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1. INTRODUCTION

Treatment of malignant tumors does still often meet insurmountable difficulties
despite ever-broadening diagnostic and therapeutic modalities. In the year 2008, 12.7 million
new cases of cancers were diagnosed worldwide (latest GLOBOCAN survey of IARC) [1, 2],
which is predicted to be increased by ~ 68 % - up to over 21 million - until 2030, taking into
consideration recent time trends as well as the expected world population growth (UN, World
Population Prospects, 2008) [3]. Of all types of tumors, lung cancers in males and breast
cancers in females showed the highest age-standardized incidence (33.8 and 38.9 / 100.000,
respectively) and mortality rate (29.2 and 12.4 / 100.000, respectively). These tumors could
be accounted for the deaths of almost 1 million men and 0.5 million women worldwide in
2008. Additionally, tumors of the central nervous system stand now as the second most
frequent cause of cancer mortality under age 35, showing a dramatically increased incidence
(up to 300%) over the past decades [4, 5]. Indeed, despite expanding medical and health
services in developed countries, incidence of tumors - all together - were two times higher.

In the background of these distressful data, therapy resistance and even in-treatment
evolving metastatic ability of the tumors define themselves as attributable factors to treatment
failures. In this line, the decreased chemo- or radiosensitivity and the developing
uncontrollable metastasizing ability of the tumor cells frequently hamper the therapeutic
break-through, even though significant development in imaging and molecular marker
detection (early diagnosis), in surgical technique and adjuvant therapy (tumor specific
targeting) have been achieved over the recent years. With respect to brain tumors, localization
of the tumor may contra-indicate mass surgical removal and blood-brain barriers can also
impede targeting, hence considerably prejudicing patient outcome.

To face these therapeutic hindrances, numerous studies have been conducted on
tumorigenesis that revealed the role of overexpression, gene amplification or mutations of
particular growth factor receptors - including ErbB proteins - in tumor proliferation and
developing therapy resistance. After the discovery of their mitogenic potential, members of
the ErbB family of type I receptor tyrosine kinases have undergone deep, comprehensive
investigation. They were found to form homo- or heterodimers with each other that,
stimulated by the enhancing effect of ligand binding, results in transphosphorylation on their
tyrosine residues. This latter activation process leads to the recruitment of intracellular

signaling molecules and translates into diverse cell fates. Heterodimerization - compared to



homodimerization - was shown to extend their transphosphorylating dynamism, yielding to
more potent mitogenic signals.

To date, recent findings have also provided evidence for the functional crosstalk
between certain cell adhesion molecules and receptor tyrosine kinases suggesting that they
may contribute to therapy resistance. Given the phenomenon that foreign (e.g. brain)
metastases of primarily invasive tumors are peculiarly isolated at their new localization -
apparently losing their invasive ability to infiltrate - the role of molecular interactions of
unique, organ and tumor specific cell adhesion and extracellular matrix molecules is

suggested, which may restate the theory of "cell adhesion mediated therapy resistance".
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2. MOLECULAR PATHOLOGY OF TUMORIGENESIS

2.1. The ErbB family of receptor tyrosine kinases

Research in the 1950's and 60's by Stanley Cohen on nerve growth stimulation with
snake venom and then the unexpected "side effects" (precocious eyelid opening and incisor
eruption in newborn mice) of the injected salivary gland extract led to an interesting finding -
the discovery of a growth factor, later named EGF [6, 7]. His consecutive studies then
disclosed its receptor (EGFR) [8, 9], which was proved to bear ligand-dependent tyrosine
kinase activity - a revolutionary observation of molecular biology in the 1980s [10, 11]. After
characterization of the erb-B oncogene of avian erythroblastosis virus, efforts revealed
similarity between this viral erb-B oncogene and the human EGFR (therefore also termed
ErbB1) [12, 13]. As other findings already supported the role of ErbBl in tumorous
transformation in animal studies [14], these latter results predicted a potential contribution of
ErbB1 to human tumor development - setting up a new era of human cancer research.

Alterations of several tumor suppressors and oncogenes have been identified as being
critical to the initial steps of transformation and progression to malignancy. Disregulated
signaling processes starting from assemblies of cell surface molecules - including growth
factor receptors - have been shown to play an important role in the pathogenesis and therapy

resistance of tumors of different origin.

ES.FH-I;?EF(;? EEGEE; Figqre 1. The ErbB
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In this respect, members of the ErbB superfamily (ErbB1, ErbB2, ErbB3, ErbB4) of
transmembrane receptor tyrosine kinases have been studied extensively [15-18]. ErbB2 was
identified after the detection of an oncogene (neu) in rat neuroblastoma showing similarity to

the viral erb-B oncogene. Since the purified protein product of the neu oncogene (p185™>"")
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did also appear to have high but not complete homology to the ErbB1 protein, it was termed
ErbB2 [19, 20]. ErbB3 and ErbB4 were isolated and characterized by a targeted genomic
screen in 1989 and 1993 (Fig. 1) [21, 22].

Members of the ErbB family are large glycoproteins that consist of an extracellular
ligand-binding, a single chain transmembrane and an intracellular tyrosine kinase domain [23,
24]. The extracellular domain comprises four subdomains (I-IV), of which domain I and III
serve for ligand binding, while the cysteine-rich domain II and IV are responsible for the
dimerization. Upon ligand binding to domain I and III, a conformational change occurs that
unseal the dimerization arm buried so far by domain II and IV in the autoinhibited, inactivated
form of the receptor. The juxtamembrane and transmembrane chains contribute to the
modification and activation of the receptor [25].

It has been revealed that certain tumor cells may express multiple ErbB family
members, which can homo- and heteroassociate during signal transduction (see Fig. 1).
Thorough investigations disclosed that dimerization and ligand binding leads to receptor
transactivation and induction of versatile downstream signaling pathways via enhanced kinase
domain activity [26]. Ligands of the ErbB family - including intramembrane proteins and
their proteolytic products in plasma - regulate cell functions in auto-, para- or endocrine
pathways:

» EGEF - like ligands (EGF, TGFa, AR) binding to ErbB1
» neuregulins (NRG1-4 or HRGa/B) binding to ErbB3 and ErbB4
» HB-EGF, B-cellulin, epiregulin binding to ErbB1, ErbB3 and ErbB4

However, ErbB2 and ErbB3 stretch the point over this simplification as the former has
no known ligand, whereas the latter has no kinase activity. Indeed, the dimerization arm of
ErbB2 is in a constitutively exposed state rendering ErbB2 to act as a co-receptor for
dimerization partners [16, 27], and present itself as an important integrator of transmembrane
signaling by the ErbB family [28, 29]. It is probably for this reason that ErbB2 is clustered on
the surface of breast tumor cells. The diameter of ErbB2-rich membrane domains is ~0.5 um
[30], and they are colocalized with ErbB3 proteins and lipid rafts that are liquid-ordered
membrane microdomains, insoluble in non-ionic detergents at 4°C, rich in cholesterol,
sphingomyelin and glycolipids [31]. Cell surface receptors are concentrated in lipid rafts,
which can be considered as platforms either promoting or inhibiting signaling [32].
Nevertheless, besides the activation theory of allosteric oligomerization [33] - especially at
these signaling platforms -, other observations suggested, however, the presence of preformed

ErbB1 dimers in the membrane prior to getting activated by EGF [34].

12



2.2. The integrin family of cell adhesion molecules

Besides the association pattern of the ErbB Extracellular matrix hinding
molecules, tumor development, the proliferation and survival

of cells also depend on the interactions between cells and

their environment, including the ECM [35, 36]. Among the

[-chiain
divalent

specific cell adhesion membrane protein species, integrins — cason

are the most dynamic and versatile group of adhesion -chuin eysteine rich

ahrmains

molecules, from which downstream signals enable cancer
cells to detach from neighboring ones, re-orient their

polarity, and promote survival even in a foreign environment

membrane

[37]. They also play a pivotal role in migration, attachment,

cell cycle progression, programmed cell death and regulation

evitosnl

of signal transduction pathways [38, 39].

In the 1980's eager investigations were conducted on 10 im
particular cell membrane receptors, which were termed

.. . . . . Figure 2. Schematic model of an
position specific antigens in Drosophila [40], very late integrin heterodimer.

antigens of activation on human immune cells [41] or platelet _GaI:lr;r’:Zl ;ZZ lzg;;ng()J;an\:leg 5_©
glycoproteins [42]. After sequencing the cDNA and isolating

the protein of chicken integrin B1 subunit in 1986, it was

revealed that these membrane species belong to the same large cell adhesion molecule family,
termed integrins, and carry a crucial role in signal transmission from the ECM to the
cytoskeleton [43]. Integrins are evolutionarily ancient proteins, homologous sequences can be
found even in bacteria and in prokaryotes [44]. They consist of two subunits (a and £), and
bind to other cell adhesion molecules, ECM components or specific blood proteins (see Fig.
2). To date, 18 distinct a subunits and 8 S subunits have been characterized in humans,
forming 24 distinct af heterodimers (see Fig. 3) [45]. Activation and receptor conformation is
regulated by special regions in subunit a (al, MIDAS) and g (I, ADMIDAS) upon ligand and
jon (Ca’™ or Mn”") binding [46]. Repetitive conformational changes keep integrins in
continuous motion that can be eloquently described as "bending like breathing" [47]. The
subunit a determines ligand specificity, while f subunits are responsible for transmitting
signals between the cell and its environment. A subset - eight members - of integrins

recognizes RGD sequence in their ligands. Of the several a subunits, nine contain the
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subdomain al, which is unique in that it could be descended from the time tunicates diverged
from invertebrates in the evolution, and holds a triple helical GFOGER recognition motif for
binding collagens (al, a2, a10, all) and leukocyte specific proteins (aE, aM, oL, aD, aX) -
which are thus not present in invertebrates [44, 48].

Other integrins (a4B1, a4p7, or heterodimers of f2) binds to LDV, IDAP or IDSP
sequences of fibronectin or certain members of the immunoglobulin superfamily (ICAM-1,
ICAM-2, VCAM-1, MadCAM), which may also define potential therapeutic targeting [49-
51]. Most integrins recognize ECM proteins, such as fibronectin, vitronectin, tenascin, E-
cadherin, laminins (LN-111, -211, -332, -411, -511), collagens (types I, II, IV and IX),
members of the immunoglobulin superfamily (ICAM-1, -2, -3, -5, VCAM-1, MadCAM-1) or
proteolytic products (endostatin, tumstatin, endorepellin) of ECM molecules [52]. Integrin B1
can associate with various a chains and consistently it was also found to be widely expressed

throughout the human body (see Fig. 3).

Collagen receptors
(GFOGER)

siojdeoas
ayads - ajfaoynan

RGD
receptors

Laminin receptors

Figure 3. Diverse heteroassociation patterns of integrin a and f subunits.
Note that of the most promiscuous three chains - aV, Bl and B2 -, the integrin Bl can participate in such
heterodimers that can form RGD receptors, collagen receptors, laminin receptors or even leukocyte-specific

receptors, as well. - from Barczyk et al., Cell Tissue Research 2010; 339:269-280. -

Five splice variants (B1a, Bls, Blci, Blcz and Blp) of the integrin f1 molecule have so
far been described, differing in the cytoplasmic region [53, 54]. Interestingly, the widely
expressed flp was proved to be a stimulator, while Bl¢ cytodomains are inhibitors of cell
proliferation [55, 56]. The substantial role of integrin 1 was suggested in cell differentiation,
migration, attachment, tumor progression and - as adhesion receptors - during metastasis, as
well [57]. Disruption of basement membrane through downregulation of LN-1 and integrin

B1c was also shown to contribute to tumor development [58, 59]. Indeed, epidermal stem cells
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were also shown to express excess integrin B1 - a pontential candidate for screening as an
epidermal stem cell marker. However, these data have to be carefully interpreted due to the
dispersed expression profile and functionally diverse splice variants of integrin $1 [60].

When tissue cells spread out in the ECM, integrins (e.g. the a5B1 heterodimer) form
multimeric clusters with structural and/or signaling roles in focal adhesion complexes [61].
The interaction of membrane proteins - including growth factor receptors and integrin
molecules - at these focal adhesion sites then may mediate downstream signaling processes

preventing rescue from apoptosis, and hence promoting cell survival [62].
2.3. Molecular markers and signal transduction pathways

EGF (acting through ErbB1), PDGF-A and B (acting through PDGFR-a and ), TGF-
a (acting through ErbB1) and IGF-I (acting through IGF-IR) are often involved in stimulating
tumor cell proliferation [63, 64]. The three key downstream signaling pathways that can show
increased activity owing to aberrant receptor expression and/or interactions are the

Ras/MAPK, PI-3K/Akt and PLC-y/PKC signal routes (Fig. 4).
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The transphosphorylated ErbB tyrosine side chains are recognized by SH2 domains of
Grb2 adaptor proteins that bridge Sos or Shc molecules through proline rich SH3 domains.
This complex then functions as a GEF that recruits and activates Ras-GDP to form Ras-GTP.
Thereafter, downstream signaling, via activation of Raf-1 and dual specificity
(serine/threonine and tyrosine) MEK, leads to the phosphorylation of MAPK or ERK1/2 and
various transcription factors like TCF, SRF, Elk-1, c-fos or c-myc that induce gene
transcription by binding to SRE DNA sequences [65].

The other key signaling route of the ErbB receptors is regulated via the PI-3K protein,
which is a heterodimer of a regulatory p85 subunit and a catalytic p110 subunit. The p85 is
responsible for specific binding to ErbBs, while p110 produces IP; that functions as second
messenger necessary for serine/threonine phosphorylation and thus for the activation of Akt
(protein kinase B). Interestingly, direct docking sites for p85 are absent on ErbB1, however, it
can activate the p85 subunit through docking the protein Gab-1.

The PI-3K signaling route is known to contribute to cell growth, invasion and anti-
apoptotic processes [66], and has received much attention because it is negatively regulated
by the PTEN protein. PTEN is an important regulator of the pathway as it dephosphorylates
IP; and serves as a major tumor suppressor [67]. Deregulation of this protein was also shown
the most common loss-of-function alteration in glioblastomas [68], and may be involved in
trastuzumab responsiveness, as well [69]. Related downstream proteins also include GSK-33
and mTOR C1/2 complexes that regulate c-myc, cyclin degradation and translation, protein
synthesis, redox status, autophagy, and apoptosis [70].

Downstream signaling events can also be mediated by docking SH2 domains of
members of the PLC superfamily at phosphorylated tyrosine function groups of growth factor
receptors as it was shown for ErbB1 [71]. In contrast, some isotypes of the PLC proteins (e.g.
PLCp) are activated by G-proteins (Gq, G,). PLCy cleaves PIP, to DAG and IP;. Both cleaved
products are necessary for the activation of PKC; intracellular calcium release via IP;
regulated calcium channels translocates PKC to the cell membrane, where it gets activated by
its cofactor, DAG. The affected cellular events via this signaling route diverge upon PLC and
PKC isotype and substrate distribution profiles of different tissue types. Cell proliferation and
survival can be influenced by signaling via PKCBII or PKCg, while PKCa, PKCBI or PKCo

are known to inhibit proliferation and drive apoptotic signals [72].
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In addition, the cytoplasmic STAT proteins are also known to be mediating signaling
from growth factor receptors. STAT monomers form homo- or heterodimers upon docking at
each others’ phosphorylated tyrosine residues via SH2 domains and then move into the
nucleus to induce transcription of genes
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transcription factor NF-kappa-f involved in transformation pathways, as well (Fig. 4) [78].

As discussed before, emerging evidence supports the assumption that growth factor
signaling is frequently modulated by the interaction with certain cell adhesion molecules,
which bear particular responsibility in tumor migration, attachment and progression. The focal
adhesion complexes at the focal adhesion sites of migrating cells are known to be associated
with talin, vinculin and the actin cytoskeleton. Signals from activated receptors in these
complexes cause the activation and phosphorylation of FAK attached to talin. Thereafter,
downstream signaling activates the PI-3K/Akt-PKB pathway, which promotes cell survival
through inactivation of Bad, caspase-9 proteins and the transcription factor FKHRL-I [79, 80].
Recent studies on astrocytomas revealed that this FAK activation correlated and co-localized

with ErbB1 and integrin a5B1 expression at the single cell level, which also provides evidence

for a considerable cross-talk between ErbBl and integrin molecules in human malignant
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gliomas [81]. In addition, the ILK/GSK-3B mediated canonical -catenin / Tcf-4 pathway
involved in integrin signaling can also contribute to tumorigenesis by direct regulation of the

Akt2 gene expression (Fig. 5) [82].

2.4. Associations of ErbBs and interactions with integrin 1

2.4.1. Homo- and heterodimerization of ErbB molecules

After ligand binding, ErbB1, ErbB3 and ErbB4 preferentially form a primary
heterodimer with orphan ErbB2 proteins that translates into high tyrosine kinase and trans-
phosphorylation activity [18]. Overexpressed ErbB2 is the preferred heterodimerization
partner for other ErbB proteins [83] inhibiting ligand-induced receptor down-regulation [84]
and playing a mediator role in lateral signal transmission and transmembrane signaling by its
intrinsic tyrosine kinase activity [85]. The activated ErbB2 can form secondary dimers with
other ErbBs starting divergent intracellular signaling pathways. Ligand binding affinity and
intracellular activation patterns of the three primary dimers and those of the secondary dimers
are different, which greatly diversifies the signaling capacity of the ErbB family [86].

Presence of ErbB1/ErbB3 and ErbB1/ErbB4 heterodimers has been rarely described,
but they appeared only on cells where no ErbB2 was available. Dimers containing ErbB2 are
more stable; they have higher ligand binding affinity and bear more potent tyrosine kinase
activity. It is important to note that ErbB2 containing dimers are able to avoid degradation
after internalization and they readily recirculate to the cell membrane. As opposed to this,
ErbB1 containing dimers are down-regulated very fast after EGF activation. Therefore, ErbB1
down-regulation after activation by EGF may be an important negative feedback in the
control of epithelial cell proliferation.

