal amounts of cell proteins were separated b$-$FIAGE. The proteins on the gels were
electrotransferred to nitrocellulose and reacteti tie different MADbs.

Affinity precipitation of Ras

KB cells were treated with IFld-and EGF as described above. The cells were lysétht*
buffer containing 20mM HEPES, pH 7.5, 150mM NaCl 1gepal CA-630, 10mM MgGl
1mM EDTA and 2% glycerol. Then, Il Ras binding domain (RBD) conjugated to agarose
was added to 1mg of cell lysate and the mixture iwesbated at 4°C for 1 h. The agarose
beads were collected by microcentrifugation at 24,9 g for 5 s and washed three times with
Mg?* buffer. The agarose beads were boiled for 5 mi@ i Laemmli sample buffer and
collected by a microcentrifuge pulse. The supentatevere run on 12% SDS-PAGE, then the
proteins were electrotransferred on a nitrocellellfibn. The nitrocellulose was incubated
overnight with 1mg/ml of anti-Ras Mab, clone RAS10 and with a seeopdab, a goaa-
mouse HRP conjugated IgG, for 1.5 h. The film washked with PBS/0.05% Tween 20 and
detected by ECL, chemiluminescence’s technique (&haam).

Internucleosomal DNA fragmentation (ladder)

For all apoptosis evaluation experiments (gel ladde FACS analysis), both attached and
suspended cells were collected prior to the pracgs®NA fragmentation was measured
after extraction of low molecular weight DNA. Brigf 10 x 16 cells were resuspended in
900m x Tris-EDTA buffer and lysed with 261 20% SDS. DNA was precipitated in ethanol
for 6 h in the presence of 5M NaCl. The high molacweight fraction was sedimented by
high-speed centrifugation, and the fragmented DN&s wxtracted from the aqueous phase
with phenol and chloroform and then precipitatethvdthanol. After resuspension in water,
DNA was electrophoresed using 1.5% agarose gel \asdalized by ultraviolet light
following ethidium bromide staining.

Evaluation of apoptosis by DNA-flow cytometry

Cells were centrifuged and directly stained in apmtium iodide (PI) solution (5@g Pl in
0.1% sodium citrate, 0.1% NP40, pH 7.4) overnightt®C in the dark. Flow cytometric
analysis was performed using a FACScan flow cytem@ecton Dickinson, San Jose, CA,
USA) interfaced with a Hewlett-Packard computer §n®10) for data analysis. To evaluate
cell apoptosis, Pl fluorescence was collected a2 ffag scale) by the CellFIT software
(Becton Dickinson). For the evaluation of apoptadier transfection with RASN17 andfor
galactosidase plasmids, cells were fixed in methamal then incubated with an abti-
galactosidase MAD for 1 h at 4°C and labelled w&ithFITC anti-mouse rabbit antibody for 1
h. Thereafter, the cells were stained with Pl adieed above. In the latter case, apoptosis
and cell cycle analysis were performed on the wicelé population and ob-galactosidase
expressing cells after appropriate gating. Foreuation of intracellular DNA content, at
least 10,000 events for each point were analyzed ieast three different experiments giving
a s.d. less than 5%.

MAPK assay

KB cells were cultured and treated as describedeabbhen the cells were washed twice with
ice-cold PBS, scraped and lysed for 1 h at 4°@énfollowing buffer: 10mM TRIS, 150mM
NaCl, 2mM EGTA, 2mM DTT, 1mM sodium orthovanadatenM PMSF, 10mrg/mi
aprotinin, 10mg/ml leupeptin and 1% glycerol. Equalized amourfitgroteins from lysates of
KB cells (50 ) were incubated for 90 min at 4°C with 3f1 of protein A-Sepharose
conjugated to 251y anti-Erk-1 or anti-Erk-2 MAbs. The suspension veatrifuged at
14,000 x g, the supernatant discarded, and the moprecipitated washed twice with 260
of the following buffer: 20mM Tris-acetate, pH 7(R0°C), 0.27M sucrose, 1mM EDTA,
1mM EGTA, 1mM sodium orthovanadate, 10mM sodiuncgtpphosphate, 50mM sodium
fluoride, 5mM sodium pyrophosphate, 1% Triton X-1@1% 2-mercaptoethanol, 1mM
benzamidine, 0.2mM phenylmethylsulfonylfluoride &h&M NaCl. The immunoprecipitates
were washed once with 258 of the following buffer: 50mM Tris-HCI, pH 7.5 @C),
0.03% Brij-35, 0.1mM EGTA and 0.1% 2-mercaptoetiafidtien the immunoprecipitates



were incubated for 30 min at 30°C with 5 ml of duion containing 1.2mM Mg ATP with
200 nCi/ml of [g*P]ATP and 15m of a solution containing a peptide that is sgealfy
phosphorylated by MAPK (Amersham, Biotrak, Milataly) (25). The reaction was stopped
with the addition of 2.94% (w/v) ortophosphoric &a@nd red carmosin solution and then
microfuged for 15 s. The reaction mixtures were ttgab onto phosphocellulose filters
(Whatman P81) and washed three times in 1% aceiit Eilters were air-dried and then
counted by liquid scintillation using Omnifluor/t@ne (DuPont-New England Nuclear,
Boston, MA, USA).

Raf-1 kinase assay

Assay for Raf-1 kinase activity was performed bynumocomplex kinase assay as already
described for MAPK using anti-Raf-1 antiserum. Hétdne (10mg) (Upstate Biotechnology
Inc.) was used as substrate infB®f buffer A containing 10vCi of [¢*P]ATP, the reaction
was allowed to proceed for 30 min at 30°C, andpiedeins were separated by SDS-12.5%
PAGE.