On cells with ErbB2 overexpression, spontaneous homodimerization of ErbB2
molecules can be observed because of the high receptor density [87]. The ErbB2 - ErbB3
heterodimer is the most mitogenic ErbB dimer, because ErbB2 enhances the ligand affinity
and spectrum of ErbB3 towards EGF-like ligands. Phosphorylated ErbB2 serves as activation
site for Shc coupling to the MAPK pathway, whereas ErbB3, if activated, is able to recruit PI-
3K, and thus to signal via the Akt pathway [27]. This capacity of signaling through the
MAPK pathway leading to proliferation and through the PI-3K/Akt pathway leading to
survival, combined with the prolonged signaling caused by evaded internalization explains

why the presence of the ErbB2/ErbB3 heterodimer is a bad prognostic factor [88].
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2.4.2. Molecular interactions between ErbB and integrin [f1 molecules

Transmembrane signaling mediated by the cooperation of integrins and growth factor
receptors was underlined by several studies [89-91], and ligand binding induced formation of
ErbB homo- and heterodimers was proved to activate a diverse network of second messenger
systems [16].

In addition to the association patterns of ErbB molecules, tumor development, the
proliferation and survival of cells also depend on the interactions between cells and their
environment, including integrin molecules of the ECM [38, 39]. Similar to ErbB2, integrins
were shown to be also raft-associated [92] and ErbB2 was shown to be associated with
integrins a6B4 and a6f1 in human carcinoma cell lines [93]. Integrins containing a 1
subunit are receptors for collagen, laminin and fibronectin and function as adhesion receptors
during metastasis (as described before) [57].

ErbBl1 is also localized at these sites and can give rise to activation of the FAK and the
PI-3K / Akt-PKB pathway, which promotes cell survival through inactivation of Bad, and
caspase-9 as well as the transcription factor FKHRL-I [79, 80]. Interaction between ErbB1
and integrin B1 also enhances tumor cell detachment, migration, and metastatic ability [37] by
displacing tensin-3 from the cytoplasmic tail of integrin B1 and consequently resulting in the
disassembly of the actin cytoskeleton machinery [94]. Cooperative signaling between ErbB
proteins and integrins [95, 96] is a common feature of invasive cancer cells and association of
integrin Bl and ErbB proteins could provide a framework in which tumor cell metastasis
could be better understood [97].

Recent findings also underlined the functional crosstalk between certain cell adhesion
molecules and receptor tyrosine kinases, suggesting that they may contribute to developing
chemo- and radioresistance [98]. The coactivation of multiple receptor tyrosine kinases and
cell adhesion molecules then may drive redundant inputs into the cytoplasm, maintain

downstream signaling and affect the response of tumor cells to targeted therapies [99].

2.5. Analysis of multi-faceted molecular interactions of membrane proteins

One of the best methods for mapping molecular interactions is measuring FRET, which
enables resolving molecular associations in the 1-10 nm range, far exceeding the diffraction

limit of the conventional microscope. The FRET phenomenon was first described by
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Theodore Forster in the late 1940s [100]. In the
process, energy is transferred from the first excited
electronic state (S;) of a donor (D) to a neighboring
acceptor molecule (A) in a nonradiative, dipole-dipole
interaction under favorable conditions. The rate of
FRET (k) is proportional to the negative 6™ power of
the separation distance between the donor and
acceptor molecules and eventually results in the
quenching of the donor and the increase of the
acceptor fluorescence (sensitized emission) (Fig. 6-7)

[101]. Applications for measuring FRET between

Excitation Sensitized

Fluorescence

Figure 6. The FRET phenomenon.
Energy is transferred from an excited
donor (D) to a nearby acceptor (A)
molecule. The FRET rate is proportional
to the negative 6™ power of their
separation distance.

cell membrane species were established for flow cytometry and confocal microscopy [102,

103]. The FCET technique provides statistically accurate information on the distribution of

FRET efficiency on thousands of cells [90, 104], whereas microscopic FRET measurements
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Figure 7. Mechanism of FRET.
Energy is transferred in a nonra-

can reveal the heterogeneity of the expressions and

interactions of membrane proteins within even a single cell

In conventional FRET measurements, molecular
associations are investigated between two molecules
Y regardless the interactions with other nearby molecules.
3 - So Thereby, the implementation of a new method,
relationship of distinct molecular
interactions could greatly extend our knowledge of multi-

component complexes and signaling mechanisms. Steadily

diative, dipole-dipole interaction  jmproving FRET techniques have now evolved to the

potential of characterizing molecular interactions in tissue

sections [107, 108]. Indeed, precisely quantitating molecular interactions on individual

samples in situ could be conjoined with clinical data to better define prognosis or optimal

therapy [109, 110].

Regarding these results, the need for further functional assays is raised for better

understanding the molecular interactions between certain mitogenic cell surface species and

surrogate markers of stem cell survival. Translation of future results into clinics may allow us

to fine-tune the right mixture of drugs that target specific molecules of tumors and lead to

respective marker development for individualized treatment and patient selection [111].
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3. ERBB MOLECULES IN TUMOR DEVELOPMENT - THE MEDICAL ASPECT

In addition to their exceptional disposition "to fine-tune" the hierarchical structure of
signaling processes that regulate tissue and organ development and differentiation during
ontogenesis, growth factor receptors are also well known to contribute to tumorigenesis.

Members of the ErbB family of type I receptor tyrosine kinases are influential
representatives of the growth factor receptors responsible for tumorous transformations since
deregulation, overexpression, amplification or mutations of these cell membrane proteins are
common and quite frequent events that occur in the first steps of tumor development. After
discovering their mitogenic potentials, the ErbB proteins have undergone comprehensive

investigations that shed light on their pivotal role in the tumorigenesis.
3.1. Alterations of ErbB2 in breast cancer

Amplification of ErbB2 was first reported in human breast and ovarian cancer [112],
but its overexpression can also often be responsible for other malignancies, such as colon,
pancreas, ovarian, bladder, head-and-neck, non small cell lung cancers, Wilm's tumors and
neuroblastoma [113].

In breast cancers, ErbB2 is overexpressed in 60% of the inflammatory and in 25% of
the non-inflammatory ductal invasive breast cancers [114] and due to its high dimerization
potential, heteroassociation with other members of the ErbB family or with extraneous
diverse cell membrane proteins can induce versatile signaling events that eventually drive
uncontrollable tumor growth from in sifu to invasive carcinoma [115]. Hence, targeting
ErbB2 in adjuvant or neoadjuvant regimens may potentially bring about improvement in the

otherwise poor clinical outcome of patients suffering from advanced breast cancer.

3.1.1. Epidemiology and diagnosis of breast cancers - a general outline

Breast cancer had a 98.1 / 100.000 crude incidence rate (62.8 / 100.000 ASR) and 30.5
/'100.000 crude mortality rate (ASR 16.7) in the European region as of 2008, at which time
these parameters were 99.2 (ASR 56.8) and 40.1 (ASR 18.6), respectively, in Hungary [1]. In
numbers, death of 139.829 women in Europe and of 2.108 women in Hungary could be
attributed to breast cancer in 2008. Despite decreasing mortality - due to advance in early
diagnosis and more optimized therapy over the recent years in developed countries - breast

cancer still remains the leading cause of tumorous death in women.
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Diagnosis is based upon clinical symptoms (local, paraneoplastic and systemic),
imaging (mammography, ultrasound or MR in challenging or disseminated cases) and
pathological analysis of surgical samples (core needle biopsy). Therapeutic intervention
schemes are based on histological diagnosis according to the ever-latest WHO classification
[116] and TNM - staging that now includes ER, PgR and ErbB2 status (IHC, and FISH/CISH
for gene amplification assessment) of the tumor, as well. Mutations of the "caretakers"
BRCA1/2 genes are also sought for in patients at high risk (i.e. specific ethnic groups) as
these genes are known to be incriminated in hereditary high-grade ductal mamillary
carcinomas - in ~5 % of all cases - that usually do not bear ER or ErbB2 positivity as
compared to sporadic cases. In addition, mutations in susceptibility genes (TP53, PTEN,
STK11/LKB1, CDH1, CHEK2, ATM, MLHI, MSH2) have also been implicated in the
development of hereditary breast tumors [117]. In the cases of sporadic breast cancers,
overexpression of the ErbB2 protein was revealed in 20 - 30 % of the patients, and targeting

this molecule is now in clinical routine [118].
3.1.2. Treatment options for breast cancer

Therapy of breast cancer is multidisclipnary: surgery, radiotherapy and (neo)adjuvant
chemotherapy. Post-surgical radiotherapy is strongly recommended to avoid early recurrence.
Patients with different degree of endocrine responsiveness (ER, PgR status) are treated with
endocrine therapy with or without combining chemotherapeutic regimens. Neoadjuvant
chemotherapy is planned upon predictive factors in order to down-size locally extended
primary tumor to reach a mammary stage eligible for breast conservation surgery. For
adjuvant chemotherapy, anthracycline and taxane based regimens are usually administered
that now include trastuzumab, as well [119].

Upon revealing the pathogenic role of ErbB2 overexpression or gene amplification in
breast cancer development, targeting this molecule at the cell surface was pointed out as a
treatment option. To date, trastuzumab (the recombinant, humanized version of an anti-ErbB2
mouse monoclonal antibody, 4D5) is included not only in the management of metastatic
disease but also in adjuvant regimens [120]. As ErbB2 overexpression was found to predict
poor prognosis even in primarily small and node negative tumors, it was opted to be included
in neoadjuvant systemic regimens, as well [121, 122]. Relapse rate was shown to be
significantly decreased, however resistance to trastuzumab has been observed in ~50 % of
ErbB2 overexpressing cases, many of them developing during treatment. To counter this

hindrance, intensive research is going on worldwide, and yet more recent trials have proposed
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the integration of lapatinib (inhibiting both ErbB1/2 kinase activity) along with bevacizumab
(against VEGF) and everolimus (an mTOR kinase inhibitor, derivative of tacrolimus) into
neoadjuvant chemotherapeutic regimens [123]. Other tyrosine kinase inhibitors such as
neratinib/foretinib with irreversible panErbB inhibition [124] and pazopanib/sunitinib with
multitargeted potential against VEGFR, PDGFR, c-Kit, RET, FLT-3 and CSF-1R have also
reached clinical phase [125]. Downstream blocking agents targeting the Akt protein or both
PI-3K and mTORs (perifostine, NVP-BEZ235) were reported to overcome trastuzumab and
even associated lapatinib resistance [126]. In addition, several second-generation HSP90
inhibitors (e.g. alvespimycin) [127], thioether-linked conjugates of cytotoxic tumor activated
prodrugs (e.g. the anti-microtubule mertansine, DM1) are under trials for primary metastatic
breast cancers. Moreover, promising studies are conducted with the use of variant ErbB2
targeting antibodies such as pertuzumab that effectively blocks ErbB2 from forming
heterodimers [128], the monoclonal, bi-specific, tri-functional antibody ertuxomab that drives
CD3 positive T-cells and macrophages to ErbB2 overexpressing cancer cells [129], and

defucosylated trastuzumab antibodies that were proven to enhance ADCC [130].
3.1.3. Therapy resistance to trastuzumab in the management of breast cancers

As mentioned above, ErbB2-mediated transmembrane signaling is a key target of
novel anticancer agents such as trastuzumab that binds to the juxtamembrane region of the
domain IV of ErbB2 responsible for dimerization [131]. Trastuzumab is thought to lead to
down-modulation and internalization of ErbB2 that results in reduced downstream signaling
via inactivation of the MAPK and PI-3K pathways [28, 132, 133]. Others suggested that
trastuzumab induced internalization may be achieved preferentially by mono-ubiquitination of
ErbB2 through recruiting c-Cbl - an E3 ubiquitin-protein ligase - to site, which leads to
accelerated endocytotic removal of ErbB2 from the cell surface [134]. However, in contrast to
these observations, additional data revealed that down-regulation is not the main mechanism
of trastuzumab action in vivo, and that instead the antibody recycles back to the membrane
with ErbB2 after endocytosis [135].

It did also soon become clear that domain IV comprises a clevage site for matrix-
metalloproteases and shedding thereby results in a 110 kDa extracellular domain of the 185
kDa full-length ErbB2, which is then released and circulates in the serum in vivo [136]. The
membrane-associated, amino-terminally truncated, residual 95 kDa fragment then gains
increased dimerization activity that can be inhibited by trastuzumab binding [137]. Moreover,

membrane translocation and activation of PTEN - via sustained dephosphorylation due to
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reduced Src activity by dissociation from ErbB2 upon trastuzumab binding - was proved to
also contribute to the inhibitory effect of trastuzumab via inhibiting Akt and downstream
mTOR kinases [138]. Upon administration, trastuzumab was observed to induce cell cycle

Kipl .
P level and a decrease in

arrest at the G1 /S boundary, accompanied by an increase in p27
cyclin D1 and cyclin-dependent kinase 2 activity [139], whereas others published that
trastuzumab inhibited angiogenesis by modulating the equilibrium between pro- and anti-
angiogenic factors and angiopoietin-2 expression, which thereby finally resulted in decreased
tumor vascularization and supply [140, 141]. Various additional mechanisms have been also
suggested to explain trastuzumab resistance including autocrine production of EGF-related
ligands [142], activation of the IGF-I receptor pathway [143, 144], and masking of the target
epitope of trastuzumab by MUC4/sialomucins or CD44/hyaluronic acid complexes [145].

Several documented inter-molecular and downstream signaling events - detailed above
- substantiated the anti-proliferative effect of trastuzumab in vitro, whereas consequent
research proved that the majority of the inhibitory effect of trastuzumab in vivo is attributable
to ADCC [146].

Along this line, a cell line - termed JIMT-1 - provided a useful model system that was
established from an ErbB2-overexpressing, trastuzumab-resistant breast cancer patient [147].
Besides sterically hindering ErbB2-trastuzumab interaction, MUC4 was shown to hamper the
exertion of NK immune-cells responsible for ADCC [148, 149], and increase the transforming
activity of the ErbB2-ErbB3 heterodimer by direct interaction between ErbB2 and the EGF-
like domain of the ASGP-2 subunit of the MUC4 heterodimer (ASGP-1/2) glycoprotein [150,
151]. Using xenografts from the JIMT-1 cell line in mice, it was proved that circulating and
disseminated - i.e. metastatic - tumor cells (CTCs, DTCs) re-gain response to trastuzumab by
ADCC, even though tumor cells at the primary site retain resistance, which gives the idea that
administration of trastuzumab in advanced - virtually resistant - breast cancer is still relevant
in terms of preventing metastasis [152].

Based on other findings, the inactivation of PTEN [138], down-regulation of the
p27“P! protein [153, 154], gain-of-function mutations of the PIK3CA gene [155, 156],
disturbed ADCC by the polymorphism of the FCGR3A gene [157], the decreased expression
of the BAD BH3-only pro-apoptotic protein or interactions with Brk/PTK6 have also received
great attention as possible predictors of trastuzumab resistance [158, 159]. To date,
combination of anti-ErbB2 vaccine and trastuzumab in ErbB2 overexpressing breast cancer

patients has also been proposed to overcome resistance and sustain specific immunity [160].
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Although clinical application of this specific anti-tumor targeting therapeutic approach
has drastically improved therapy outcome for patients with ErbB2 positive breast tumors,
success is far from complete, as resistance to trastuzumab is quite frequent; initial efficacy is
30-50%, and many of the initial responders have a relapse after 6-9 months [161]. The
background of this common resistance to trastuzumab thus seems to be multitudinous and
may vary case by case, which can significantly limit the potential of this new treatment

modality [162, 163].

3.2. Alterations of ErbB1 in astrocytoma

Ever since Stanley Cohen first described the EGF and its receptor EGFR (later termed
ErbB1), intense and thorough investigations were initiated on its suspected mitogenic
potential in human tumorigenesis. Substantial evidence demonstrated that alterations in the
ErbB1 signaling route, and overexpression or gain-of-function mutations of the ErbB1 protein
(e.g. ErbBIVIII or delta2-7 EGFR - the most frequent class III mutants, which harbor
constitutive kinase activation by a deletion in its extracellular domain) can be frequently
accounted for gliomagenesis [164].

Based on these and additional findings on multitudinous interactions of ErbB1 with
other cell surface species, newly proposed anti-tumor therapies tended to include anti-ErbB1
agents, however yet inextricable difficulties in facing the observed common therapy- and
radioresistance raised the need to address combined therapeutic modalities for the treatment

of astrocytic tumors.

3.2.1. Epidemiology and diagnosis of astrocytomas - a general outline

Tumors of the central nervous system are the second most frequent causes of cancer
mortality under age 35 with a slight peak in children between 6 and 9 years old [4, 165]. Brain
tumors had a 6.9 / 100.000 crude incidence rate (5.2 / 100.000 ASR) and 5.3 / 100.000 crude
mortality rate (ASR 3.7) in the European region as of 2008, at the same time these parameters
were 6.1 (ASR 4.3) and 6.4 (ASR 4.0), respectively, in Hungary [1]. In numbers, death of
47.451 people in Europe and of 640 people (both sexes) in Hungary could be accounted for
tumors of the central nervous system in 2008.

Only in the United States, ~44 thousand new cases of primary malignant and benign
brain tumors are diagnosed per year, of which ~45% are gliomas [165]. Of these tumors, high

grade astrocytomas show particularly bad prognosis, and although there is no firm consensus
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yet, most studies of time trends in developed countries disclosed a dramatically increased
incidence (up to 300%) and mortality of brain tumors over the past decades [5]. Despite
significant advances in neuroimaging, surgical technique and adjuvant therapy over the past
50 years, malignant glioma remains a highly invasive and virtually incurable disease, of
which treatment is frequently hampered by the decreased chemo- and radiosensitivity of the
tumor cells [166].

Diagnosis is based upon clinical symptoms (due to the expanding intracranial mass),
imaging (mainly MR) and histopathological analysis of surgical samples (resection or
stereotactic biopsy). The staging is based on the histopathological grade - according to the
latest revised WHO classification [167] - and imaging results. As astrocytomas do rarely
disseminate over the brain, staging of other organs is not necessary for treatment planning.