Electroporation

Cells were detached from confluent 100 mm- dist@slls (100x16) were incubated in
appropriate electroporation vials with 80 of electroporation buffer (20mM HEPES,
137mM NaCl, 5mM KCI, 0.7mM N#dPQ, and 6mM glucose) and 1y of the RASN17
DNA and/or 5nmg/ml b-galactosidase DNA in 20mM HEPES. Then cells wéeetsoporated

at 250 V and at 976t for 6 s. The cells were incubated at 37°C withvithout 1000 1U/ml
IFN-a for 24 h. After the incubation, the cells were gessed for FACS analysis as described
above.

TUNEL technique

For TUNEL assay, after washing in PBS supplemeinteédi1% BSA, cells were treated with
anin situ detection kit, according to the manufacturersrigtons (Boehringer Mannheim
Biochemicals). Nuclei with fragmented DNA were \afimed by a fluorescence microscope.

Determination of caspase activity

Cells were seeded and treated with 1000 1U/ml d-Blfor different times and/or 10 nM EGF
for 12 h. At the time of caspase determinationlscekre lysed. For each reaction, B0of
cell lysate was added to 1ml reaction mixture cosapoof reaction buffer, DTT 10mM and
the specific substrate peptide (DEVD for caspaséE3D for caspase-6, IETD for caspase-8
and LEHD for caspase-9) conjugated to 7-aminoffistmiomethylcoumarin (AFC). The
mixtures were incubated for 1 h at 37°C. The lewafl§ree AFC were measured using a
spectrofluorometer with an excitation wavelength460 nm and an emission wavelength
range of 480-520 nm (peak at 505 nm).

Results
Effects of IFNa and EGF on the apoptosis of human epidermoid aance
cells.
We have found that IFM- (48 h 1000 IU/ml) induced apoptotic DNA
fragmentation in the KB cell line and that the esyn@ of IFNa-treated cells
to 10nM EGF for 12 h antagonized this effect (fa).1Before performing
apoptosis detection assays, both attached andrslespeells were collected.
In these experimental conditions, 30% of cells egobto IFNa for 48 h
were apoptotic while only about 8% of cells treat@d48 h with IFNa and
exposed for 12 h to 10 nM EGF underwent to apogt(i.1b). Interestingly,
also the exposure to 10nM EGF alone for 12 h is &blinduce apoptosis in



15% of the cell population (fig.1a and b). Suchedfect is not surprising

since apoptosis and cell proliferation are coupleicesses, and EGF can
induce apoptosis in squamous cancer cells. In dadtentify the molecular

effectors of the apoptosis induced by IBN-we have evaluated the
expression of p53 and c-myc and the activity ofpaeass in KB cells. We

have found that apoptosis induced by either EFNF EGF was paralleled by
a significant increase of p53 and c-myc expressiokB cells, as evaluated
with Western blot assay. The antagonism of EGF pap#sis occurred

together with the restoration of p53 and c-myc egpion to basal levels
(fig.1C).

Figure 1: EGF antagonizes apoptosis
induced by IFNa in human epidermoid
cancer cells. KB cells were seeded and
treated with IFNa and/or EGF as
described in the Materials and methods
section.

(@ The internucleosomic  DNA
fragmentation was assessed as described
in the Materials and methods section.

(b) The percent of apoptotic cells,
evaluated by FACS analysis, is shown as
bars.CTR: untreated cellstFN-a: 48 h
1000 IU/ml;EGF: 12 h 10 nMjJFN-a +
EGF: 48 h 1000 IU/ml IFNa + 12 h 10
nM EGF. The experiment was performed
three times and S.E.s were always less
than 5%.

(c) Evaluation of the expression of p53,
c-myc and b-actin. Proteins were
extracted and run on SDS-PAGE as
described in ‘Materials and methods
section’. The experiment was performed
at least three times and the results were
always similar. CTR: untreated cells;
IFN-a: 48 h 1000 IU/mIEGF: 12 h 10
nM; IFN-a+EGF: 48 h 1000 IU/mi
IFN-a+12 h 10 nM EGFVP-16: 18 h

50 nM etoposide.



Figure 2: Modulation of caspases 3, 6, 8 and 9 by End EGF(b) KB cells were seeded
and treated with 1000 1U/ml IF-for the indicated times. The specific caspasevifgtivas
determined with a fluorimetric assay as descrilvethé ‘Materials and methods section’. The
experiment was performed three times and S.D.s wlevays less than 5%. Bars, s(bd)

KB cells were seeded and treated with 1000 IU/mN-H-for the indicated times. EGF (10
nM) was added to the cells for the last 12 h ofibation alone or in combination with IFN-
a. The specific caspase activity was determined wifltuorimetric assay as described in the
‘Materials and Methods section’. CaspaséhB caspase §c); caspase &d); caspase %e).
1000 IU/ml IFNa ( ); 10nM EGF ( ); IFN-a+12 h 10 nM EGF (). The experiment was
performed three times and S.D.s were always less%Po6. Bars, S.D.

We have thereafter studied the role of caspast®imodulation of apoptosis
by IFN-a and EGF in our experimental model. KB cells waeated with
IFN-a for 12, 24, 48 and 72 h and then the activityadpases was evaluated
with a fluorimetric protease assay. Caspases ®d8ashowed an activation
peak after 24 h exposure to IRN¢fig.2a). The activation peak of caspase 3
was instead found after 48 h exposure to the cykvioreover, the exposure
of KB cells to 10nM EGF for 12 h was always ablatdagonize the caspase



activation induced by IFNk both at 24 h and 48 h (fig.2b-d). In fact, EGF
completely abrogated caspases 6, 8 and 9 and ea3divities. EGF alone
also induced a slight increase of caspase stimunlatbut the extent of
activation was far lesser than that recorded in-#-tdeated cells. Therefore,
in our experimental model the IF&AHNduced apoptosis is correlated with the
activation of the caspase cascade, and EGF wastabdmtagonize both
apoptotic death and caspase activation. Moreofier apoptosis recorded in
KB cells exposed to EGF alone did not appear tondeced by a caspase
pathway similar to that recorded in IFRNtreated cells.

Figure 3: Effects of EGF and IFN:
on Ras activity. (Upper gel) Affinity
precipitation of Ras performed with
the minimal binding domain of Raf-1
conjugated with agarose as described
in the ‘Materials and methods section’.
CTR, untreated;IFN-a, 48 h 1000
IU/ml; E10’, 10 min 10 nM EGFI/E
10, 48 h 1000 IU/ml IFNa and 10
min 10 nM EGF;E1 h, 1 h 10 nM
EGF;I/E 1 h, 48h 1000 IU/ml IFNa
and 1 h 10 nM EGFAsp, minimal
binding domain of Raf-1 incubated
only with Mab raised against Ras
without cell extracts. (Lower gel)
Western blot assay for the expression
of the total Ras protein.CTR,
untreated;IFN-a, 48 h 1000 IU/ml
IFN-a; E10’, 10 min 10 nM EGFVE
10, 48 h 1000 IU/ml IFNa and 10
min 10 nM EGF;E1 h, 1 h 10 nM
EGF;I/E 1 h, 48 h 1000 IU/ml IFNa
and 1 h 10 nM EGF. The experiments
were performed at least three different
times and the results were always
similar. (Bars) Quantitization of the
intensity of the different bands with an
appropriate apparatus (Bio-Rad) and
expression as arbitrary unit€TR,
untreated;IFN-a, 48 h 1000 1U/ml;
E10’, 10 min 10 nM EGFI/E 10, 48

h 1,000 IU/ml IFNa and 10 min 10
nM EGF;E1 h, 1h 10nM EGFJ/E 1

h, 48 h 1000 IU/ml IFNa and 1 h 10
nM EGF; Asp, minimal binding
domain of Raf-1 incubated only with
Mab raised against Ras without cell
extracts.



Effects of EGF and IFNz on Ras activity

We have previously shown that IFlNinduces growth inhibition paralleled by
increased EGF-R expression and sensitivity to tlevidn-promoting effects
of EGF in epidermoid cancer cells (23,24) Therefare have investigated if
the activity of the Ras-dependent MAPK pathway weaseased in IFNa
treated cells. This and all the following experintgsewere performed without
serum starvation in order to set up more physicllgiexperimental
conditions. Moreover, EGF was added for short-tesposures in order to
evaluate the responsiveness of each signalling coemg to its physiological
ligand in untreated and IFb-treated KB cells. We have firstly studied the
activity of Ras through the affinity precipitatiasf Ras with the minimal
binding domain of Raf-1. We have found that theelsvof activated Ras
(linked to the minimal binding domain of Raf-1) weincreased in IFN-
treated cells. In fact, the activated Ras levelsewabout two-fold higher in
IFN-a-treated cells than in control cells, and the station of Ras activity by
exposure to EGF for 10 min was further enhancedFM-a-treated cells
reaching levels 3.5-fold higher than untreated sit(Figure 3). At longer
times of exposure to EGF, Ras activity decreasrein EGF- or EGF/IFN-
a treated cells (Figure 3). Therefore, in IEN+veated KB cells, the increased
activity of EGF-R signalling was indeed coupleetthanced Ras activity and
was further stimulated by the addition of exogenaGs-.

Effects of IFNa and EGF on Raf-1 expression and activity

We have evaluated the effect of IRNand EGF on Raf-1 activity by a kinase
assay using histone H1 as substrate of Raf-1, anttave found that Raf-1
activity is increased either by EGF or IENand is potentiated after EGF
addition for 10 min to KB cells exposed to IRN(fig.4). Moreover, we have
determined Raf-1 levels by Western blotting, anghibthat they were almost
unmodified by the different treatments (fig.4). Sheexperiments demonstrate
that an increase of basal and EGF-induced enzyraetivity of Raf-1 can be
recorded downstream of the EGF->Ras signallindg-i-a-treated cells.



Figure 4. Effects of IFNa and EGF on Raf-1 activity and expression. KB chlise been
cultured for 48 h in the absence or presence 0® 100ml IFN-a with or without the addition

of 10 nM EGF for the last 5 min as described in flgure by + and -. Raf-1 was
immunoprecipitated and analyzed for kinase actibigyimmunocomplex kinase assay using
histone H1 as substrate. Lane C1 indicated a domtrere the immunocomplex kinase assay
was performed on untreated EGF-stimulated cellthénabsence of the substrate. Lane C2
indicated a control assay performed using nonimnaaram to immunoprecipitate untreated
EGFstimulated cells. At the same time, the cellsevadso processed for the determination of
Raf-1 expression as described in the ‘MaterialsMpthods section’.