Multiform glioblastoma is recognized to show significant cellular heterogeneity — as
its name implies; it is composed of cells of many different morphologies and varying
expression of biomarkers. Recently, human malignant gliomas have been shown to be
organized hierarchically based on a small subpopulation of tumor cells having stem cell
properties [168-170]. A cancer stem cell or tumor initiating cell is defined as a cell within a
tumor that possesses the capacity to self-renew and to regenerate the heterogenous lineages of
cancer cells that comprise the tumor [171]. They have been reported to be enriched in the
fraction of CD133+ cells - also known as Prominin-1 (PROM1) or AC133 coding for a 120
kDa pentaspan transmembrane glycoprotein on chromosome 4pl6.2 [172, 173].
Radiobiological assays have provided evidence that cancer stem cell content and the intrinsic
radiosensitivity of cancer stem cells or tumor stroma varies between tumors, thereby affecting
their radiocurability [174, 175].

Molecular genetic data gathered since
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gliomas, and the accumulation of genetic alterations (p53 mutation, PDGF-A / PDGFR-a
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overexpression, retinoblastoma (RB) gene alteration, PTEN mutation, loss of heterozygosity
10q and loss of DCC expression) over time is characteristic of these tumors (Fig. 8) [176].
Furthermore, proof has been published that molecular genetic analysis of fresh frozen samples
on loss of heterozygosity on chromosome 1p / 19q, epigenetic silencing of the MGMT gene
promoter or IDH mutations can help identify patients at risk with potential unresponsiveness
to chemotherapy [177, 178].

Amplification and mutations of the ErbB1 molecule have also long been recognized as
the most common gain-of-function perturbations in malignant gliomas. Indeed, increased
expression of the ErbBl protein on the cell surface has been shown to correlate with

decreased radiosensitivity in high grade astrocytoma cells [179].
3.2.2. Treatment options for astrocytoma

The actual therapeutic strategy of glial tumors consists of surgical resection as
complete as achievable, and treatment of the remaining tumor with adjuvant radio- and/or
chemotherapy. If resection is contra-indicated due to the localization of the tumor, stereotactic
serial biopsy has to be undertaken for histopathological diagnosis. For grade IV astrocytomas,
concomitant chemo-radiotherapy is now the standard of care [180, 181].

Adjuvant systemic chemotherapy means almost exclusively the administration of
temozolomide (atypical alkylating agent) approved also for newly diagnosed cases by the
FDA in 2005 March, combined usually with radiotherapy. Other therapeutic trials were
conducted on the use of PCV regimens (procarbazine, CCNU, vincristine) [182, 183],
implantation of nitrosourea (BCNU) impregnated biodegradable polymer (Gliadel wafer) into
the resection cavity [184], or of novel tyrosine kinase inhibitors against overexpressed or
mutant ErbB1 (erlotinib) [185], PDGFR (imatinib) [186] and VEGF (bevacizumab) alone or
in combination with irinotecan [187].

Inhibition of integrin aVP3 signaling with the RGD mimetic peptide cilengitide has
also reached the clinical phase, however, the positive outcomes were more likely attributable
to direct effects on endothelial cells and tumor vascularization [188-190]. Furthermore,
ongoing preclinical studies now address PI-3K-related pathway inhibitors (NVP-BEZ235,
LY294002, enzastaurin) that suggest a potential to sensitize chemotherapy-induced apoptosis
via disrupting the PI-3K / Akt / mTOR / GSK-3p signaling routes [70]. However, overall
survival of patients with astrocytoma is still devastatingly low, though huge international

research efforts are apparent. Recurrence generally occurs within a year after diagnosis
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despite broadening therapeutic modalities that try to target and abolish, inter alia, the yet
actually uncontrollable infiltrative property of this kind of tumor.

As emerging evidence has proven interactions between ErbB family proteins and other
cell surface adhesion species, some new treatment strategies are increasingly focusing on cell
adhesion mediated therapy resistance, since the challenge of treating malignant gliomas arises

from their infiltrative extension rather than from mass expansion.
3.2.3. Therapy resistance to irradiation in the management of astrocytomas

Several resistance mechanisms to irradiation have been proposed so far, but the
underlying molecular interactions still remain elusive. Principally, ionizing radiation Kkills
cancer cells through causing DNA damage by producing strand breaks. Neutrons and a-
particles affect DNA directly, whereas X-rays and y-rays first interact with intracellular water-
molecules producing free hydroxyl radicals, which then damage the DNA [176]. Maintained
DNA damage triggers apoptosis (programmed cell death) or senescence, therefore the ability
to repair DNA breaks is of crucial importance concerning cellular survival.

In addition to accumulating evidence that greater radioresistance correlated with more
efficient repair of DNA damage, ErbB proteins appeared to participate in the response of
tumor cells to ionizing radiation [179, 191, 192], and increased expression of ErbBl
correlated with decreased radiosensitivity in high grade astrocytoma cells [193]. The balance
between cytoprotective and cytotoxic responses to ErbBl activation during single and
repeated radiation exposures was shown to depend on the relative expression levels and
activities of different cell surface receptors via mediating overall cellular responses of
proliferation and apoptosis [194, 195]. Several studies demonstrated that PI-3K / Akt
signaling — the most prominent glial activation pathway — has a crucial role in enhanced DNA
repair and the development of radioresistance through Src-dependent ErbB1 activation [196,
197]. Indeed, further investigation strengthened the assumption on molecular interactions
between ErbB1 and integrin B1 molecules in tumor cell migration and metastasizing ability
via upregulation of cten, a tensin family member, and consequent disintegration of the actin
cytoskeleton [94].

The high frequency of these signaling pathway alterations has recently led to the
identification and increasing administration of small-molecule inhibitors in radiation
oncology [198], and most recent studies have also revealed that stem cell-related "self-
renewal" signature and high ErbB1 expression were associated with resistance to concomitant

chemo-radiotherapy [199].
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Taking together the emerging knowledge on radioresistance of brain tumors,
increasing evidence has been provided on the interactions of certain growth factor receptors
and cell adhesion molecules, especially ErbB1 and integrin B1, also in cancer stem cells that
constitute only the minority of the whole tumor. The integrin 1 mediated PI-3K / Akt-PKB
signaling was also shown to be critically involved in glioma cell adhesion and prolonged cell
survival [200]. Moreover, most recent findings highlighted integrin Bl inhibitors as
potentially promising radiosensitizers for glioblastoma in vitro [201, 202].

Accordingly, interactions of ErbB1 and integrin B1 could play an important role in the
development of increased radioresistance and may present a novel therapeutic target. The
importance of these interactions has so far been raised on the basis of in vitro and xenograft
models. However, expression profiles and molecular associations of ErbB and integrin
molecules may differ on individual human glioblastoma tumors in sifu, which may prejudice
treatment and patient outcome. As developing FRET techniques now potentially enable the
characterization of molecular interactions in tissue sections [107, 108], the quantitation of
specific molecular interactions and downstream signaling on individual clinical tumor
samples in situ may allow for discerning prognostically diverse patient subgroups and finding

optimal combinations of therapies [109, 110].
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4. OBJECTIVES

Based on recent emerging findings on the importance of integrins in ErbB2-mediated

transmembrane signaling, we first set out to demonstrate the interaction of ErbB2 and integrin

B1 proteins and to compare the functional significance of this interaction in trastuzumab

sensitive and resistant cell lines. We aimed

>

to determine the molecular interactions of ErbB2 and integrin f1 on ErbB2 positive
tumor cell lines and
to compare the expression patterns and the degree of homo- and heteroassociation of

ErbB2 and integrin 1 molecules on trastuzumab sensitive and resistant cell lines.

As molecular interactions can be influenced by other neighboring proteins - especially at

signaling membrane platforms (lipid rafts) harboring multimolecular complexes - we

proposed to establish a new method, two-sided FRET, to characterize multimolecular

interactions

>

to measure the relationship between the association states of two molecule-pairs of
three arbitrarily chosen molecular species and
to untangle the correlation of ErbB2 homoassociation and ErbB2 - integrin B1

heteroassociation on trastuzumab sensitive and resistant cell lines.

Given the critical contribution of integrins to growth factor downstream signaling in glioma

cell survival and adhesion, we set out to characterize the interaction of these proteins in

clinical samples and cellular models of glioma. We wished

>

>

>

to determine the extent and molecular background of chr7 or erbB1 gene gain-related
radiation resistance of U251-derived astrocytoma subclones,

to assess the contribution of ErbB1 overexpression and ErbBl interaction with
integrins to radioresistance on erbB1 gene transfected astrocytoma cell lines and

to quantitate in sifu the molecular interactions of ErbB1 and integrin 1 molecules on
fresh frozen intraoperative astrocytoma sections and correlate findings with clinical

data as well as with results from the in vitro model system.
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5. MATERIALS AND METHODS

5.1. Antibodies

Monoclonal antibodies 528 (Mab 528) against ErbB1, TS2 against integrin f1, L368
against B2-microglobulin, W6/32 against HLA-A,B,C and Hermes3 against CD44 were
purified from supernatants produced by the hybridoma cell lines 528 (IgG2a, #HB-8509),
TS2/16.2.1 (IgG1, #HB-243), L368 (IgG1,, #HB-149), W6/32 (1gG,,, #HB-95) and Hermes3
(IgG2a, #HB-9480) (ATCC, Manassas, VA, USA), respectively, using Sepharose 4B Fast
Flow Protein G beads in the case of IgG2a antibodies or protein A beads in the case of IgGl
antibodies (Sigma-Aldrich, St. Louis, MO, USA). Against the ErbB2 molecule, 2C4, 7C2 (a
gift from Genentech Inc., South San Francisco, CA), trastuzumab (Hoffman-La Roche AG,
Germany) and their Fab’ fragments were used. ErtbB3 and ErbB4 were targeted with the
H3.90.6 (against ErbB3) and 72.8 or 77.16 (against ErbB4) (NeoMarkers, Lab Vision
Corporation, Fremont, CA). The monoclonal antibodies anti-CD29/integrin 1, anti-
CD104/integrin 4, anti-ITGBS5/integrin B5 (Sigma, St. Louis, MO and Research Diagnostics
Inc., Flanders, NJ), anti-CD61/integrin B3 (Dako-Cytomation, Carpinteria, CA), anti-
CD49a/integrin al, anti-CD49b/integrin a2, anti-CD49d/integrin a4, anti-CD49f/integrin a6,
anti-CD51/integrin oV (Research Diagnostics Inc., Flanders, NJ) were used for labeling
members of the integrin family. Cy3- and Cy5-conjugated goat anti-mouse antibodies
(GaMlIg) and Fab’ fragments (Jackson ImmunoResearch, West Grove, PA) were used for
indirect secondary labeling of unconjugated primary antibodies. The monoclonal antibody
MEMY75 against transferrin receptor was a gift from Vaclav Horejsi (Institute of Molecular
Genetics, Academy of Sciences, Prague, Czech Republic).

Labeling of antibodies with Cy3 and Cy5 mono-reactive sulfoindocyanine N-
hydroxysuccinimidyl esters (Amersham Biosciences Europe, Freiburg, Germany), Alexa
Fluor® 546, Alexa Fluor® 555, Alexa Fluor® 647 monosuccinimidyl-esters and X-fluorescein-
isothiocyanate (XFITC) (Molecular Probes, Invitrogen Corp., CA) was carried out according
to the manufacturers’ specifications. The dye to protein labeling ratio determined by
spectrophotometry was in the range of 2:1 - 3:1 and 1:1 in the case of whole IgGs and Fab’s,

respectively.
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5.2. Labeling of cells with antibodies

For flow cytometric measurements, cells were trypsinized and resuspended at 1 x 10° cells
in 50 pl PBS supplemented with 0.1 % bovine serum albumin (BSA). Labeling was done with
saturating concentrations (10-20 pg/ml) of AlexaFluor 546 and/or AlexaFluor 647-conjugated
antibodies on ice (4°C) for 30 minutes, then cells were washed three times in PBS and fixed
in 500 pl of 1% formaldehyde solution in PBS.

For microscopic measurements, medium was discharged and adherent cells were washed
three times in PBS. After labeling with saturating concentrations of X-FITC, Cy3, Alexa555
or Cy5-conjugated antibodies (alone or in mixture) on ice for 30 minutes cells were washed
three times in PBS and fixed in 500 pl of 4% formaldehyde-PBS for 20 minutes. Coverslips
were mounted in glycerol or in Mowiol 4-88 reagent (#475904, Calbiochem, Merck KGaA,
Darmstadt, Germany) onto precleaned silanized microscopic slides, whereas samples on
chambered coverglasses were measured under 500 pl of 1% formaldehyde solution in PBS.

Lipid rafts were labeled with 8 pg/ml Alexa488- or Cy5-labeled subunit B of cholera toxin
(Alexa488-CTX: Sigma, St. Louis, MO; Cy5-CTX: Molecular Probes, Eugene, OR) for 30
minutes on ice. For cross-linking of lipid rafts, incubation with CTX-B was carried out at
37°C for 30 minutes. Cross-linking of integrins 1 was done using secondary antibodies at
37°C for 30 minutes after labeling with primary anti-integrin Bl antibodies. After cross-

linking, samples were placed on ice for 15 minutes before continuing the labeling protocol.
5.3. Cell cultures

The breast cancer cell lines SK-BR-3 (#HTB-30, American Type Culture Collection
(ATCC) Manassas, VA, USA) and JIMT-1 (from Jorma Isola, University of Tampere,
Tampere, Finland), and the gastric adenocarcinoma cell lines MKN-7 (Immuno-Biological
Laboratories Cell Bank, Gunma, Japan) and NCI-N87 (#CRL-5822, ATCC) were grown to
subconfluence according to their specifications.

The parental U251 NCI cell line (National Cancer Institute, Bethesda, MD - hereafter
U251) was grown to subconfluence in MEM EBSS + 10% FCS + Non Essential Amino Acids
at 37°C, in 5% CO2 [203]. Previously, subclones of the U251 parental line were established
by transferring extra chr7 pieces (carrying the erbB1 gene) into them through fusion with
microcells made from mouse A9 hybrids of human chr7 [204]. We used a set of U251
subclones — ¢35, ¢9, and c55 — with increasing amounts of chr7 along with parallel increasing

radioresistance [205]. As a control line, the U251 Hyg+ subclone was used that did not carry
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extra chr7, but also expressed the hph gene product confering resistance to hygromycin B that
was used at 0.4 mg/ml to maintain selection pressure. After reaching subconfluence, cells
were harvested by trypsinization for flow cytometric experiments or subcultured on 12 mm
diameter coverslips or on Lab-Tek II chambered coverglass for microscopic experiments

(Nalge Nunc International, Rochester, NY, USA).

5.4. Fresh frozen sections

Intraoperative tumor samples were stored at -80 °C in the Brain Tumor and Tissue Bank of
the Department of Neurosurgery, Medical Health Science Center, University of Debrecen
with permission of the Regional Ethical Committee and the National Research Ethical
Committee. Each patient signed an informed consent form prior to surgery. Histological
classification of the tumors was done as part of the routine clinical pathology process at the
Department of Pathology, Medical Health Science Center, University of Debrecen. In our
study, we used samples immediately adjacent to the region that were used for the
histopathological diagnosis. They were collected during the surgical intervention and were
snap-frozen in isopentane (Sigma-Aldrich, St. Louis, MO) cooled in liquid N,. After
embedding in Tissue-Tek O.C.T. (Sakura Finetek, Torrance, CA), 15 um thick sections were
cut by a cryostat-microtome system (Shandon Cryotome, AS-0620E, Thermo Fisher
Scientific Inc., Waltham, MA) at -20 °C. Sections were placed onto precleaned silanized
slides and then dried, fixed in 4% formaldehyde solution in PBS for 30 minutes and blocked
in 1% BSA solution in PBS for 30 minutes. Labeling was performed with 20 pg/ml Cy3-528
(anti-ErbB1) and 20 pg/ml Cy5-TS2 (anti-integrin 1) antibody overnight in a wet chamber at

4 °C, then cells were washed three times and mounted in glycerol.

5.5. Cellular Model Systems

5.5.1. Chromosome 7 transferred U251 NCI subclones

Earlier it has been shown that gain of chr7 material in glioblastoma is associated with
radiation resistance [205], which coincides with independent findings that ErbBl1
overexpression is associated with decreased radiosensitivity [179] and with the fact that the

erbB1 gene (coding for ErbB1) is located on chr7p.
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To reveal the extent and molecular mechanisms of chr7 gain-related radiation resistance
attributable to disturbed signaling by ErbB1, we used U251 NCI subclones transferred with
extra chr7 pieces through fusions of these cells with microcells made from mouse A9 hybrids
of human chr7 [204]. The U251 NCI cell line was established from a grade IV astrocytoma
(glioblastoma multiforme) and the parental cell line was shown to be considerably sensitive to
X-ray radiation. Subclones that acquired pieces of 7p together with proximal 7q were
radiation resistant, whereas those that acquired smaller pieces of distal 7q remained more
sensitive.

We used a set of U251 fusions — ¢5, ¢9, ¢55 — to explore the mechanisms behind radiation
resistance through the evaluation of cell surface expression levels of, interactions between,
and downstream signaling by ErbB1 and integrin 1 molecules. The clones c5, c9, c55 were
derived from the parental U251 NCI cell line by transferring increasing amount of extra chr7,
respectively. The U251 Hyg+ clone was used as a control line, carrying no chr7 pieces but
also expressing the hph gene product (phosphotransferase) that confers resistance to
hygromycin B (aminoglycoside antibiotics) used to maintain selection pressure on the
chromosome-transferred clones. Thus, all compared lines could be grown under equivalent
conditions, in MEM EBSS + 10% FCS + Non Essential Amino Acids supplemented with 400
pg/ml Hygromycin B at 37°C, in 5% CO,. The radiosensitivity of this set (U251 parental, c5,
c9 and ¢55) was characterized previously in agar colony forming assay (LDsg values of 4, 4.7,
5, and 5.7 Gy, respectively) at our collaborating institute (Barrow Neurological Institute / St.