Effects of IFNa and EGF on Erk-1/2 activity

On the basis of the finding that IFA+induced a hyperactivation of Mek-1,
we have evaluated the effects of this cytokinelandctivity of Erk-1/2, the
downstream enzymatic targets of Raf-1. We found tih@ exposure of KB
cells to IFNa for short times (5 min-12 h) had no effects on MA&Ctivity,
while they were maximally activated after 48 h refatment with the cytokine
(fig.5a, lower panel). The latter effect paralleEGF-R upregulation, which
reached a peak after 48 h of exposure to #Mig.5a, upper panel and see
also ref. 24). Therefore, the timing of MAPKactivation by IFNa
overlapped that of EGF-R upregulation, suggesthmg the stimulation of
MAPK activity could be a consequence of the inceeasurface expression of
EGF-R with subsequent amplification of downstreagnalling. We have
subsequently evaluated the kinetics of Erk-1/2vatibn by EGF in untreated
and IFNa-treated KB cells. We again found an almost twatwicrease of
the two enzyme activities in 48 h 1000 IU/ml IENtreated cells. In both
untreated and 48 h 1000 IU/ml IFRNireated KB cells, the maximal
activation of Erk-1/2 occurred after 10 min of egpee to 10nM EGF, as
evaluated with an immunoconjugated kinase assgybffiand c). However,
the exposure to IFM- caused an almost two-fold increase of the maximal



activation of Erk-1/2 induced by EGF (fig.5b and Therefore, 48 h exposure
to IFN-a increased the activity of Erk-1/2 without affegfithe sensitivity to
further stimulation by exogenous EGF.

Figure 5: IFN-a increases Erk-1 and Erk-2 activity in human epited cancer cells.A)
upper panel)I-EGF binding on human epidermoid KB cells. KB sellere treated for
different times with 1000 1U/ml IFNk. At the indicated times, cells were processedtier
determination of thé®1-EGF specific binding, as described in the ‘Maitiand methods
section’. The values were expressed as % of corfift@ experiments were performed three
times and SDs were always less than 58pldqwer panel) KB cells were cultured for the
indicated times in the absence or presence of 100l INF-a. Then the cells were
processed for the determination of the expressimh ghosphorylation of Erk-1 and -2
evaluated after blotting with an anti-MAPK and artiggMAPK specific Mab, respectively,
as described in the ‘Materials and methods sectibime experiments were performed at least
three different times and the results were alwaydar. (b andc) KB cells were cultured for
48 h in the absence or presence of 1000 IU/ml &WNith or without the addition of 10 nM
EGF for different times. Then an immunoconjugateth&e assay obj Erk-1 and €) Erk-2
was performed as described in ‘Materials and Methselction’. Untreated KB cells ();
IFNa-treated KB cells (). The experiment was performed three times and svdre always
less than 5%. Bars, s.d.



IFN-a enhanced the apoptosis induced by dominant neg®eas plasmid
RASNL17 in KB cells

We have shown that the EGF-dependent Ras->Erk pgthwas
hyperactivated in cells exposed to IEBN4n order to demonstrate that such
signalling could indeed retain an antiapoptotiéwvégtin the cells exposed to
IFN-a, we have selectively inhibited Ras activity by @aminant negative
mutant. KB cells have been cotransfected with amld encoding for a
dominant negative Ras RASN17 and with the E. loajalactosidase reporter
gene. The cells were analyzed by FACS after Plliageas described above.
In all cases, the cotransfection resulted in spegfeen fluorescence in a
fraction of the cell population owing to the exmies ofb-galactosidase (see
fig.6 b-Gal NEG versu®-Gal POS). The latter effect allowed us the gatihg
nontransfected (G2) or transfected cells (G1) ieorto perform cell cycle
analysis (red fluorescence determined by PI latglliWe have found that
galactosidase expression alone did not cause apsgfand 6% of apoptosis
either in nontransfected dr-galactosidase-transfected cells, respectively)
(figbA, G2 and G1). In the cells cotransfected WiRASN17 andb-
galactosidase almost 29% of apoptotic cells weteatied (fig.6B, G1), while
only 2% of apoptosis was found in nontransfecteits ¢&ig.6B, G2). The
exposure ob-galactosidase-transfected cells to 1000 IU/ml BeNbr 24 h
induced apoptosis in 16% of the cell populatiog.@C, G1) against 14% of
apoptotic cells in nontransfected population (fig.&2). The treatment &
galactosidase and RASN17 cotransfected cells w2B01lU/ml IFN-a
induced an almost 76% of apoptosis (fig.6D, G1)jleviprogrammed cell
death was found in only 13% of the nontransfecteltl mopulation (fig.6D,
G2). We have performed these experiments after @#dxposure to IFN:
because at this time maxinalgalactosidase expression occurred. Moreover,
almost 80% of cells were apoptotic after 48 h frdme transfection with
RASN17 (data not shown). In this experiment aboQfoc3of the cell
population was transfected withrgalactosidase plasmid. It was therefore
demonstrated that the abrogation of Ras activityahtyansfected dominant
negative mutant sensitized tumor cells to I&NMiduced apoptosis, indicating
an antiapoptotic function of Ras in this experinaéntodel.



Figure 6 IFN-a enhances the apoptosis induced by the dominardtivegRas plasmid
RasN17 in KB cells. KB cells were seeded, electrapal with dominant negative Ras
plasmid RASN17 and/ob-galactosidase plasmid, and treated with BNer 24 h as
described above. Then the cells were fixed in nethancubated with anti-galactosidase
MAb and anti-mouse FITC rabbit antiserum and aredyafter DNA labelling with
propidium iodide. Cell cycle analysis was performafler appropriate gating on cell
population expressing-galactosidase as described in the ‘Materials arthous section'.
(a) Parental untreated cells (CTRI) (RASNL17 transfected cells (RASN17%) 24 h 1000
IU/ml IFN-a-treated parental cells (IFB-24 h); (D) 24 h 1000 IU/ml IFN+treated RasN17
transfected cells (IFM- 24 h+RASN17)bGal NEG, cells exposed to an irrelevant mouse
IgG and subsequently labelled with an anti-mousECFtabbit antiserumbGal POS, cells
exposed to an anli-galactosidase mouse IgG and subsequently labeikdan anti-mouse
FITC rabbit antiserum. G1, gating of cells expnegd&i-galactosidase; G2, gating of cells not
expressingp-galactosidase. The lower histograms show the aisadf cell cycle performed
on the G2 and G1 population, respectively. The aqmpcells were shown as a percentage of
total cell population indicated by a bar. The expents were performed at least three
different times and the results always gave less t8% s.d. In each experimental point
10,000 events were analyzed.



Figure 7 The antiapoptotic effects of EGF are mediatedHzy delective activation of Erk.
KB cells were seeded and treated with 1&Nnd/or 50vivi PD098059 for 48 h and/or 10 nM
EGF for 12 h. At the time of the experiment, cellsre fixed and processed with TUNEL
techniques as described in the ‘Materials and nastheection’. The experiments were
performed at least three different times and tiselte were always simila¢a) Control cells;

(b) 48 h 1000 1U/ml IFNa-treated cells(c) 48 h 50mM PD098059-treated cellggl) 12 h 10
nM EGF-treated cellgg) 48 h 1000 IU/ml IFNa and 12 h 10 nM EGF-treated cell§; 48 h
1000 IU/ml IFNa and 48 h 50 PD098059 treated cell§g) 12 h 10 nM EGF- and 48 h
50 M PD098059-treated cellgh) 48 h 1000 IU/ml IFNa and 48 h 50rM PDO098059-
treated cells and 12 h 10 nM EGF. Insets: The eadi®e seeded and treated with the different
substances as described above. At the time ofxberienent KB cells were FACS analyzed
after detachment and DNA labelling with propidiundide as described in the ‘Materials and
methods section’. The experiments were performetbasdt three different times and the
results always gave less than 5% SD. In each expetal point, 10,000 events were
analyzed(l) The expression and phosphorylation of Erk-1 anda2 evaluated after blotting
with an anti-p-MAPK (upper gel) and an anti-MAPKesjific MAb (lower gel) in KB cells
treated for different times with 58 PD098059. The experiments were performed at least
three different times and the results were alwayda.

MEK-1 inhibitor PD098059 specifically abrogated osery from IFNa-
induced apoptosis by EGF

Since Ras is implicated in the triggering of selediferent signal
transduction pathways, we have verified that thiegnty of the downstream
Erk-targeted pathway was indeed required for thegapoptotic effects of
EGF (26). Therefore, we have evaluated if the $gerihibition of Mek-1
could also potentiate the growth inhibition and @tpsis induced by IFN:
and if the Ras->Erk-1/2 pathway plays a cruciakeral the survival of
epidermoid cancer cells exposed to IRNOnly 5% untreated KB cells were



apoptotic as assessed by FACS and in situ TUNELysisafig.7A). Again

48 h 1000 IU/ml IFNa induced 30% apoptosis and 12 h 10nM EGF
antagonized this effect (only 8% apoptotic cellsaveecorded under these
experimental conditions) (fig.7B and e and relatinsets, respectively). In
total, 50nM PD098059 and 10nM EGF alone induced 35 and 158ptapis,
respectively (fig.7C and D, respectively). PD0980&8s again able to
enhance the effect induced by IRNeausing programmed cell death in about
80% of cells, thus suggesting a supra-additiveceffeduced by the addition
of MEK-1 inhibitor to IFNa (fig.7F). Moreover, 5éiM PD098059 abrogated
the anti-apoptotic effects of EGF in IFMreated cells since an almost 30%
of apoptosis was recorded in cells exposed to dFNEGF and PD098059
(fig.7H). On the other hand, PD098059 caused almnmosteffects on the
apoptosis induced by EGF (fig.7G). Interestinglip0B8059 reduced MAPK
phosphorylation almost completely already after i& KB cells (fig.71). All
together, these data suggest that the antiapoptffects induced by EGF
occurred through the activation of Erk, which isréfore the final target of an
antiapoptotic kinase cascade.

Discussion
IFN-a is a cytokine that has shown a well-defined bilk lghited activity
against human tumors (1-5) Resistance to #hks been demonstrated to be
in part based on receptor or post-receptor sigrpliiefects in the tumor cells
(6—8). However, the cancer cell escape from theiliferative activity of
IFN-a and the mechanisms by which this cytokine causestdantitumor
effect remain still unsolved. Apoptosis inductioppaars to be a way by
which IFN-a exerts its antiproliferative effects (9-12). Itviell established
that tumor cells overcome the natural propensityndergo apoptosis with
the overexpression and/or overactivation of grovadhtor-induced signal
transduction pathways (13-15). EGF-R overexpressi@ncommon event in
epidermoid cancers and is considered an unfavopbtgostic factor (27). It
has also been demonstrated that Erk-1/2 antagapopgtosis in several
experimental models (22,28-30). We have previousported that IFNa
induces growth inhibition and increases the expresand function of EGF-R
in human epidermoid cancer cells (23,24). Moreowar,have demonstrated
that the growth inhibition induced by IF&lis, at least in part, because of the
apoptosis triggered by a stress response leaditiget@activation of JNK-1,
and that EGF antagonizes growth inhibition, apdptasid the biochemical