Joseph's Hospital and Medical Center, Phoenix, AZ, USA).
5.5.2. Stable erbB1 gene transfected U251 NCI subclones

To confine the results to the clear effect of ErbB1 overexpression to radiation resistance, in
order to differentiate from the regulatory effect of other genes coded on chr7p, U251
transfectant sublines that express various amounts of extra ErbB1 were generated. The erbB1
gene in the plasmid pCDNA3, carrying geneticin resistance (a kind gift from Yosef Yarden,
Weizmann Inst. of Science), was introduced by electroporation using the nucleofector device
of Amaxa (Cologne, Germany) with solution V and protocol T-20 [206]. The functionality of
this expression vector was demonstrated in preceding experiments with transfecting eGFP-
ErbB1 fusion protein (GFP reporter fused C-terminally to the ErbB1) into CHO (Chinese
Hamster Ovarian) cells ordinarily not expressing ErbB1. Proper membrane expression and
EGF-induced autophosphorylation of this tagged receptor, as well as calcium transients could

be detected in these confirmatory experiments.
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U251 cells transfected with erbB1 were selected with 0.4 mg/ml geneticin, and sorted in a
FACSVantage SE with DiVa option (Becton Dickinson, Franklin Lakes, NJ) into subclones
of low, medium and high ErbB1 expressors. Further cultivation under selection pressure
resulted in the splitting of the medium expressor population, yielding subpopulations similar
to the low and high expressors. Furthermore, in spite of selection pressure, a subset of the
high ErbB1 expressors gradually drifted to low expression, and thus flow cytometric sorting
had to be repeated several times. Eventually, a low ErbB1 (~150 thousand copies per cell,
U251 E1L) and a high ErbB1 (~1 million copies per cell, U251 E1H) transfectant subclone
was created and stocked, which could be reliably used as a stable expression system under

selection pressure for 3-4 passages.
5.6. Determination of radiosensitivity

We estimated the radiosensitivity of the transfectant U251 subclones both in
conventional proliferation assay using EZ4U (colorimetric indicator of mitochondrial activity)
(Biomedica, Budapest, Hungary), and in colony forming analysis after exposure to 0, 2, 4, 6
and 8 Grays of ®*Co y-irradiation. Aliquots of parental U251 and U251 EIL were also treated
with 20 nM wortmannin (Sigma-Aldrich, St. Louis, MO) starting 1 hour before 2 Gy
irradiation. Six replicates of 200 single cells of each subline were cultured and incubated until
attachment in a flat bottom 96-well plate, and irradiated through indicator-free DMEM
medium. To minimize radiation scattering, plates were submerged into water bath and
irradiating doses were corrected for the absorbance of the thickness of the liquid layer. Cells
were stained with methylene-blue (0.2% w/v in 70% ethanol) seven days after irradiation and
colonies were counted in a Nikon Eclipse TS100 (Nikon Instruments, Inc., Melville, NY)
microscope. Alternatively, colony clusters were contoured and counted in an imaging
cytometer (CompuCyte Corp, Cambridge, MA, USA) using 633 nm transmission imaging.
Surviving fractions were calculated and normalized according to the following equation

SF(D) = Colonies Counted (Eq.1)
Number of Cells Plated - PE,,

where PE, denotes the plating efficieny of non-irradiated cells as follows:

PE, =

Dy

(Eq.2.)

[ Colonies Counted }
Number of Cells Plated |, .,

Survival curves were fit and plotted using the Linear Quadratic Model with Sigmaplot v10.0

(Systat Software, Inc., Chicago, IL) according to Eq. 3.
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S(D)=e~(@D+6D) (Eq.3.)
where D indicates the irradiation dose, & (Gy') means the initial slope of the survival curve
characterizing the direct action of single ionizing events causing DNA double strand breaks,
and 8 (Gy™) represents the quadratic component of cell killing describing the sublethal DNA

damage (i.e. single strand breaks) that can be restored.
5.7. Flow cytometric determination of cell surface receptor expressions

Evaluation of receptor expression was carried out on a FACSVantage SE with DiVa
option (Becton Dickinson, Franklin Lakes, NJ) using the FL-6 channel (excitation at 633 nm,
detection through a 650 nm long pass filter) in linear mode after labeling with respective
Alexa-647 conjugated antibodies. The background corrected mean of histograms from 20,000
events was converted to antigen numbers using QIFIKIT (DakoCytomation, Glostrup,
Denmark) according to the manufacturer’s instructions. Unconjugated primary antibodies
were detected with AlexaFluor 647 conjugated goat-anti-mouse (H+L) secondary antibodies

(Molecular Probes, Invitrogen Corp., CA).

5.8. Assessing the molecular interactions of ErbB and integrin molecules

5.8.1. Fluorescence resonance energy transfer (FRET)

Measuring FRET is one of the best methods for evaluating molecular interactions, which is
sensitive for estimating intra- or intermolecular distances and enable to resolve molecular
associations and conformational changes in the 1-10 nm range. Let us consider a system with
two different fluorophores in which the molecule with higher energy absorption is defined as
the donor (D) and the one with lower energy absorption is defined as the acceptor (A). If the
donor is in the excited state, it will lose energy by internal conversion until it reaches the
ground vibrational level of the first excited state. If the donor emission energies overlap with

the acceptor absorption energies, through weak coupling, the following resonance can occur:

D*+A< D+ A* (Eq.4.)

where D and A4 denote the donor and the acceptor molecules in ground state, and D* and

A* denote the first excited states of the fluorophores (see section 2.5.) [104].
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According to the theory of Forster, the rate (k7) and efficiency (F) of energy transfer can be

estimated as:

k, =const*Jxn*x R® %K’ (Eq.5.)
__k (Eq.6.)
k, +k. +k,

where kr is the rate constant of fluorescence emission of the donor and kp is the sum of the
rate constants of all other excitation processes of the donor. R is the separation distance
between the donor and acceptor molecules, and «” is an orientation factor, which is a function
of the relative orientation of the donor’s emission dipole and the acceptor’s absorption dipole.
Other parameters are n, the refractive index of the medium, and J, the spectral overlap
integral, which is proportional to the overlap in the emission spectrum of the donor and the

absorption spectrum of the acceptor [104].
5.8.2. Flow cytometric fluorescence resonance energy transfer measurements (FCET)

To determine the homo-, and heteroassociation states of the labeled receptors, FCET
measurements were performed either on the FACSVantage SE instrument with DiVa option
equipped with 488, 532 and 633 nm lasers or on a FACSArray bioanalyzer (Becton
Dickinson) equipped with 532 and 635 nm lasers.

In experiments on the FACSVantage SE instrument, the FRET efficiencies were calculated
with cell-by-cell correction for autofluorescence [90]. The distribution of cells in forward and
side scattering channels was used for discarding debris and dead cells. The cellular
autofluorescence was measured in the FL1 channel (excited by the 488 nm laser) through a
530/30 nm band pass filter. Donor intensities were recorded in the FL4 channel through a
585/42 nm bandpass filter, while acceptor and sensitized acceptor intensities were detected in
FL6 and FLS5 channels, respectively, through 650 nm long pass filters. The donor (Alexa546)
and acceptor (Alexa647) molecules were excited by the 532 and 633 nm laser lines,
respectively.

In measurements on the FACSArray bioanalyzer the donor intensities (excited by the 532
nm laser) were recorded in the Yellow channel through a 585/42 nm bandpass filter, while the
acceptor and sensitized acceptor intensities were excited by the 633 nm and the 532 nm lasers,

respectively, and were detected in the Red and Far-Red channels through a 661/16 nm
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bandpass and a 685 nm long pass filter, respectively. List mode data were stored in FCS 3.0
file format. Calculation of cell-by-cell FRET efficiency was carried out using the software
REFLEX with correction for autofluorescence [207]. FRET efficiencies are presented as
mean values - indicating the standard error of the mean - of approximately normally
distributed, unimodal FRET histograms of 20,000 cells.

[lustrative representation of characteristic FRET histograms of ErbB1 homoassociations

and ErbB1 — integrin B1 heteroassociations are shown in Figure 9.
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Figure 9. FCET measurements were performed on U251 NCI clones. Characteristic FRET histograms of ErbB1
(EGFR) homoassociation (A) and ErbB1 — integrin Bl heteroassociation (B) are shown in the most
radiosensitive U251 NCI Hyg+ control line and in the most radioresistant U251 NCI ¢55 line, which latter bears

the most extra chr7 material.
5.8.3. Confocal microscopy

For microscopic imaging of cells, we used a Zeiss LSM 510 confocal laser-scanning
microscope (CLSM, Carl Zeiss AG, Jena, Germany) equipped with a Plan-Apochromat
63x/1.40 NA oil immersion objective and an UV/488/543/633 beam splitter. X-FITC, Cy3
and Cy5 fluorophores were excited at 488, 543 and 633 nm (argon ion and He-Ne lasers) and
detected through 505-535 nm and 560-605 nm bandpass, and 650 nm longpass filters,
respectively. Cells were imaged in horizontal, 1 - 3 pm thick, 4-times averaged optical
sections (512 x 512 pixels at 12 bit) using 2.51 ps pixel dwell time and 3x zoom (100 nm per
pixel, 2 times oversampling) in frame mode. Before abFRET measurements, we determined
the optimal time for bleaching the Cy5 fluorescence to less than 20 percent of the initial value.
Expression levels of proteins on fresh frozen astrocytoma tissue sections were imaged in tile
mode that enabled the observation of broad tissue areas, while maintained the high resolution
and confocality, as well. Images were acquired in multi-track mode to avoid crosstalk
between channels. The alignment of detection channels was regularly checked with samples

of FocalCheck fluorescent microspheres (Molecular Probes, Invitrogen Corp., CA).
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5.8.4. Calculation of molecular colocalization

Image cross-correlation values (C), describing the colocalization between two
different molecules labeled with fluorescent dye conjugated antibodies was calculated

according to Pearson’s formula:

> (51,- 81, (52, - 52

aver )

C — l
\/Z(Slz _Slaver)zz(szi _S2aver)2

(Eq.7.)

where SI; and S2; are the intensities of the i" pixel in the first and second images,
respectively, S7,..- and S2,,. are the average fluorescence intensities of the first and second
images, respectively. Low intensity pixels were excluded from the analysis. The value of the
cross-correlation coefficient (C) can range from +1 to -1. Values close to 1, 0 and -1 indicate
high (1) and low (0) degree of colocalization, and anticorrelation (-1), respectively. C values
were computed using the Zeiss LSM v3.2 software or a home-made software written in

LabView (National Instruments, Austin, TX) [208].
5.8.5. Acceptor photobleaching method (abFRET)

While flow cytometric FRET is reliable and has good cellular statistic power, it is not
applicable to assessing in situ interactions of molecules on adherent cells (such as
glioblastoma lines are), which probably has increased importance in the case of looking at cell
adhesion molecules such as integrin B1. Furthermore, in the case of tissue samples obtained
during brain tumor surgery, FCET is also of little use. Thus, a microscopic method needs to
be applied to measure FRET in adherent cells and tissues.

A quick and simple method is based on irreversibly destroying the acceptor fluorophore by
photobleaching it and thereby de-quenching the donor molecule [209]. FRET efficiency (£) in

each pixel can be measured using this protocol [210] and is calculated as follows:

Ff —S&%FP
i) i.J)

. Eq.8.
fyavr >kaA ( q )

Diijy

E=1-

where F, ; » and F, 5: | are the background subtracted donor fluorescence values before (B)

and after (A) photobleaching the acceptor, respectively, and F_. . denotes the background

A, )

subtracted acceptor fluorescence value of pixel (i,j) before photobleaching the acceptor.
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avr

~*" 1s a factor correcting for the photobleaching of the donor during the whole protocol,

calculated as the median of

Yipn = F,~q}b,A (Eq.9.)

where F7>" and F;7" are the background subtracted donor intensities in pixels (i, j)

before (B) and after (A), respectively, running an identical acceptor photobleaching protocol

on a reference sample labeled with donor only (refp) [210]. S, is also a correction factor

compensating for the crosstalk of the acceptor label into the donor channel. It is the median of

(Eq.10.)

where F, L;(“’fj) and F A’(e’jﬂ) are the background subtracted donor (D) and acceptor (A)

intensities in pixels (i, j) of a reference sample labeled with acceptor only (ref;). Correction
for incomplete acceptor bleaching was not necessary, because samples with less than 80%
depletion of the acceptor were not evaluated. Control experiments revealed that calculated
FRET values showed negligible dependence on the extent of acceptor bleaching, if at least
80% of the acceptor was bleached (see Fig. 10).

The measurement protocol was implemented on an LSM 510 confocal laser scanning
microscope (CLSM, Carl Zeiss AG, Jena, Germany) equipped with a Plan-Apochromat
63x/1.40NA oil immersion objective and an UV/488/543/633 beam splitter. Adherent U251
NCI clone cells were washed three times in PBS, labeled with saturating concentrations of
Alexa555 (donor) — and/or Cy5 (acceptor)-conjugated antibodies on ice for 30 min, then
washed three times in PBS and fixed in 500 pl of 4% formaldehyde solution in PBS for 20
min. Coverslips were mounted in glycerol onto precleaned microscopic slides. Alexa555 and
Cy5 fluorophores were excited at 543 and 633 nm and detected through 560-605 nm
bandpass and 650 nm longpass filters, respectively. Horizontal, 1 - 3 pm thick, 4-times
averaged optical sections (512 x 512 pixels at 12 bit) were taken of either the top or bottom
flat layer of the cell membrane using 2.51 ps pixel dwell time and 3x zoom (100 nm per pixel,
2 times oversampling) in frame mode. Before abFRET measurements, the optimal bleaching

time for reducing CyS5 fluorescence to less than 20% of the prebleach value was determined.

40



Acceptor photobleaching (abFRET) step-by-step
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Figure 10. Dependence of abFRET efficiency on the bleaching time and hence the retained acceptor

intensity in confocal microscopic abFRET measurements.

Images were acquired in multi-track mode to avoid crosstalk between channels. The
alignment of detection channels was regularly checked with samples of FocalCheck
fluorescent microspheres (Molecular Probes, Invitrogen Corp., CA, USA). A custom C
algorithm was written and used in SCIL Image (TNO, Institute of Applied Physics, Delft, The
Netherlands [211]) and an also custom written Imagel plugin AccPbFRET [212] was used to
evaluate image sequences and calculate average FRET efficiency after background
subtraction, correction for shift and Gauss filtering for pixels above threshold in each frame,
usually containing 2—5 cells. Output results were stored in standard image cytometry data
(ICS 1.0) format [213]. Representative illustration of images obtained in abFRET

measurements can be seen on Fig. 11.
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Figure 11. Representative images of abFRET measurements.

Microscopic abFRET measurements were performed on U251 NCI clones. Images of ErbBl1 (EGFR)
fluorescence, serving as a donor and integrin B1 fluorescence, serving as an acceptor in the protocol, are
displayed before photobleaching (A and C) and after photobleaching (B and D), respectively. The false color
abFRET images of ErbB1 — integrin B1 heteroassociation are shown on U251 NCI Hyg+ (E) and on U251 NCI
¢55 (F) clones.

5.8.6. Donor photobleaching method (dbFRET)

The dbFRET method was introduced by Jovin and Arndt-Jovin in 1989 [214]. The
procedure is based on quenching the donor fluorescence (XFITC) in the presence and the
absence of an acceptor fluorophor (Cy3) and calculating the dbFRET efficiency from the
change of the donor photobleaching kinetics. In these experiments the specimens were
bleached by acquiring 40-50 images as time series using the 488 nm Ar-ion laser at high (20-
40%) power. Images were median or low-pass filtered (3x3 kernel, LSM v 3.2 software), and
fit pixel-by-pixel after thresholding by the dbFRET software [215], yielding images of time
constants describing the photobleaching kinetics of the donor (Fig. 12). Assuming that the

donor photobleaching occurs from the excited singlet state, it can be derived, that:
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Figure 12. Representative images of a dbFRET experiment between ErbB2 and integrin f1 molecules.
Distribution of the time constant in the absence (ty., upper) and the presence (rbleA, lower) of the acceptor (Cy3-
anti ErbB2 antibody), and the photobleaching kinetics of the donor (XFITC-anti integrin B1) in the marked

pixels (yellow cross on the image) are displayed. Energy transfer efficiency is calculated according to Eq.11.

where £ denotes the FRET efficiency, T, and tbleA are the photobleaching time constants in
the absence and the presence of the acceptor, respectively. The 1, images were converted to
E images according to (Eq.11.) using the corresponding mean Ty, value as constant. The

output £ maps were visualized in false color images.

5.9. Stimulation of cells with EGF, heregulin and trastuzumab

Cells were treated with 50 ng/mL EGF (R&D Systems, Minneapolis, MN, USA), 50
ng/mL B1-heregulin (R&D Systems) or 50 pug/mL trastuzumab (Herceptin®) on coverslips or
in suspension for 30 minutes in a CO; incubator in serum-free medium followed by washing
three times in PBS and labeling with fluorescent dye conjugated antibodies according to the

previous sections.
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5.10. Western blot analysis

To assess the activation of the ErbB2 molecule in experiments on breast cancer lines or
that of the PI-3K/Akt-PKB survival pathway in experiments on U251 astrocytoma subclones,
we performed Western blot analysis on ErbB2, p-ErbB2 and Akt, p-Akt proteins,
respectively. As activation of signaling pathways can vastly depend on their initial
equilibrium, both serum-starved and serum-fed cells were tested. Cells were serum starved
overnight in SFM and then treated with EGF or trastuzumab, or undergone cross-linking
experiments as described previously. PBS-washed cell pellets were solubilized in 5x SDS-
sample buffer, sonicated, centrifuged at 16,000x g for 5 min, and supernatants were subjected
to standard SDS-PAGE (7% gel) followed by ECL-visualized, peroxidase-based
immunoblotting. Akt, pAkt (Upstate/Millipore, Billerica, MA) and cErbB2 (Ab3-OP15,
Calbiochem-Merck Biosciences, Schwalbach, Germany), pErbB2 (PY99-s¢7020, Santa Cruz
Biotechnology, Santa Cruz, CA) was detected with specific antibodies and as loading control,
B-actin (AC40, Sigma-Aldrich) was used. For each lane, signal intensities of the specific

bands were quantified by densitometry, corrected for background, and normalized to B-actin.
5.11. Statistical analysis

Data analysis was achieved with SigmaStat version 3.5.0.54 (Systat Software, Inc.).
Parameters of Grade II and IV astrocytic tumor groups were compared with Student’s t-test or
upon lack of normality with Mann-Whitney rank sum tests after checking normality according
to Kolmogorov-Smirnov with Lilliefors’ correction. Normally distributed variables of more
than two classes were compared using ANOVA, followed by Tukey’s post hoc test.
Predicting power of ErbBl and integrin Bl expression, and ErbBl - integrin p1
heteroassociation on survival and recurrence time was assessed by stepwise forward multiple
regression, and on the grade of tumor by stepwise multiple binary logistic regression. Overall
and relapse-free survival were analyzed by the Kaplan-Meier method comparing Grade 11
against grade IV tumors, as well as pairs of groups created by splitting the whole cohort into
below and above average values of ErbB1 or integrin f1 expression or ErbB1 — integrin 1
heteroassociation. Patients enrolled later than the start of the observation time and still alive at
the end of the study were censored from further analysis at their survival time point. Those
undergone incomplete tumor resection were also censored in the analysis of relapse-free
survival. Statistical comparison and the estimation of p were done with the log-rank test

followed by pairwise multiple comparison post-hoc Holm-Sidak methods.
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6. RESULTS

6.1. Interactions of ErbBs and integrin 1 on breast and gastric cancer cell lines

6.1.1. Lower ErbB2 expression is accompanied by higher integrin f1 levels

Since membrane protein associations depend on their relative densities, we first
characterized the expression levels of ErbB1-4 proteins, as well as integrins B1-, f3- and a6
in trastuzumab resistant and sensitive cell lines by flow cytometry (Table I). Trastuzumab
resistant cell lines showed lower ErbB2 and higher integrin Bl expression levels. The
trastuzumab resistant JIMT-1 line displayed an extremely high integrin B1 level, whereas its
trastuzumab sensitive counterpart, the SK-BR-3 cell line, had the lowest expression level.
Expression levels of other ErbB and integrin molecules revealed no characteristic differences

among the sensitive and resistant cell lines.