events induced by the cytokine (10). On the bakibease findings, we have
hypothesized that the increased expression andidancf the EGF-R could
be part of a survival response that could protawior cells from the apoptosis
triggered by IFNa. In this paper, we have investigated the moledudees of
the counteracting effects of IFAl-and EGF on apoptosis. We have firstly
studied the involvement of caspases in the exeatuatidhe apoptotic process.
We have found that IFM-induced an activation peak of caspases 6 and 8
after 24 h, while the maximal activation of caspaseas recorded 24 h later.
The differential timing of caspase activation is agreement with the
sequence of activation of these proteases duriagapioptotic process and
suggests an involvement of caspases in the execotiapoptosis induced by
IFN-a (31). Our findings are, moreover, in agreementhwibhe recent
observations by Thyrell et al. (32), who found iotlon of caspase activity by
IFN-a in apoptotic tumor cells. In our experimental cidods, we have
found that the addition of EGF to IFAHreated KB cells completely
antagonized apoptosis induction and the triggeahghe caspase cascade,
suggesting that the EGF-R signalling suppressesptaps, thereby
antagonizing the activation of its executionersede results appear also in
line with the recent findings demonstrating thealwement of growth-factor-
dependent pathways in the protection from caspetseation induced by Bad
overexpression. Moreover, it has been demonstrated the EGF-R-
dependent pathway controls keratinocyte survival tire expression of the
proapoptotic bcl-xL expression through a Mek-demetighathway (30).

We have then investigated the involvement of EGleiated intracellular
signalling in the protection of epidermoid cancetlscfrom IFNa-induced
apoptosis. We have found that the EGF- and Rasndiepe MAPK cascade is
hyperactivated in IFNa-treated cells and could be further stimulated Hy t
addition of EGF. In fact, we have demonstrated rasreilased activity and
responsiveness to EGF stimulation of Ras, Raf-1 Earkd1/2 in KB cells
exposed to IFNa. These findings suggest that the EGF-R function is
preserved in IFNa-treated cells, taking also into account the atitive
threshold of the EGF-dependent signalling. Intémgbt, maximal MAPK
hyperactivation occurred after 48 h from the bemgigrof the treatment with
IFN-a. It must be considered that the maximal upregutatif EGF-R on the
cell surface occurs with the same timing, sugggstitat overstimulation of
the MAPK pathway could be produced by the amplif@a of the EGF
signalling owing to the increased expression ofréeptor (23,24). We have
previously described that other antiproliferativgelats, such as cytosine
arabinoside, 5aza-2’deoxycytidine and 8-chlorocAM&CICAMP), also
increase EGF-R expression on KB cells (33-35). ia basis, we have



hypothesized that the upregulation of growth factareptors is a common
event in growth-inhibited tumor cells and could regent a protective
response towards the antiproliferative stimuli (38)so in the case of
8CIcAMP, the EGF-induced signalling MAPK is ampdifi likely as a
consequence of the increased expression of EGFBR kBwever, MAPK
activity is reduced in 8Cl-cAMPtreated KB cells,ggesting a selective
inhibition of Erks or of a still unknown upstrearsti@ator induced by the
drug (35). It has to be considered that chronigvatibn of Erk has been
reported to induce apoptosis in eukaryotic cellsB-@®). However, we can
exclude that IFNa-induced apoptosis occurs through the hyperactimabif
Erks on the basis of both the timing of Erk actimatand the effects of the
combined treatment of KB cells with IFAl-and EGF. In fact, we have found
that the exposure of IFE-treated KB cells to EGF did not simply induce a
recovery of cell growth, but it also caused a peoditive effect much greater
than that recorded in KB cells exposed to EGF a(@dg

The involvement of the Ras->MAPK pathway in thetpation of KB cells
from the apoptosis induced by IFN4s further demonstrated by both Ras
inactivation by RASN17 transfection and Mek-1 irtidn by exposure to
PD098059. In fact, the transfection of RASN17 in E#lls caused apoptosis
as demonstrated by the FACS analysis performedansfected cells and also
potentiated the apoptosis induced by I&NThese data suggest that the
integrity of Ras function was necessary to prodaceanti-apoptotic signal
that mediates a survival response in cells expdsetFN-a via Erk-1/2
activation. In fact, we have demonstrated that @&Rgsendent survival
signalling targets Erk-1/2 since the reduction GARK activity by PD098059
enhanced apoptosis caused by I&ENAn additional important finding is that
PDO098059 specifically abrogated the recovery frgoopaosis induced by
EGF in IFNa-treated cells. A second important antiapoptotichpay
involves signalling via Akt/PKB (41,42). In fact, lhas been demonstrated
that Akt can be activated concomitantly or indeparily from Ras->Erk-1/2
signalling by growth factors (43—-45). Additionally,has been reported that
PC12 cells display a protective antiapoptotic patynm response to hypoxic
stimuli (46). The protection from apoptosis by Alduld be because of the
regulation of mitochondrial physiology since Aktimvolved in the regulation
of bcl-related proteins such as Mcl-1 (43). Howetbke requirement of Akt
for the protection from apoptotic events is high&riable depending upon the
experimental model used (44,45,47). In our expentadeconditions, we have
demonstrated that PD098059 completely antagonteedntiapoptotic effects
of EGF. Moreover, we have preliminarily found titae specific EGF-R-
associated kinase inhibitor ZD1839 (IRESSA) syrmagiwith IFNa in