Table I. Number of ErbB and integrin molecules on the cell lines studied.!

SK-BR-32 JIMT-13 N872 MKN-73
ErbB-1 130,000 92,000 50,000 100,000
ErbB-2 800,000 112,000 1,200,000 500,000
ErbB-3 30,000 30,000 17,000 30,000
ErbB-4 70,000 20,000 40,000 60,000
integrin 1 81,000 2,460,000 122,000 566,000
integrin 0.6 15,000 50,000 30,000 20,000
integrin 3 70,000 n.d. 15,000 40,000

"Number of ErbB molecules and integrins were determined from flow cytometric measurements taking the
ErbB2 expression level of SK-BR-3 cells as a standard.

2Trastuzumab sensitive cell line

3Trastuzumab resistant cell line

n.d.=not determined
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6.1.2. Colocalization of ErbB2, integrin 1 and lipid rafts upon treatments

Given the important role played by the association between ErbB2 and integrin B1 in
malignant cells [96] and the altered local environment of ErbB2 in the trastuzumab resistant
JIMT-1 cell line [149], a different interaction in the ErbB2-integrin axis between trastuzumab
sensitive and resistant cells seemed reasonable to assume. To quantitatively compare the cell
lines, cross-correlation coefficients between ErbB2 and integrin 1 were calculated from

confocal images of adherent cells (Fig. 13).

Fig. 13. Triple colocalization.
Confocal images of an N87
cell showing the distribution of
ErbB2 (Cy3-2C4) (A), lipid
rafts (Alexa488-CTX-B) (B)
and integrin Bl (anti-CD29 +
secondary CyS GaMlg Fab’)
(C). The overlay image (D)
shows high overlap of these
membrane areas confirmed by
cross-correlation  values  of
0.66, 0.78 and 0.74 for ErbB2 -
lipid rafts, ErbB2 - integrin 1
and integrin Bl - lipid raft
pairs, respectively.

- with permission; used already in
the Ph.D. thesis of my co-author
Maria-Magdalena Mocanu, Univ.
of Bucharest, 2005 -

Significant colocalization was found between ErbB2 and integrin Bl on all the
examined tumor cell lines (Table II), which was independent of trastuzumab resistance.
Additionally, both ErbB2 and integrin B1 were found in lipid rafts. Interestingly, the gastric
cell lines (MKN-7 and N87) showed significantly higher integrin 1 - lipid raft and ErbB2 -
lipid raft colocalization than the breast cancer cell lines (SK-BR-3 and JIMT-1). The
previously documented, spatially non-overlapping transferrin-ErbB2 receptor pair [216] was
chosen as a negative control, yielding a C value of 0.13+0.02. Positive control samples,
labeled with two non-competing monoclonal antibodies against ErbB2 (Cy5-2C4, Cy3-
trastuzumab), yielded a C value of 0.75 £ 0.06.
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Table II. Cross-correlation values measured between integrin B1 and ErbB2 on double

labeled tumor cells.'

Treatment SK-BR-3 JIMT-1 N&7 MKN-7

quiescent 0.70+0.05 0.61+0.08 0.76+0.02 0.76 £ 0.02
trastuzumab ~ 0.61 £0.02  0.55+0.07 0.77+0.03 0.69 £ 0.04
EGF 0.62+0.04 0.60+0.08 0.76+0.02 0.69=+0.03

heregulin 0.56+0.05 0.51+0.06 0.79+0.02 0.67+0.01

'Cells were labeled with anti-CD29 against integrin 1 followed by secondary labeling with Cy3 GaMIg Fab’
and Cy5-2C4 against ErbB2. Cross-correlation values are calculated according to Pearson’s formula. The mean
(£SEM) values are presented in the table. Negative control samples were labeled against transferrin receptor
(Cy5-MEMY75) and ErbB2 (Cy3-trastuzumab), and yielded a cross-correlation value of 0.13 + 0.02. Positive
control was labeled against ErbB2 on two different epitopes (Cy5-2C4, Cy3-trastuzumab), and yielded a cross-
correlation value of 0.75 £+ 0.06. - with permission; used already in the Ph.D. thesis of my co-author Maria-

Magdalena Mocanu, Univ. of Bucharest, 2005 -

In order to mimic trastuzumab therapy and ligand-induced signaling, further
colocalization measurements were carried out on cells treated with trastuzumab, EGF and
heregulin. None of the treatments changed the ErbB2 / integrin B1 colocalization significantly
(Table II). On the other hand, trastuzumab-treated breast cancer cells showed a significant
decrease in the integrin B1 - lipid raft and ErbB2 - lipid raft colocalization, whereas no change

was observed on gastric cancer cells (Fig. 14).

Figure 14. MKN-7, N87, SK-
1 No crosslinking O Lipid rafts crosslinking BR-3 and JIMT-1 cells were

B beta 1 integrin crosslinking anti-ErbB2 treatment . .
labeled for integrin B1, ErbB2

us T 7 =] MKN-7T 5 and lipid rafts. Treatments were
el (560 Cela oo
BRIl |7 | ] 7 done as described before. Error
] - . bars show the SEM. Asterisks
w4

| _i Eé Dlj. indicate significant difference

an from untreated cells using
“% —=

JIMT-1

- j i Ifl s ﬁ L Ij Iil - @ Student’s #-test (p<0.05).

(LR= Lipid Raft)

] % SKBR-3 . - with permission; used already in

|j [il %ﬂﬁ.@ the Ph.D. thesis of my co-author

! p1 +EbB2 ' 1 +LR ErbB2 +LR Maria-Magdalena Mocanu, Univ.
of Bucharest, 2005 -
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6.1.3. Crosslinking of integrin p1 or lipid rafts disrupts their colocalizations

We carried out crosslinking experiments in order to estimate the strength of interaction
and the preferred association partners of the proteins. CTX-B-induced crosslinking of lipid
rafts significantly decreased colocalization of lipid rafts with both ErbB2 and integrin $1 on
all cell lines studied (Figs. 14 and 15). The separation of ErbB2 and integrin 1 from the
aggregated lipid rafts suggested that these proteins are not tightly raft-associated, i.e. they did
not co-migrate with rafts. This is supported by the finding that the ErbB2/integrin B1
colocalization was either unchanged or only slightly decreased on all cell lines, i.e. their

mutual interaction is stronger than their respective raft association.

Figure 15. Cross-linking of lipid
rafts. Distributions of ErbB2 (A)
and integrin Bl (C) are settled,
while they get mutually
dismissed from lipid rafts (D)
confirmed by cross-correlation
values of 0.82, 0.19 and 0.27 for
ErbB2/integrin 1, ErbB2/lipid
rafts, and integrin B1/lipid raft
pairs, respectively.

- with permission; used already
in the Ph.D. thesis of my co-
author Maria-Magdalena Moca-
nu, Univ. of Bucharest, 2005 -

Secondary antibody-mediated cross-linking of integrin B1 caused a decrease in all
colocalization values involving integrin B1 (integrin B1/ErbB2, integrin B1/lipid rafts) in all
cell lines (Fig. 14) implying that cross-linking liberated integrin B1 from its complex with
ErbB2 and lipid rafts. This is consistent with the finding that the ErbB2/lipid raft association
was largely unaffected by integrin cross-linking indicating that the raft-association of ErbB2

was not perturbed.
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As both ErbB proteins and integrin 1 are known to interact with the actin
cytoskeleton - having a potential to influence their compartmentalization [92, 217] -,
additional triple colocalization measurements were performed on cytochalasin D-treated cells
(10 pg/ml, 2.5 hours in serum-free medium at room temperature) followed by crosslinking as
above. There were no significant differences in any of the colocalization values measured on
cytochalasin D treated cells compared to untreated ones indicating that binding to the actin
cytoskeleton does not affect the interactions of ErbB2, integrin B1 and lipid rafts with each

other (data not shown).
6.1.4. ErbB?2 - integrin Bl interaction is independent of integrin 1 expression level

Colocalization measurements proved that ErbB2 and integrin B1 are located in the
same membrane domains, but FRET measurements were needed to estimate their molecular
interactions. The heteroassociation of ErbB2 and integrin 1 was always measured using the
more abundant of the two proteins as the acceptor. Significant interaction between ErbB2 and
integrin B1 was detected on JIMT-1 and N87, whereas FRET for this heteroassociation was

lower on SK-BR-3 and MKN-7 cells (Table III).

Table I1I. Flow cytometric measurement of FRET efficiencies (+SEM, %) between integrin
B1 and ErbB2 on the cell lines studied.!

Association /cell line SK-BR-3 JIMT-1 N&7 MKN-7
ErbB2 16.1 (£1.2) 2.9 (£0.8) 11.5(*0.1) 3.9 (£1.2)
homoassociation

ErbB2 intramolecular  56.2 (+2.4) 582 (£1.5) 65.4(£0.3) 56.7 (x1.4)

ErbB2 - integrin 312 n.d.? 9.7 (£1.8) n.d.? 5.8 (£2.2)
integrin B1 - ErbB2? 3.3 (£2.0) n.d.2 7.1 (£1.3) n.d.?
integrin 1 9.8 (+1.9) 6.4 (+1.0) 5.2 (+1.9) 6.4 (£2.8)
homoassociation

'Average energy transfer values determined from histograms of 10,000 cells. Cells were treated in suspension as

described in materials and methods.

20On the trastuzumab sensitive SK-BR-3 and N87 cell lines FRET efficiency was measured only with integrin 1
as donor (Alexa546-TS2) and ErbB2 as acceptor (Alexa647-2C4), since measuring in the opposite direction
would have given unreliable results owing to the low expression level of integrin B1 on these cell lines.
Similarly, owing to the lower expression level of ErbB2 in JIMT-1 and MKN-7, only data obtained with ErbB2
as donor (Alexa546-2C4) and integrin 1 as acceptor (Alexa647-TS2) are shown. (n.d. = not determined)
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High level of homoassociation of ErbB2 was detected on the trastuzumab sensitive
SK-BR-3 and N87 cells using the 2C4 antibody, while the resistant JIMT-1 and MKN-7 cells
showed FRET below 5%. The degree of homoassociation of ErbB2 correlated with its
expression level, since the cell lines expressing a high number of ErbB2 molecules (SK-BR-3,
N&87) displayed the strongest ErbB2 homoassociation. Weak homoassociation of integrin 1
was detected on all cell lines except for SK-BR-3, which showed almost 10% FRET for
integrin 1 homoassociation.

None of the cell lines showed significant changes in FRET after treatment with
trastuzumab or heregulin, however, EGF treatment resulted in increased FRET efficiency
values for all ErbB1 associations (ErbB1-ErbB1, ErbB1-ErbB2 and ErbBl-integrin B1)
(Table IV). These results promoted that there is not only colocalization, but also molecular

association between ErbB2 and integrin B1 based on the FRET measurements.

Table IV. Effects of EGF, trastuzumab or heregulin treatments on diverse molecular

interactions in trastuzumab sensitive (SK-BR-3) and resistant (JIMT-1) breast cancer cell

lines.!
Cell lines SK-BR-3 JIMT-1

Associations
Trastuzumab resistance - - - - + + + +
Treatment no EGF trastuzumab HRG no EGF trastuzumab HRG
ErbB1-ErbB1 279+14 420+39 248+29 281+93: 34+05 143+13 53+1.2 41+14
ErbB1-ErbB2 147+14 279+6.7 11.6+1.7 127+3.1} 19+0.5 79+0.0 20+0.5 30+0.8
ErbB1-integrin 1 22.7+2.1 363+2.8 18.1+£1.8 1.8+449 | 19.7+2.1 32.6+45 21.2+1.9 183+9.7
ErbB1-MHCI 22.6+38 41.7+2.7 195+1.3 305+59{125+1.0 174+3.8 14.7+0.7 10.6 £0.3
ErbB2-MHCI 15.1+£29 284+6.6 15.8+6.8 11.3£2.0 1} 64=+0.6 79+2.0 8.0+0.8 5.9+0.5
integrin B1-MHCI 228+24 27.0+24 207+1.7 42+77 1121+£08 94+1.0 12.6 £0.7 12.8+23
ErbB2 intramolecular 53.7+3.1 599+7.6 n.d. 51504 | 47.6+20 499+0.0 n.d. n.d.
MHCI intramolecular 277+4.1 355+22 28.0+32 343+45}184+1.9 n.d. n.d. n.d.

'Average energy transfer values determined from histograms of 10,000 cells. Cells were treated in suspension as
described in the Materials and methods. In the cases of treatments with trastuzumab, measurements of the
intramolecular FRET on ErbB2 molecule was omitted because of the influencing effect of the antibody used for

the treatment. (HRG=heregulin, n.d. = not determined)
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6.1.5. ErbB2-integrin f1 interaction do not alter trastuzumab-mediated phosphorylation

Since integrins have been shown to modulate ErbB-mediated signal transduction [96],
it seemed possible that the high expression level of integrin f1 on the trastuzumab resistant
cell lines affects trastuzumab-mediated ErbB2 tyrosine phosphorylation to a greater extent.
We stimulated serum-starved SK-BR-3 and JIMT-1 cells with trastuzumab with or without
prior crosslinking integrin 1 molecules. ErbB2 tyrosine phosphorylation was lower on non-
stimulated JIMT-1 than SK-BR-3 cells in accordance with previous results [149].
Trastuzumab induced the tyrosine phosphorylation of ErbB2 both in the trastuzumab sensitive
and resistant cell lines (Fig. 16). Cross-linking of integrin B1 did not alter the level of
trastuzumab-induced ErbB2 tyrosine phosphorylation even in the trastuzumab resistant
JIMT-1 cell line that expressed a high amount of integrin B1. These findings suggested that in
spite of the high cell surface density of integrin B1 on JIMT-1 the first signaling steps initiated

by trastuzumab are not affected.

SK-BR-3 JIMT-1
trastuzumab —_— + —_— + —_— + —_— +
integrin 31 —_ —_ + + _— _— + +
crosslinking
PY99 (P-Tyr) “‘ﬁ T o (P ﬂﬂl kDa
OPIS (ErbB2) s e I ?a - e o
M il i L iy 1—

Figure 16. High expression of integrin B1 did not change trastuzumab-induced ErbB2 tyrosine phosphorylation.
Integrin B1 was crosslinked in SK-BR-3 and JIMT-1 cells with anti-CD29 and secondary goat anti-mouse
antibodies followed by stimulation of cells with 10 pg/mL trastuzumab for 20 minutes, where indicated. Cells
were then lysed and ErbB2 was immunoprecipitated with OP15. Proteins were resolved by SDS-PAGE and
membranes were labeled with PY99 or OP15.
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6.2. Associations of ErbBs are dynamically modulated by integrin 1 molecules -

application of the newly established two-sided FRET method

6.2.1. Excess integrin 1 inversely correlates with ErbB2 level on trastuzumab resistant cells

A general assumption in oncology is that the expression level and interaction partners of
proteins determine the malignant phenotype of cancer cells. Given the previous results
implying that association states of ErbB2 may dynamically modulated by neighboring
membrane species - e.g. integrin B1 - we aimed at investigating concurrent association states
of three molecules on the cell surface to gain more information on attributable intermolecular
changes in the background of trastuzumab resistance. First, we recharacterized the expression
levels of ErbB1, ErbB2, integrin f1 extended for that of CD44 and MHC-I on trastuzumab
resistant (JIMT-1, MKN-7) and sensitive (SK-BR-3, N87) cell lines by flow cytometry.
Trastuzumab resistant cell lines showed lower ErbB2, but higher integrin Bl and CD44
expression levels than the sensitive ones. The relative numbers of ErbB1 and MHC-I did not

reveal characteristic differences between the resistant and sensitive cell lines (Fig. 17).
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Figure 17. Expression profile of trastuzumab resistant (JIMT-1, MKN-7) and sensitive (SK-BR-3, N87) cell
lines. Number of ErbB1 ( ] ), ErbB2 ( [ | ), integrin B1 ( &), MHC-I ( = ) and CD44 ( £ ) molecules were
determined by flow cytometry. Note, that the trastuzumab resistant cell lines showed lower ErbB2, but higher

integrin B1 and CD44 expression levels than the sensitive ones.
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6.2.2. ErbB2 interactions are shifted towards heteroassociations with integrin p1

As we observed differences in the expression levels of ErbB2, integrin Bl and CD44 in
the cell lines, we then assessed the molecular associations of these proteins using FCET
(Table V). The homoassociation of ErbB2 correlated with its expression level giving rise to
high ErbB2 homoassociation in trastuzumab sensitive cell lines, in which the expression level
of ErbB2 was high [93]. The heteroassociations were usually measured using the more
abundant cell surface protein as acceptor. Significant interaction between ErbB2 and integrin
B1 was detected on the resistant JIMT-1 cell line, while MKN-7 and N87 cells displayed
moderate and SK-BR-3 cells low (<5%) FRET in this respect. Heteroassociation of CD44
with integrin 1 or ErbB2 was high on the resistant JIMT-1 cell line, but weak on the

similarly resistant MKN-7 cells (Table V).

Table V. FCET measurements on the trastuzumab sensitive and resistant cell lines.!

Association / Cell line SK-BR-3 JIMT-1 N87 MKN-7
ErbB2 homoassociation 16.1 (£1.2) 2.9 (£0.8) 11.5 (x0.1) 3.9 (+1.2)
ErbB2 intramolecular 56.2 (£2.4) 582 (x1.5) 654(03) 56.7(x1.4)
ErbB2 — integrin p1° n.d. 13.1 (£1.1) n.d. 9.1 (+1.2)
integrin 1 — ErbB2 3.3 (£2.0) n.d. 7.1 (x1.3) n.d.
integrin 1 homoassociation 9.8 (£1.9) 6.4 (£1.0) 5.2 (%1.9) 6.4 (£2.8)
ErbB2 — CD44 n.d. 19.9 (£1.5) n.d. 4.2 (+0.7)
integrin f1 — CD44 n.d. 10.5 (£1.0) n.d. 3.7 (0.5)
MHC-I — integrin 1 n.d. 14.9 (+1.3) n.d. 5.2 (£0.5)

'Mean energy transfer efficiency determined in flow cytometry. Mean + SEM of 20,000 cells.

Heteroassociations were always measured using the more abundant cell surface protein as acceptor. (n.d. = not

determined owed to low expression levels)
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6.2.3. Model system for two-sided FRET (tsFRET)

As proof-of-concept for the tsFRET
approach, we devised a triple labeled
model system applicable in CLSM. In this,
the first fluorophore (XFITC) is a donor
dye of the first FRET pair (D1), and its
acceptor (Al) is the second fluorophore
(Cy3 or Alexa555). This dye also acts as a
donor (D2) for the third fluorophore (Cy5),
which is the acceptor in this second FRET

Two-Sided Fluorescence Resonance Energy Transfer:
pair (Az) Consequently’ IR Bl Showdown With Molecular Love Triangles

fluorophore is both an acceptor and a donor (A1=D2), although in two different measurement
protocols.

In the above system, the energy transfer efficiency can be measured sequentially using
the abFRET method (between A1=D2 and A2) followed by the dbFRET method (between D1
and A1=D2). Using appropriately chosen fluorophores, the abFRET and dbFRET methods
can be combined consecutively, since the excitation wavelengths (543 and 633 nm
corresponding to the absorption of A1=D2 and A2, respectively) used in abFRET do not
excite the first fluorophore (XFITC) (see Fig. 18).

To demonstrate the feasibility of this approach, we used the ErbB2 molecule labeled with
three non-competing monoclonal antibodies as a model system. On the basis of the nearly
full-length ErbB2 model [218], it was known that the 7C2, 2C4 and 4D5 antibodies do not
compete with each other. We labeled N87 cells with XFITC-7C2 (D1), Cy3 or Alexa555-
conjugated 2C4 (A1=D2) and Cy5-4D5 (A2) (Fig. 18A).

Both dbFRET and abFRET efficiency values demonstrated the proximity of the labeled
antibodies as expected. Then we generated the contour plot from the corresponding pixel-by-
pixel dbFRET (axis ‘x’) and abFRET (axis ‘y’) efficiencies. The pixel-by-pixel 2D matrix of
the contour plot was calculated on 5 - 10 % FRET ranges by a macro written for the software
Sigmaplot. The resulted 2D matrix was then plotted by using the contour plot function of the

software Igor Pro.
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We derived the dependence of the two FRET efficiencies on each other by calculating a
trendline. The dbFRET axis was divided into several bins depending on the number of data
points, and the mean abFRET value corresponding to pixels in the bin was calculated and
plotted against the binned dbFRET values. The contour plot and the trendline (slope = 0.003
by linear regression) showed no correlation between the FRET values, since these energy
transfer efficiency values showed a Gaussian distribution. This finding was in accordance
with expectations, since in this case both dbFRET and abFRET wvalues represented

intramolecular distances, which are constant (see Fig 19.).

Figure 18. Schematic models of two-sided FRET dbFRET abF T

measurements on CLSM. A A1=D2
D1 denotes XFITC, the donor in dbFRET, A1=D2

refers Cy3 or Alexa555 acting as an acceptor in
dbFRET (Al) and a donor in abFRET (D2), while A2
indicates CyS5, the acceptor in abFRET. The energy
transfer efficiency can be measured sequentially using
the abFRET method (between AI=D2 and A2)
followed by the dbFRET method (between D1 and
A1=D2).

(A) The model system. ErbB2 was labeled with
XFITC-7C2 (D1), Cy3-2C4 or Alexa555-2C4
(A1=D2) and Cy5-4D5 (A2).

(B) Influence of integrin B1 - ErbB2 heteroassociation
on the ErbB2 homoassociation. Cells were labeled
with XFITC-TS2 (D1), Cy3-2C4 or Alexa555-2C4
(A1=D2) and Cy5-2C4 (A2).

(C) Relationship of ErbB2 — integrin B1 and integrin Pl-integrin  ErbB2 ErbB2
B1 — CD44 heteroassociation. Cells were labeled with
XFITC-2C4 (D1), Cy3-TS2 or Alexa555-TS2
(A1=D2) and Cy5-Hermes3 (A2).

ErbB2 Bl-integrin  CD44
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Figure 19. Two-sided FRET on N87 cells triple-labeled with anti-ErbB2 antibodies.

The raw, green color coded XFITC-7C2 (D1) image (A), red color coded Cy3-2C4 (A1=D2) image (B),
blue color coded Cy5-4D5 (A2) image (C), the false color dbFRET efficiency image (right top), the false
color abFRET efficiency image (right middle) and the contour plot derived from pixel values of the
corresponding dbFRET and abFRET images (right bottom) are displayed.
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6.2.4. Application of tsFRET: ErbB2 homoassociations are disintegrated by integrin f1

As we successfully implemented the tsFRET method for evaluating the correlation of
two different molecular interactions, we wished to characterize the relationship of ErbB2 -
integrin B1 heteroassociation (measured by dbFRET) and ErbB2 homoassociation (measured
by abFRET) on trastuzumab sensitive cell lines (SK-BR-3, N87). The schematic model of the
experiment can be seen in Fig. 18B. The JIMT-1 and MKN-7 trastuzumab resistant cell lines
were not investigated in this respect, because the ErbB2 homoassociation was low on both
cell lines as determined by FCET (Table V) and abFRET, as well [219]. On the contour plot
for N87 cells, two different peaks could be identified at 13 % (abFRET) — 20 % (dbFRET)
and at 7 % (abFRET) — 30 % (dbFRET) and the trendline runned with a slope of -0.042 (Fig.
20A). This finding suggested an anti-correlation between integrin Bl — ErbB2
heteroassociation (dbFRET) and ErbB2 homoassociation (abFRET), as the higher the
dbFRET efficiency, the lower the abFRET efficiency was pixel-by-pixel, and vice versa.
Similar tendency could be detected on SK-BR-3 cells based on the trendline showing also a
decrease with a slope -0.080, however the contour plot displayed only a single peak at about
12 % (abFRET) — 26 % (dbFRET) (Fig. 20B).

The trastuzumab resistant cell lines (JIMT-1, MKN-7) were investigated in respect of the
influential effect of CD44 (integrin f1 — CD44, abFRET) on ErbB2 - integrin B1 interaction
(dbFRET) behind the resistant phenotype, because the CD44 expression level was saliently
high on the resistant cell lines contrary to the sensitive ones, and previous data have already
proposed its possible role in trastuzumab resistance. The schematic model of these
experiments is displayed in Fig. 18C. On the contour plot of MKN-7 cells two discrete peaks
were distinguishable at 10 % (abFRET) — 22 % (dbFRET) and at 20 % (abFRET) — 32 %
(dbFRET) and the trendline showed an increase with a slope 0.077 (Fig. 20C). This implied a
modest positive correlation, as higher dbFRET values adjoined with higher abFRET values.
On the contrary, there was only one peak at 12 % (abFRET) — 21 % (dbFRET) on the contour
plot for JIMT-1 cells, and the trendline runned with a slope -0.002 (Fig. 20D). Thus, neither a
positive nor negative correlation could be presumed between ErbB2 — integrin f1 and integrin

1 — CD44 heteroassociations on JIMT-1 cells.
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Figure 20. tsFRET measurements of two molecule-pairs of three arbitrarily chosen molecules.

N87 (A) and SK-BR-3 (B) cells were labeled for integrin f1 with XFITC-TS2 (D1), and for ErbB2 with
Cy3- or Alexa555-2C4 (A1=D2) and Cy5-2C4 (A2) antibodies. MKN-7 (C) and JIMT-1 (D) cells were
labeled for ErbB2 with XFITC-2C4 (D1), integrin Bl with Cy3- or Alexa555-TS2 (A1=D2) and for
CD44 with Cy5-Hermes3 (A2) antibodies. Consecutive abFRET and dbFRET measurements were
performed and the false color maps of dbFRET (left column) and abFRET (middle column) efficiencies
as well as the contour plots of the corresponding pixel-by-pixel dbFRET and abFRET efficiency values

(right column) are shown.
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In addition, we planned to trace the possible effect of the ErbBl — ErbB2
heteroassociation on the ErbB2 homoassociation in SK-BR-3 cells, as our former FCET
results (Table IV) implied a plausible impact of ErbB1 - ErbB2 heteroassociation on ErbB2
mediated signaling in the studied breast cancer cell lines. However, according to the mean
dbFRET and abFRET efficiency values together with their contour plot distribution and
trendline slope (summarized in Table VI) no clear correlation could be detected between these

molecular interactions.

Table VI. Two-sided FRET measurements among three distinct molecular species on

trastuzumab sensitive (SK-BR-3 and N87) and resistant (JIMT-1 and MKN-7) cells."

Cell line D1 Al1=D2 A2 dbFRET abFRET slope
JIMT-1 ErbBl1 integrin 1 MHC-I 16.6 (¥4.3) 7.2 (£0.4) n.d.

ErbB2 integrin B1 CD44 12.0 (£0.8) 9.2 (%£l.5) -0.002

MKN-7 ErbB2 integrin 1 CD44 152 (*2.4) 21.2(*3.4) 0.077
integrin B1 ErbB2 CD44 18.2 (£2.3) 6.0 (%4.0) n.d.

SK-BR-3 ErbB1 ErbB2 ErbB2 21.0 (£1.7) 11.2 (%1.5) -0.017

integrin 1 ErbB2 ErbB2 26.3 (£1.3) 16.0 (£2.8) -0.080

ErbB2? ErbB2? ErbB2>  37.0 (43.4) 23.0 (+1.1) 0.003

N87 integrin 1 ErbB2 ErbB2 19.0 (x2.4) 9.3 (£1.8) -0.042

"Mean dbFRET and abFRET efficiency values (% = SEM) and the slopes of the trendlines along contour plots
determined from corresponding dbFRET and abFRET images. “ErbB2 molecules were triple-labeled with 7C2
(D1), 2C4 (A1=D2) and 4D5 (A2) antibodies tagged by the corresponding XFITC, Cy3 or Alexa555 and Cy5
fluorescent dye for consecutive abFRET and dbFRET measurements. All other ErbB2 indicated in the table
denotes labeling with 2C4 antibody. (n.d. = not determined)

6.2.5. Cell function related distribution of membrane receptors

We also wished to investigate whether the membrane distribution of molecules along the
'z' axis (from the bottom to the top of the cell) affect the results achieved by microscopic
FRET methods. This was exceptionally of interest, because FCET values of integrin 1 —
ErbB2 heteroassociation on SK-BR-3, N§87 and MKN-7 cells and those of integrin 1 — CD44
interaction on MKN-7 cells were significantly lower (Table V) than the corresponding

microscopic FRET values (Table VI). Therefore, we wanted to discriminate and comprehend
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the possible altering effect of trypsinization used before FCET measurements and the
indeterminate overestimating effect of microscopic FRET methods.

We measured, thus, the rate of ErbB2 - integrin B1 heteroassociation by dbFRET on
trypsinized, cyto-centrifuged SK-BR-3 and MKN-7 cells, which were found to be
significantly lower (1.1% + 0.3 %, 3.8 £ 0.5 %) than the corresponding dbFRET values
measured on adherent, non-trypsinized cells (see Table VI). Moreover, integrin B1 was found
in a remarkably higher density at the adhering (bottom) surface of cells than towards the top,
whereas ErbB2 displayed a more homogeneous distribution all over the cell membrane both
in adherent and trypsinized cells. Consequently, we performed both dbFRET and abFRET
measurements for the ErbB2 - integrin B1 heteroassociation on MKN-7 and N87 cells in
various optical slices to gain insight into the dependence of dbFRET and abFRET on the
distance from the plane of adherence toward the top of the cell. We observed that along with
decreasing expression level of integrin f1 both abFRET (Fig. 21) and dbFRET (data not
shown) efficiency values subsided towards the top of the cell. This finding implied that the
association of integrin Bl and ErbB2 is significantly higher at the adhering surface of the

cells.

Figure 21. Z-section images of ErbB2 — integrin 1
heteroassociation on adherent MKN-7 cells.

MKN-7 cells were labeled with Alexa555-2C4 and
Cy5-TS2 in chambered coverglass. Z-section image
was taken as a series of line scans recorded with 1
pum depth interval. The Alexa555-2C4 as donor (A),
the Cy5-TS2 as acceptor (B) and the false color
energy transfer efficiency image (C) are displayed. It
can be seen that the association state of ErbB2 and
integrin B1 is decreasing from the plane of adherence

(bottom of the images) toward the top of the cell.
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6.3. Molecular interactions of ErbB1 and integrin f1 molecules reliably predict clinical

outcome and correlate with radioresistance of astrocytic tumors

6.3.1. Higher ErbB1 and integrin f1 levels correlate with pronounced radioresistance

As preliminary data have already supported the contribution of integrin molecules in
the chemo- or radioresistant phenotype [220], we screened the expression level of integrins
aV, al, a2, a4, a6, B1, B3, 4 and BS on U251 chr7 transferred subclones Hyg+, c5, ¢9 and
c55 (Fig. 22). Previously, the radioresistance of these subclones was determined by agar
colony forming assay as LDsy of 4.0, 4.7, 5.0, and 5.7 Gy, respectively [204]. The results
revealed that in parallel with increasing extra chr7 material and radioresistance, Hyg+, ¢5, c9,
and c¢55 clones expressed not only increasing numbers of ErbB1 (65, 77, 83, and 270
thousand per cell), but also increscent numbers of integrin 1 (360, 400, 420, and 540
thousand per cell), respectively (Fig. 23A).

600x10?
500x10°
400x10°
300x10°
200x10°
100x10*

0

Receptor number

Integrin

Figure 22. Integrin expression profile of U251 parental cell line and subclones c5, ¢9 and c55.
Number of the screened integrin molecules on the cell surface of U251 parental line and subclones transferred
with extra chr7 material were quantitated by flow cytometry using QIFIKIT. Note the prominent receptor

numbers of integrin B1 and the still markedly elevated expression of integrin oV molecules.
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6.3.2. Overexpression of ErbB1 alone is also accompanied by higher integrin 1 levels

To differentiate from the regulatory effect of other genes coded on chr7p, we
determined the expression levels of ErbB1 and integrin B1 in erbB1 gene transfected U251
subclones. The high and low ErbB1 expressing U251 E1H and E1L subclones, respectively,
were followed up through 28 passages, and we found that the U251 EIH subclone
incrementally split into two subpopulations: a low and a high ErbB1 expresser, designated as
U251 EIH/L and U251 EI1H/H, respectively. All subclones (E1L, E1H/L and E1H/H)
expressed an increased number of ErbB1 and integrin B1, compared to the parental U251 cell
line (Fig. 23B), which was stably sustained, while the ratio of the EIH/H subpopulation
within the U251 E1H subclone decreased to 5% gradually over the passages. Notably, the
U251 E1H/H subpopulation did not show statistically significant further increase in integrin

B1 expression over the E1L, despite the extreme increase in ErbB1.
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Figure 23. Expression profile of U251 sublines armed with extra chr7 (c5, c9, ¢55) or transfected with erbB1
gene (E1L, E1H/L, E1H/H).

U251 subclones were labeled for ErbB1 with AlexaFluor 546-528 and for integrin f1 with AlexaFluor 647-TS2

antibodies, as described in the Material and methods.

A-B, Number of ErbB1 (#) and integrin p1 (B) molecules on the cell surface of U251 subclones transferred
with extra chr7 material (A) or transfected with erbB1 gene (B) were quantitated by flow cytometry using
QIFIKIT calibration.

6.3.3. Integrin f1 contributes to survival, whereas ErbB1 promotes colony forming ability

We analyzed the radiosensitivity of the parental U251 and the transfectants U251 E1L
and E1H after applying 2, 4, 6 and 8 Gy irradiation. The survival rate of the transfectants

increased alongside with their expanding ErbB1 and integrin Bl expression levels, but the
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further extreme increase in the ErbB1 expression of the U251 E1H subclone did not assign
significantly higher survival rate over the E1L (Fig. 24A). In the linear-quadratic model, both
the parameters o and  differed significantly between the transfectants E1H, EIL and the
parental U251, but not between the two transfectants (Table in Fig. 24A), implicating the
dependence of these factors on the integrin B1 expression level. However, presence of
additional surplus ErbB1 promoted the colony forming capability of U251 E1H compared to
the parental U251 and even to the U251 E1L (Fig. 24B).
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Figure 24. Survival rate and colony forming capability after ionizing radiation.

A, Surviving fraction of U251 parental (@ —@®), U251 E1L (H_—_H) and U251 E1H (A. . .A) subclones after
exposure to 2, 4, 6 and 8 Gy irradiating dose. On every irradiated U251 cell line, the parameter a - describing the
direct ionizing effect -, the parameter - reflecting the sublethal effect of the irradiation - and the o/p ratio -
giving the irradiating dose, at which the linear and quadratic components of cell killing are equal - were
calculated according to the linear quadratic model. B, Colony forming ability of U251 parental (@—@®), U251
EIL (M——_H) and U251 E1H (A. . .A) sublines after exposure to 2, 4, 6 and 8 Gy irradiating dose.