inducing the growth inhibition and apoptosis of es&l human epidermoid
cancer cell lines, which is coupled to completahbition of Erk activity (A
Budillon et al., manuscript in preparation). Theref our results suggest that
the activation of Ras->Raf-1->Mek1- >Erk-1/2 sidimg has a prominent
role in the antiapoptotic effects exerted by EGFepidermoid cancer cells
exposed to IFN&, providing evidence of the potential benefits die t
molecular interference with this pathway. Howewee occurrence of other
survival pathways will warrant further investigatgand we cannot presently
completely exclude a role of the Akt pathway in thedulation of apoptosis
of KB cells.

Consistent with our results, additional findingvédeen recently reported on
the interaction between the Ras->Erk pathway amdnityc oncogene on
apoptosis onset (48). In fact, it has been recdotind that the activation of
the Ras/Mek signalling suppresses myc-dependenptagie in cells with
MAPK cascade amplification because of Ras activati@8). In our
experimental model, we have also found increasgdesgion of p53 and c-
myc in cells exposed to IFH-while the EGF anti-apoptotic effects were
paralleled by downregulation of myc and p53 expogss

In conclusion, we have provided evidence that H-liakes the survival of
human epidermoid cancer cells dependent on RasiBnalling, which acts
as a survival pathway. The specific disruptionhad tatter could be a useful
approach to potentiate the antitumor activity ofN{& against human
epidermoid tumors as indicated by the results aehieby selective
interference with Ras and Mek-1 function in celtp@sed to IFNa.
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IFN-a is the first cytokine produced by recombinant Dh&hnology for
clinical usage in the treatment of infectious adl ws malignant diseases,
through direct (cell growth inhibition) and indite@mmune stimulation)
mechanisms.

In clinical practice, IFNa has been used in the treatment of several cancers
(1-15). In Table 1, we provide a general overvidWFN-a activity in human
malignancies.

Table 1: IFN-a efficacy in human malignancies. RFS Relapse-fiawivgal, OS
overall survival, HR haematologic response, MS mediurvival

Tumor Type Stage Clinical Effects Ref
Melanoma adjuvant lIb, Il Benefit in RFS and O$& yrs 1
Melanoma adjuvant lIb, Il Benefitin RFS at 5.1yrs 2
Melanoma adjuvant lIb, Il Benefitin RFS and OS 3

Metastatic renal cell cancer \Y Benefit in 1-yrauval and MS 4
Metastatic renal cell cancer v Benefit in MS 5
Chronic myeloid leukemia Benefit in HR rate and OS 6
Chronic myeloid leukemia Benefit in OS 7
Multiple myeloma Benefit in RFS and OS 8
Multiple myeloma Benefit in RFS and OS 9

However, the use of IFd-treatment in oncology is limited by 3 factors:

1. Several neoplasms are completely or partially tasis even at high
doses of IFN.

2. High-doses of IFNa produce important toxicity, and at least 40% of
patients require dose reduction and/or recyclinigydeue to severe
toxicity, such as granulocytopenia, liver toxicityjeurological
disorders and fatigue.

3. There are not molecular predictors of responsenpiatlyy useful for
deciding whether a patient should be treated wiple 1 IFNSs.



On the other hand, the efficacy of other type | $HMs been poorly explored.
Few authors reported that IHINhas greater antitumor effects than 1BNon
melanoma, squamous carcinoma, glioma, breast apdtdeellular cancer
(16-20). For these reasons the first aim of thesgmethesisahapter I, I,
IV) was to analyze thm vitro effects of IFNa and IFNb, the role of the
relative receptors and the mechanisms of actionhe following human
cancer cell lines:

1. BON (neuroedocrine tumor of the pancreas)

2. BxPC-3, MiaPaCa-2 and Panc-1 (pancreatic adenocenei)

3. H295 and SW13 (adrenocortical carcinoma).
In all these cell lines, the IFN receptor is expegk as shown by quantitative
RT PCR analysis and immunocytochemistry. Besides, antiproliferative
effect of IFNb seems to be clearly more potent than BNThe direct
antitumor activity of IFNb is modulated through the induction of apoptosis
and an accumulation of the cells in the late ph& phase. The pro-apoptotic
activity and the cell cycle arrest after IFNtreatment are more potent and
earlier than after IFNt. In adrenocortical carcinomash@pter IV) and in
carcinoid cells (data not shown) IHNeould stimulate the apoptosis through
the inhibition at transcriptional level of IGF-2rge
Interestingly, the different expression and disttibn of active subunits for
type | IFN receptor (IFNAR-1 and IFNAR2-c) couldegict, at least in
pancreatic cancer cellsHapter Il1), the sensitivity to IFN treatment. In fact,
at immunocytochemistry the staining for both subsimras high and mainly
membranous in BxPC-3, the most sensitive cell Mv&ile, Panc-1, the most
resistant cell to IFN, showed a lower and prefea¢citoplasmatic positivity
for IFNAR-1, and about 60-70% of the cells wereatag for IFNAR-2c. We
need to confirm these data with a larger serigsaoicreatic cancer cell lines
and primary cultures, but it is possible that théemsity, the subcellular
localization and distribution of IFNs receptor abyiredict the response to
type | IFNs treatment. In the case that this hypsithwill be confirmed, from
a practical perspective, a selection of patientsréat with IFNb could be
decided on the basis of IFNAR-1 and IFNAR-2c pe#itiand localization in
the tumor.
The less potent effect of IFA-compared to IFNs could be related to the
lower affinity for the relative receptor, but it&so possible that human cells
have developed resistance mechanisms to avoid Hellegl by IFN-a,
probably upregulating specific survival signallipgthways. In fact, IFNt
induces different survival pathways (fig.1) thabtect tumour cells from
different stress-producing events (i.e. viral ini@es). One of these survival
pathways is mediated by phosphatidylinositol 3 &néPI3K) and by several