6.3.4. Increased integrin p1 is critical for radioresistance avertible by inhibition of PI-3K

Next, we wished to assess the suspected perturbation of the most prominent glial
survival pathway, the PI-3K/Akt signaling route behind the increasing radioresistance. We
performed western blot analysis of Akt and pAkt proteins, which disclosed a significant, 85%
increase in pAkt levels of both U251 EIL and E1H transfectant subclones as quantitated by
densitometry (Fig. 25A). After EGF treatment, the pAkt/Akt ratio also increased in both U251
E1L and E1H transfectant subclones (1.6 + 0.2 and 1.8 + 0.2, respectively) comparing with
that of the parental U251 (1.1 £ 0.1). However, the additional increase of pAkt/Akt ratio in
EIH opposed to EIL transfectants was low juxtaposing the extreme increase in ErbBl1
expression of E1H (Fig. 25B). Combining wortmannin to inhibit PI-3K reverted the initially
increased radioresistance of U251 E1L transfectants after 2 Gy irradiation (Fig. 25C).
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Figure 25. PI-3K inhibition, and change of the pAkt/Akt equilibrium after EGF treatment.

A, The relative change of pAkt levels in U251 and its transfectant sublines determined by densitometry of
Western blots (mean+SD of 3 experiments). B, The pAkt/Akt ratio upon EGF treatment and corresponding
Western blot image of starved U251 transfectant sublines. Note that survival rate and increase of pAkt in U251
E1H and U251 EI1L transfectants does not show significant difference, while their colony forming ability is
remarkably higher in U251 E1H, and is also accompanied by a higher responsivity of Akt phosphorylation to
EGF stimulus. C, Relative percentage of well coverage in comparison to the respective, non-irradiated U251 and
U251 E1L subclones after exposure to 2 Gy irradiation alone (H) or combined with the inhibition of PI-3K with

wortmannin (&).

6.3.5. ErbB1 interactions are shifted towards heteroassociations with integrin p1

FCET measurements: shift of balance towards EvrbBI-integrin 1 heteroassociations

We carried out FCET measurements on ErbB1 homoassociation and ErbB1 - integrin
B1 heteroassociation to explore the potential role of these molecular interactions behind the
Akt-mediated radiation resistance. As positive reference control, MHC-I — B2-microglobulin
intramolecular FRET efficiency was determined (28+2%). The results revealed anticorrelation
between decreasing ErbB1 homoassociation (11+£1%, 6+1%, 4+1%, 1+0.5%) and increasing
ErbB1-integrin B1 heteroassociation rates (6+1%, 7+£1%, 8+1%, 9+2%) on Hyg+, c5, ¢9, c55
U251 clones, as well as on parental U251, E1L, E1H/L and E1H/H transfectants (13+1%,
10+£0.1%, 10+0.2%, 7+0.5% and 5+1%, 7+0.5%, 7+0.5%, 10£1%, respectively) (Fig 26. A
and B). FRET was also measured in the opposed direction (integrin B1-ErbB1) by reversing

the donor-acceptor labeling, and a similar tendency was observed (2%, 3%, 4%, 18%).
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Figure 26. ErbB1 homoassociation and ErbB1 — integrin B1 heteroassociation states on U251 subclones.

On U251 subclones, double labeled for ErbB1 with AlexaFluor 546-528 and for integrin f1 with AlexaFluor

647-TS2 antibodies, FCET experiments were performed as described before. A-B, Autofluorescence corrected

FCET efficiency values of ErbB1 homoassociation () and ErbB1 — integrin B1 heteroassociation (D) were

calculated from flow cytometric data with a custom written software Reflex on U251 subclones transferred with

chr7 material (A) or transfected with erbBl gene (B). MHC-I — B,-microglobulin intramolecular FCET

efficiency was determined as positive reference control (28 £ 2 %).

tsFRET experiments: integrin f1 recruits ErbB1 from ErbB1 homoclusters

Based on our FCET results, we further
wished to analyze the inter-dependence of ErbBl1
and ErbBl - B1

heteroassociation on U251 transfectants E1H and

homoassociation integrin

EIL at the submicron scale of microscopic
resolution. Therefore, we performed tsFRET
measurements regarding these molecular

interactions, as tsSFRET was preliminary proved to be
a feasible process to assess the correlation of two
distinct molecular interactions. The experimental
setup is demonstrated schematically in Fig. 27.

The ErbBlI
with

homoassociation correlated
ErbB1 B1
heteroassociation on both EI1H/L and E1H/H

negatively —  integrin
transfectants, indicating, at the submicroscopic level,
a competition by excess integrin Bl for ErbBl.
Furthermore, overall tendencies of stronger hetero-
and lesser homoassociation in EIH/H over E1H/L,

indicated by contour plot peaks and change of the
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Figure 27. Schematic model of tsFRET
experiments. U251 transfectant cells were
triple labeled for ErbB1 with XFITC-528
(lefty and Cy3-528 (middle) and for
Bl with Cy5-TS2 (right)
antibodies. Consecutive abFRET (between
Cy3-528 and Cy5-TS2) and dbFRET
XFITC-528 and Cy3-528)

integrin

(between

measurements were performed.



steepness of trendlines (-0.3373 to 0.090 in E1H/L to E1H/H, respectively), are also of notice
coherently with the flow cytometric data. These findings gave rise to an explication that
neighboring integrin B1 molecules recruited ErbB1 receptors by disintegrating the ErbBl
homoclusters, observed more prominently on the more radioresistant and high ErbBl

expressing U251 E1H/H subclone (Fig. 28).
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Figure 28. Correlation of ErbBl homoassociation and ErbB1 - integrin 1 heteroassociation in tsFRET
experiments on U251 subclones.

The false color maps of dbFRET (ErbB1 homoassociation, leff) and abFRET (ErbBl1 - integrin 1
heteroassociation, middle) efficiencies as well as the contour plots and trendlines (right) of the corresponding
pixel-by-pixel dbFRET and abFRET efficiency values on U251 E1H/L (upper series) and E1IH/H (lower series)
subclones are shown. Note the increase of ErbB1 - integrin B1 heteroassociation and the decrease of ErbB1
homoassociation on U251 E1H/H subclone. Consider the discrete peaks on both contour plots and the shift of
peaks toward stronger ErbB1 - integrin B1 heteroassociation and decreased ErbB1 homoassociation underlined

by the change of trendline steepness on the more radioresistant U251 E1H/H subclone.
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6.3.6. Grade 1V astrocytoma exhibit higher ErbB1 and integrin 1 expression than grade II

We determined the ErbB1 and integrin f1 expression on intraoperative fresh frozen
tissue sections of grade II and grade IV astrocytoma tumors, in order to corroborate our in
vitro findings and eventually to explore their possible relevance in comparison with clinical
data. Ten patients with grade II (age 18 to 59 years, mean 37.8 years, 5 males and 5 females)
and 10 patients with grade IV (age 42 to 73 years, mean 61.4 years, 3 males and 7 females)
astrocytoma were involved in the study. Relevant clinical data are summarized in Table VII.
Background corrected mean fluorescence intensities of immunofluorescence labeled tissue
sections were overall higher in grade IV than in grade II tumors both for ErbB1 and for
integrin B1 (Fig. 29). Moreover, two cases in the grade IV group (T53, T82) showed saliently

high integrin B1 expression level with less more, but still prominent increase in ErbBl

expression.
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Figure 29. Expression profiles of ErbB1 and integrin f1 molecules on clinical, fresh frozen tissue sections of
grade II and IV astrocytoma tumors in situ.

Confocal microscopic background corrected mean fluorescence intensity values of ErbB1 () and integrin 1
() molecules on grade 11 (on the leff) and grade IV (on the right) intraoperative astrocytoma tissue sections are

shown.
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Table VIL Clinical findings, therapy and survival profiles of patients studied.'

N°  Code Therapy Relaps Survival
m/a.  T33 Op+Op 48 months >82 months (alive)
2. T34 Op+Rx 50 months 77 months
iy 3. T59 Op+Rx residual tumor 42 months
=
é /4. T80 Op+Rx+Op+Op 15 months 31 months
< /5. T86/B Op+T 14 months 16 months
g /6. TCS515 Op - >34 months (alive)
2 mp TC416 Op 33months  >40 months (alive)
;ﬂ; . TC497 Op+Op+Rx 32 months >36 months (alive)
me. TC326° Op+Op - >41 months (alive)
1/10. TC493 Op+Rx 3 months 16 months
v/1. T10/B Op+tRx biopsy 10 months
v.2. T32 Op+Rx 4 months 7 months
> qé v./3. T53 Op+Rx+Op+T 2 months 4 months
o “:: v./4. T65 Op+Rx+0p 4 months 8 months
3 E v/, T67 Op+Rx 4 months 7 months
é % /e T71 Op+tRx+Op+Rx+Op 12, 12, 6 months 40 months
g % w7, T74 Op+Rx 13 months 16 months
4 £ s TI5* Op+Rx 4 months 10 months
© v/, T76* Op+Rx+BCNU 4 months 8 months
v./10. T82 Op+Rx 2 months 4 months

'List of the intraoperative astrocytoma tumor samples and the clinical findings, therapeutic interventions,

outcomes and survival profiles of the corresponding patients with glial tumors are summarized. Abbreviations:

Op=Operation, Rx=Radiotherapy, BCNU=BCNU chemotherapy, T=temozolomide chemotherapy.

’In the case of TC326 the start of the follow-up time in this study was actually a second operation; the tumor first

had been diagnosed and resected as a grade I astrocytoma 7 years before.
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6.3.7. ErbBl—integrin [1 association is increased in grade IV versus grade Il astrocytoma

Next, we planned to analyze the ErbB1 - integrin B1 interaction in clinical samples.
For this purpose, we successfully adapted the confocal microscopic abFRET method on fresh
frozen tissue sections in situ. Thus, the ErbBl1 - integrin Bl heteroassociation could be
quantitated on the samples enrolled in the study. As positive control, MHC-I — B2-
microglobulin intramolecular abFRET efficiency was determined and was 14 + 0.3 %.
Exemplary images of ErbB1 (donor) and integrin 1 (acceptor) fluorescence, and the false
color map of pixel-by-pixel abFRET efficiency values on grade II and grade IV astrocytoma
samples (TC515 and T82, respectively) are shown in Fig. 30. The representative abFRET
images reflect apprehensively that grade IV astrocytoma (T82) showed higher ErbBI1 -

integrin B1 heteroassociation than grade II (TC515) did.

ErbB1 - integrin p1
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Figure 30. Microscopic abFRET experiments on ErbB1 - integrin B1 heteroassociation states in clinical, fresh

frozen tissue sections of grade II and IV astrocytoma tumors in situ.

abFRET measurements were performed between ErbB1 and integrin f1 on double labeled astrocytoma sections
(Cy3-528 for ErbB1 and Cy5-TS2 for integrin B1) in the cases of grade Il (sample TC515, upper series) and
grade IV (sample T82, lower series) intraoperative astrocytoma tissue sections according to the technical steps
detailed in the Material and methods. Of the investigated grade II and grade IV astrocytomas, representative
fluorescence images of ErbB1 (/eff) and integrin Bl (middle) expressions and the false color abFRET images
(right) are shown. Intra-molecular abFRET efficiency between MHC-I and B,-microglobulin was determined as

positive reference control (14.1 + 0.3 %)).

69



Overall, abFRET on grade IV tumors showed stronger ErbB1 - integrin B1 heteroassociation
than did on grade II tumors (Fig. 31A). The clear separation of the two disease groups was
verified by binary logistic regression. Furthermore, stepwise binary logistic regression on
ErbB1 expression, integrin-f1 expression and ErbB1 - integrin B1 abFRET efficiencies

identified this heteroassociation as a single determinant of tumor grade (Fig. 31B).
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Figure 31. ErbB1 - integrin B1 heteroassociation states and 3D distribution of the results on clinical, fresh frozen

tissue sections of grade Il and IV astrocytoma tumors in situ.

A, Summarized results of abFRET experiments on the investigated clinical, fresh frozen tissue sections of grade
IT (leff) and grade IV (right) astrocytomas in situ are shown. B, Elucidatory three dimensional correlation of
ErbB1, integrin B1 expression levels and the corresponding ErbB1 - integrin f1 abFRET efficiencies on grade 11

(yellow dots) and grade 1V (red dots) astrocytoma tissue sections. Note the clear separation of the cases by the
abFRET efficiencies (axis Z).

6.3.8. Statistical analysis: ErbB1-integrin 1 association potentially predicts therapy outcome

Integrin B1 expression levels were significantly higher on grade IV tumors than on
grade II tumors (p=0.038), and integrin B1 was proved to significantly contribute to the
prediction of survival in multiple stepwise linear regression analysis, as well (p=0.05).
However, despite the well documented contribution of ErbBl overexpression to
gliomagenesis and remarkable salience in ErbB1 expression levels in two cases of the grade
IV group (T53, T82), the overall difference of ErbB1 expression levels between grade 11 and
IV tumors was not significant in this study (p=0.379). Alongside with significantly higher
ErbB1 - integrin Bl heteroassociation states on grade IV tumors (p<0.001), this interaction
was proved to be a single determinant of tumor grade as described above (Fig. 31B,
OR=8716). In addition to showing prognostical significance in survival analysis of pooled
grade II and grade IV cases (p<0.001), multiple stepwise linear regression highlighted ErbB1
- integrin B1 abFRET efficiency values as the predictors of time-to-relapse both for pooled
grade Il and IV samples and for the grade IV cases alone (p=0.094 and 0.085, respectively).
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Figure 32. Prognostic significance of ErbBl, integrin Bl expression levels and that of the degree of their
heteroassociation in patients with astrocytic tumors.

Overall survival by grade designation (grade II and IV tumors) was determined by the Kaplan-Meier method
(A). Survival of patients with tumors showing ErbB1 (B), integrin f1 (C) expression levels and abFRET
efficiency states (D) below (—) or above (=-=) the overall mean, respectively, were also compared. Statistical
comparison of the indicated patient-groups was estimated by the log-rank test followed by post-hoc Holm-Sidak
procedures. Significance values are given as p values (p<0.001, p=0.014, p=0.004 and p<0.001 for grade, ErbB1,

integrin B1 and the ErbB1 — integrin B1 heteroassociation, respectively).

Overall, survival of patients was coherent with known differences between grade II
and grade IV astrocytoma (Fig. 32). Patients with grade II tumors all survived for over a year
after surgery. In this group, five patients received radiotherapy based on the severity of the
growing mass, localization or postoperative recurrence, but all of them developed relapse, one
of which (T80’) transformed into a malignant glioblastoma. Their survival times were
between 16 and 77 months. Of the non-irradiated grade II tumors, three also recurred; T33
and TC416 after 48 and 33 months, with survival over 6 years and 40 months, respectively,
whereas time to relapse and survival for T86/B were much lower (14 and 16 months) after

surgery. Notably, this tumor (T86/B) with the shortest survival, along with T80’ giving rise to
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a grade IV recurrence, showed the highest ErbB1 — integrin B1 heteroassociation rates within

the grade II group (see Fig. 31A).

A Relapse by grade designation B Relapse by ErbB1 expression
10 — Grade 11 10§ == ErbB1 below overall mean
=== GradelV === ErbBl above overall mean
EREE '.. W Censored or residual tumor 2 084 W Censored or residual tumor
£ ' £
@
E 0,64 ) 8 0,6 4 o
L : Mean relapse: 32.6 months &= 1
o @ | J— Mean relapse: 26.3 months
w - o -
2odqd 2 04 :
= :\Au: n relapse: 5.4 months = .~
] __ ]
o 0.2 | & 02 =|
I
: I Mean relapse: 7.6 mogths
0,0 T T T T T T 1 0,0 ————r—T T 1
0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84
C Time to relapse (months) D Time to relapse (months)
Relapse by integrin B1 expression Relapse by ErbB1-integrin 1 interaction
5 1,0 % — slaw oV .
10 = Integrin B1 below overall mean abFRET below overall mean
== === [Integrin 1 above overall mean @ = ﬂ‘hFH‘ET above '_'“Em" mean
203 W Censored or residual tumor - 0.8 < V¥ Censored or resldual tumer
g = |
@ 'I 2 :
o 0,6 4 i E 0,644 |
&= H — | Mean relapse: 30.5 months
i 0.4 : Mean relapse: 26.2 months 3};— 0.4 :
5] | = :
T | Mean relapse: 4.7 months > 0,2 4
g 0.2 4 |__l N /02 l_.\'l_uun relapse: 4.6 months
| I
1
00 at 0.0 v

12 24 36 48 60 72 84

0 12 24 36 48 6 T 84
Time to relapse (months) Time to relapse (months)
Figure 33. Prognostic significance of ErbBl, integrin Bl expression levels and that of the degree of their

heteroassociation in the progression-free survival of patients with astrocytic tumors.

The progression-free survivals by grade designation (grade II and IV tumors) was determined by the Kaplan-
Meier method (A). The time-to-relapse periods of patients with tumors showing ErbB1 (B), integrin B1 (C)
expression levels and abFRET efficiency states (D) below (—) or above (=-=) the overall mean, respectively,
were also compared. Statistical comparison of the indicated patient-groups was estimated by the log-rank test
followed by post-hoc Holm-Sidak procedures. Significance values are given as p values (p<0.001, p=0.014,
p=0.004 and p<0.001 for grade, ErbB1, integrin 1 and the ErbB1 — integrin B1 heteroassociation, respectively).

Radiotherapy was administered to all patients with grade IV tumors, but all of them
developed recurrence; seven patients within 6 months, and two (T71, T74) after 12-13
months. In the case of T10/B, only a biopsy could be managed. Overall, survival was 4-16
months after surgery, but diminished below only 6 months after a relaps occured. The highest
ErbB1 and integrin B1 expression levels, and ErbB1 — integrin Bl heteroassociation were
detected in tumors of patients, who developed the earliest recurrence (2 months, T53 and T82)

and showed the shortest survival (4 months). Furthermore, the lowest ErbB1 — integrin 1
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heteroassociation was observed in the case T71 (developing multiple recurrences, resected 3
times and irradiated after every surgical intervention), representing a patient with an
exceptionally longer survival (40 months) compared to the rest of this cohort.