of its downstream targets (21). In detail, afteN{& binding, the IFNAR-1
subunit recruits and activates STAT-3 protein. @bgvated STAT-3 acts as
adapter for PI3K, forming a final complex compos#dFNAR-1, STAT-3,
p85 and PI3K (22). One of the targets downstrearRI8K is the serine-
threonine kinase Akt, which is important for thengeation of antiapoptotic
signals such as the phosphorylation, and conseqgu&ctivation, of caspase-
9, Bad, and Forkhead transcription factor FKHRL ikt modulates the Fas-
ligand gene expression). Another effect inducedAN-a is the induction of
the ubiquitin cross-reactive protein (ISG 15) afdw ubiquitin-conjugating
enzymes (UbcH5 and UbcH8). A molecular target @stéhenzymes is the
inhibitor of kB (IkB) protein, a cytoplasmic protethat binds and inactivates
NF-kB. The family of NF-kB transcription factorsgdates the expressianh

a wide spectrum of genes involved in immunity, anfilmation,and cell
growth, including apoptosis. Therefore, IkB degratiactivates Rel/NF-kB
that triggers the transcription of genes involvedhe antiapoptotic process.
In parallel there is another survival pathway, \aitd by type | IFNs, called
“noncanonical”’, which involves the linkage of TNFeceptor-associated
factors (TRAFs) and NF-kB-inducirgnase (NIK) (23,24).

Fig. 1 Escape mechanisms to the antitumour effects ofdFS$urvival and antiapoptotic
signalling are induced by IFi-through the activation of different pathways. letall, the
following have been reported: the hyperactivatidntlee EGF-mediated Ras/Raf/Erk-1/2—
dependent pathway; the induction of the Akt and BHelependent pathways through the
activation of the STAT3/PI3 K-mediated signallingnd the stimulation of Shp2 that
determines an increased response to peptide gfaetirs



You et al. (25) have studied other targets involirdhe IFNa-activated
pathway, such as the Shpl and Shp2 proteins. Ai¢ra binding, Shpl is
associated to the IFH-receptor, complexed to Jakl and Tyk2. In this
complex, it exercises a negative feedback by itihdpithe IFNa—stimulated
Jak/STAT pathways. Moreover, Shp2 has a positifecebn the mitogenic
stimulation of Erk-1/2 and on the expression otgikt-derived growth factor
receptor and, on the other hand, inhibits INK umadular stress (25). Other
Jak/STAT pathway inhibitors have been recently idied, such as the
suppressors of cytokine signalling (SOCS)-1 an@@).(These two proteins
contain an SH2-domain and can inhibit Jak, thugiptaa negative control on
the Jak/STAT signalling. Other antiapoptotic fastare the protein inhibitors
of activated STAT (PIAS) proteins. In detail, PIA&L) inhibits the STAT-1
DNA binding activity and the consequent inductioh gene expression.
Moreover, Ki-Ras can inhibit the expression of IBNregulated genes
providing a novel mechanism of tumour cell escapiée cytokine (28).

In thechapter V, we showed another important survival pathway Eipral
Growth Factor (EGF)-dependent that IEBN-regulates in human
oropharyngeal epidermoid carcinoma KB cell lineN{& is able to increase
EGF-receptor expression and function and to adiuatdownstream targets
that include the Ras/MEK1/Erk-1/2 pathway. Thiseetfappears to protect
the cells from apoptosis. Selective inhibition bist pathway at different
molecular levels always results in increased appia cells exposed to IFN-
a. In fact, either the transfection of a dominamricof Ras RASN17 or the
treatment of tumour cells with a specific MEK-1 iipior (PD098059)
strongly potentiated the apoptosis induced by thekine, suggesting that the
integrity of Ras function is necessary to produceati-apoptotic signal that
mediates a survival response in cells exposed kMaFvia Erk-1 and -2
activation. An additional important finding is th&D098059 specifically
abrogated the recovery from apoptosis induced by HeG IFN-a-treated
cells. Therefore, our results suggest that thevaintin of Ras->Raf-1->Mek1-
>Erk-1/2 signalling has a prominent role in thei-apioptotic effects exerted
by EGF in epidermoid cancer cells exposed to #Nroviding evidence of
the potential benefits of the molecular interfeemath this pathway.

In conclusion, the devastating effects of IBNan cancer cells support the
clinical attractiveness to use this cytokine in treatment of endocrine and
non-endocrine pancreatic tumors and adrenocorteainomas. In addition,
tumors where the effect of type | IFNs is countegddy escape mechanisms
consisting in increase EGF-receptor expressionfanction, the activity of
IFN could be potentiated by means of highly selecagents like the EGF-



receptor inhibitor Gefitinib (IRESSA; Astra ZeneddK) or the dominant
negative RASN17 (transfected with recombinant adeuns). Future studies
are necessary to evaluatevivo these promising tools.
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