We accomplished the statistical survey of clinical data by performing Kaplan-Meier
analysis. Overall and progression-free survival of grade II versus grade IV groups, as well as
groups formed by splitting the pooled samples into below versus above the overall mean
expression level of ErbB1, integrin 1 and their mean heteroassociation state were compared.
ErbB1 - integrin B1 heteroassociation appeared to be as reliable determinant of survival as the
histopathological grading (p<0.001 for both), whereas ErbB1 and integrin 1 levels showed
less, but still significant differences (p=0.014, p=0.004) (Fig. 32). A similar trend was
ascertainable for progression-free survivals, with p<0.001 for grade, integrin Bl expression

and heteroassociation, and with p=0.014 for ErtbB1 expression (Fig. 33).
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7. DISCUSSION

Vast amount of literary data have so far corroborated that dynamic interactions of
membrane proteins are responsible for the disturbed regulation of signal transduction
processes in malignant tumors. Given the substantial role of certain growth factor receptors in
the background of tumorous transformations, novel therapeutic regimens tend to include anti-
cancer agents that target these proteins and their downstream signaling routes. In this aspect,
members of the ErbB tyrosine kinase family were extensively studied and reported to
contribute to the development of several types of tumors. The administration of inhibitors
targeting ErbB signaling has now also come to a clinical phase, however, resistance to therapy
occurs quite frequently, thereby hampering treatment success.

Since ErbB2 overexpression was shown to appear on the cell surface of malignant
tumor cells, contrary to health tissue, blocking the signal transduction of this molecule
seemed to be a reasonable and readily achievable path of prospective chemotherapeutic
approaches. After intensive research on this topic, the humanized inhibitory monoclonal
antibody, trastuzumab, against ErbB2 was approved for clinical application by the FDA in
1998. Although clinical outcome of patients with ErbB2 positive breast cancer has remarkably
improved by the introduction and clinical use of this specific ErbB2 targeting modality, the
therapeutic break-through is still incomplete because development of resistance can be
observed in a great number of cases, even among initial responders. Comprehensive
investigations revealed a broad spectrum of resistance mechanisms responsible for the failure
of trastuzumab therapy, and it has been suggested that heterodimerization tendency of ErbB
molecules with other cell membrane species can affect their association patterns leading to
diverse downstream events that sustain the mitogenic potential (see sections 2.4.2, 3.1.3 and
3.2.3). However, despite the large number of studies on the role of ErbB proteins in cancer,
mechanism of trastuzumab resistance remained still obscure.

As recent evidence supports the functional cooperation of cell adhesion integrin
molecules and ErbB family members, we aimed to characterize the molecular interactions of
ErbB2 and integrin f1 molecules and compare the functional significance of their interplay in
trastuzumab sensitive and resistant cell lines.

Flow cytometric screening of the expression level of ErbB receptors and integrins
revealed that trastuzumab resistance was associated with a lower ErbB2 expression that was
accompanied by a higher integrin B1 expression on the cell surface both in breast and gastric

cancer cell lines (Table I). The other members of the ErbB family (ErbB1, ErbB3 and ErbB4)
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and the investigated integrin molecules (B3 and a6) did not show significant differences in
their expression level neither on breast cancer nor on gastric cancer cell lines differing in their
trastuzumab resistance. The reciprocal relationship of the ErbB2 and integrin B1 expression,
however, suggested that there may be a regulatory mechanism in the background of
trastuzumab resistance concerning these molecular species. To reveal the possible interactions
of ErbB2 and integrin f1 molecules, the first experiments were conducted to unveil their
closer association by measuring their colocalization in the membrane at the resolution of the
optical (confocal) microscope. The assumption was triggered by literature data on the
modulating effect of integrins in the signal transduction properties of growth factor receptors
[96]. Detecting the distribution of lipid rafts was also included with the colocalization
measurements, because they are well known to function as signal transmission platforms
harboring various kinds of transmembrane receptors [31, 92]. Characterization of these
membrane microdomains depends on the spatial, temporal and chemical resolution of the
methods used to detect them, thus different approaches can provide distinct results [221]. In
our experiments, we used CTX-B that binds to the GM1 component of lipid rafts and induces
co-migration of GPI-anchored proteins by crosslinking them [222]. Thereby, the tenacity of
raft-association of the colocalized signaling proteins ErbB2 and integrin Bl could also be
checked in the crosslinking setup.

The results revealed an almost complete colocalization between ErbB2 and integrin 1
molecules on quiescent cells compared to the positive control (Table II). Raft associating
tendency of ErbB2 and integrin 1 proteins was also underlined, however, we observed a
remarkable difference between the breast and gastric cancer cell lines in this respect, and
regardless of trastuzumab resistance; colocalization of ErbB2 and integrin 1 molecules to
lipid rafts were markedly lower on breast cancer cells than those on gastric adenocarcinoma
cell lines (Fig. 14). Crosslinking of lipid rafts or integrin Bl significantly decreased the
colocalization between the crosslinked and the other two species, whereas the cross-
correlation values of the remainders, i.e. not crosslinked, abided undisturbed. In addition,
trastuzumab treatment brought intriguing findings. The colocalization of both ErbB2 and
integrin B1 proteins to lipid rafts decreased significantly on the breast cancer cell lines, but
contrary, no such a tendency could be observed on the gastric cancer cell lines. Moreover,
trastuzumab treatment did not distract the association of ErbB2 and integrin 31 molecules on
neither breast cancer nor gastric cancer cell lines regardless of trastuzumab resistance.

These results allowed for a partial explanation, but also called for the more detailed

investigation of the ErbB2 - integrin B1 heteroassociation. On the one hand, different
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molecular properties of tumors of different origin can critically affect the responsiveness of
cells to distinct treatments, which possibly involves the modulating effect of other
neighboring molecules to otherwise strong molecular associations (sustained association of
ErbB2 and integrin B1 after CTX-B induced crosslinking of lipid rafts). On the other hand, the
association of ErbB2 and integrin 1 molecules seems to be dynamically modifiable regarding
both their heteroassociation, based on the disintegration of ErbB2 - integrin 1 association
upon integrin B1 crosslinking, and their raft associating tendency, based on their co-migration
from lipid rafts after trastuzumab treatment.

Along this deductive line, we intended to analyze the closer molecular interactions of
ErbB2 and integrin 1 molecules by FCET measurements with a view to the possible
interfering effect of the ErbB1 receptors in the trastuzumab resistance of breast cancer cells.
In general, homoassociation of ErbB2 was significantly higher on the trastuzumab sensitive
cell lines (both breast cancer SK-BR-3 and gastric cancer N87), whereas the extent of ErbB2 -
integrin Bl heteroassociation displayed a remarkable increase on the trastuzumab resistant
JIMT-1 breast cancer cells that expressed an extremely high number of integrin f1 molecules
in the membrane (Table I and III). Notably, the ErbB1 homoassociation and ErbB1 - ErbB2
heteroassociation were considerably higher on the trastuzumab sensitive SK-BR-3 cell line,
despite the relatively low and similar ErbB1 expression profile of both the trastuzumab
sensitive (SK-BR-3) and resistant (JIMT-1) cells. In contrast, the ErbBl - integrin 1
heteroassociation rate did not show any significant difference, however, turned out to be
prominently high on both the investigated lines regardless of the meaningfully differing
integrin B1 expression levels that was also worthy of further consideration (Table 1V). We
also aimed at disclosing the alterations of molecular interactions involving ErbB1 by FCET
measurements after treatment with EGF, trastuzumab or heregulin. Based on the results, EGF-
induced ErbB1 activation led to an elevated heteroassociation tendency of the ErbB1 receptor,
but the treatments - summing up - did not bring unexpected results and did not reveal
discernible differences between the association state of ErbB1 on the sensitive SK-BR-3 and
the resistant JIMT-1 breast cancer cell lines (Table I'V).

Next, to untangle cell function related changes in the activation of ErbB2 receptors,
we performed Western blot analysis on ErbB2 and phosphorylated ErbB2 proteins after
treatment with trastuzumab and/or integrin 1 crosslinking on trastuzumab sensitive SK-BR-3
and resistant JIMT-1 cell lines. Treatment with trastuzumab induced the phosphorylation of
ErbB2 on both cell lines. Notably, crosslinking of integrin 1 molecules caused a slight

increase in ErbB2 tyrosine phosphorylation in SK-BR-3 cells, however, no additional increase
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in the trastuzumab-induced ErbB2 phosphorylation could be observed on either SK-BR-3 or
JIMT-1 cell line in spite of the extreme high integrin f1 expression level on the latter (Fig.
16). The lack of effect of integrin Bl crosslinking on the trastuzumab-induced ErbB2
phosphorylation could probably be accounted for by the spatial separation of the molecules
after integrin B1 crosslinking. Therefore, ErbB2 was out of the reach of integrin B1 molecules,
however, the stimulatory Bls and the inhibitory Blc splice variants of the integrin 1
molecule were not distinguishable, since the anti-integrin B1 antibodies used in our
experiments bind to the extracellular part of the molecule [56, 223]. These results suggested
that despite a weak functional interaction between the ErbB2 and integrin f1 molecules,
trastuzumab-induced changes in the activation state of ErbB2 receptors are not necessarily
altered even by high integrin levels.

Taken together, these data proved a raft associating tendency for both ErbB2 and
integrin B1 proteins, further supporting the role of lipid rafts as signal transduction platforms,
however, these transmembrane proteins seemed to be less tightly raft-bound than GPI-
anchored proteins and to be more likely loosely attached to the periphery of lipid raft
domains. In addition, crosslinking experiments, extended with FCET results, proved ErbB2
and integrin Bl proteins molecularly associated with each other, but their interaction was
found to be relatively weak, and could be dynamically modified. Trastuzumab resistance
could not be explained solely by the lower ErbB2 or the higher integrin 1 expression levels
of the resistant cells, and the difference in expression levels did not alter the trastuzumab-
induced ErbB2 activation. Thus, although a strong correlation between trastuzumab resistance
and high integrin B1 expression could not possibly be established on the basis of our studies,
we may speculate that a high expression level of integrin 1 molecules alters the signal
transduction properties of cancer cells, thereby increasing their metastatic potential and
presenting an alternative pathway for the activation of the MAPK and Akt pathways.

Nevertheless, our results corroborated the involvement of integrins in growth factor
receptor-mediated signaling and implied that the functional state of protein interactions cannot
be assessed by detecting exclusively their expression levels nor by determining their mutual
interference "in flagrante delicto" as membrane proteins compete with each other for a limited
number of association partners that may change over time in the evolution of malignancy.

Thus, disclosure of dynamic interactions of membrane proteins would vastly enhance our
knowledge on signaling events, which thereby probably diverge multitudinously and
eventually affect cells' fate in a versatile way. Therefore, we developed, and demonstrated the

applicability of a method, tsFRET, to measure the relationship between the association states
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of two molecule-pairs of three arbitrarily chosen molecular species. Previously, several new
approaches have already been introduced for analyzing the interactions of up to three
molecules in solution at the single molecule level, such as the pulsed interleaved excitation
(PIE) method [224], the three-color alternating-laser excitation (3c-ALEX) method [225],
simultaneous fluorescence decay time measurements [226], multiparameter single-molecule
fluorescence spectroscopy (SMFS) [227] and confocal multicolor single-molecule
spectroscopy [228]. However, our method enabled the analysis of adherent cellular systems
under such circumstances, where background from autofluorescence or higher density of
labels would have impeded single molecule spectroscopy.

The tsFRET approach involves abFRET and dbFRET measurements on the same sample
consecutively, using three appropriately chosen fluorophores, e.g. XFITC (D1),
Cy3/Alexa555 (A1=D2), and CyS5 (A2). In this case, the abFRET method can sequentially be
followed by the dbFRET procedure, because the excitation wavelengths (543 nm for D2 and
633 nm for A2) used in abFRET do not excite D1 and the spectral overlaps between the
emission spectra of A1=D2 and the absorption spectrum of D1 are negligible. Based on the
spectral properties, normalized fluorescence intensities, overlap integrals and normalized
FRET efficiencies, the Alexa555-Cy5 pair was proved more reasonable for abFRET
experiments and was used further on instead of the conventional Cy3-Cy5 pair [229].

The expediency of the tsFRET method was tested in a triple-labeled model system using
three non-competing monoclonal antibodies binding to the same ErbB2 molecule. In this
experimental setup, the FRET values represented intramolecular, and hence constant,
separation distances between the fluorophores of both FRET pairs. The consecutive
application of dbFRET after abFRET did not significantly alter the FRET values compared to
those measured conventionally on double-labeled cells, and the lack of correlation between
the dbFRET and abFRET values pixel-by-pixel was also in accordance with expectations
regarding these intramolecular distances. These findings, and the narrow gaussian distribution
of both dbFRET and abFRET values implied that the relationship of two molecular
interactions sharing a common species can be reliably measured by the tsFRET method.

After confirming its applicability, we wished to use the tsFRET approach for assessing
the coincident homo- and heteroassociation states of ErbB2 and integrin B1 molecules, in
order to analyze the potential interfering influence of integrin B1 on ErbB2 homoassociation
behind the trastuzumab responsiveness of the cells. As for recent data, suggesting the masking
effect of certain large cell surface sialomucins to the trastuzumab-binding epitopes of ErbB2

[148, 149], we aimed at screening the expression level of CD44 on the investigated cell lines.
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As initial flow cytometric experiments on receptor expression disclosed extremely high level
of CD44 on trastuzumab resistant cell lines, in addition to the confirmation of lower ErbB2
and higher integrin Bl levels, extended experiments were performed and included the
exploration of the modulating effect of CD44 on the association profile of ErbB2.

CD44 is a membane glycoprotein - existing in numerous splice variant isoforms - which
recognizes hyaluronic-acid and other ECM molecules (such as osteopontin, collagens or
matrix-metalloproteases), and indeed, can also interact with growth factor receptors via
heparane-sulfate conjugation as well as binding and presenting certain heparin binding growth
factors (e.g. EGF) for growth factor receptors - even on a neighboring cell, as it was shown
earlier [230]. Following its discovery in 1980 [231], monoclonal antibodies - radiolabeled or
DMI1 mertansine conjugates - against the CD44v6 isoform have also reached clinical phase
[232].

After the characterization of the expression profiles, we determined the association states
of ErbB2, integrin Bl and CD44 molecules of the investigated cell lines by FCET
measurements. The ErbB2 homoassociation turned out to be high on both trastuzumab
sensitive cell lines (SK-BR-3 and N87), where saliently high ErbB2 expression was
associated with depressed expression of integrin B1 and CD44, both heteroassociating with
ErbB2. Furthermore, the ErbB2 — integrin f1, ErbB2 — CD44 and integrin 1 — CD44
heteroassociations were modestly high on the resistant JIMT-1 cells that showed extremely
high levels of integrin B1 and CD44. The similarly resistant MKN-7 cells, however, displayed
weak ErbB2 — CD44 and integrin f1 — CD44 heteroassociation, though still high, nevertheless
markedly lower integrin f1 and CD44 expressions levels could be detected. These findings
again substantiated that molecular behaviour, and hence treatment sensitivity to molecular
targeting, of tumors can be strongly influenced by their origin and/or differing expression
profiles, i.e. overexpressed molecules seem to compete with each other for finding association
partners, perturbing this way their mutual interactions.

Therefore, we used the tsFRET method to map the inter-dependence of the associations
of ErbB2, integrin f1 and CD44 proteins, since this method was previously proved to be an
expedient approach to investigate the relationship between association states of different
molecular species. According to the contour plots and the trendlines generated from dbFRET
and abFRET values, we observed a clear anti-correlation between ErbB2 — integrin 1
heteroassociation and ErbB2 homoassociation on trastuzumab sensitive SK-BR-3 and N8&7
cells, whereas a modest positive correlation between ErbB2 — integrin 1 and integrin f1 —

CDA44 heteroassociation could be discerned on trastuzumab resistant MKN-7 gastric cancer
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cells. The similarly resistant JIMT-1 breast cancer cells, however, exhibited no clear
correlation regarding ErbB2 — integrin f1 and integrin 1 — CD44 heteroassociation, which is
best explained by the extremely high integrin 1 and CD44 expression levels on this cell line,
and that ErbB2, expressed at a much lower level, could interfere only with a small portion of
integrin 1 and CD44 molecules leaving the association state of the majority of them
undisturbed.

Moreover, FRET values on the same molecular interactions obtained by different
measurement approaches (FCET, dbFRET and abFRET) were markedly differing in several
relations (Table V and VI), which raised the need for further, detailed analysis and
explanation of the results. That is, when comparing intramolecular FRET values that are
likely unaffected by cytoskeletal organizing forces, FCET gave higher values than those
measured by dbFRET, which were, in turn, still higher than those gained by the abFRET
method. However, intriguingly, dbFRET values of ErbB2 — integrin 1 heteroassociation
were significantly higher on most cells (except JIMT-1) than those from FCET
measurements, whereas FCET results were in agreement with microscopic ones for ErbB2
homoassociation. On the one hand, the discrepancy between FCET and the microscopic
FRET results can be explained by the pronounced sensitivity of photobleaching methods to
environmental factors such as the local concentration of fluorochromes and oxygen [233].
Furthermore, the considerable overestimation by dbFRET compared to abFRET can be
related to the different weighting of the methods [234], and to the fact that the dbFRET
method requires a reference donor photobleaching decay time measured in the absence of the
acceptor. However, the integrin B1 — CD44 heteroassociation state was similarly higher on
MKN-7 cells by using either dbFRET or abFRET, as compared with that gained by the FCET
method, implying that the overestimating effect of dbFRET is not solely responsible for the
divergence of the results. Thereby, the well known tendency of membrane receptors to gather
in signaling platforms - especially cell adhesion molecules in focal adhesion complexes -
raises the issue whether their cell membrane distribution affects the results achieved by
different investigation methods. This particularly emerges in the case of interpreting FCET
and microscopic FRET results, as the former represents FRET efficiency values from whole
cells and necessitates trypsinizing them, whereas the latter shows the membrane distribution
of FRET efficiency values, but generally in a horizontal optical section.

That is why we wished to further investigate whether the trypsinization and the
membrane distribution of molecules along the 'z' axis (from the bottom to the top of the cell)

affect the results achieved by the different FRET approaches. According to our results,
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trypsinized and cyto-centrifuged cells in microscopy gave very low FRET values in contrast
to adherent cells. In addition, the distribution of FRET between ErbB2 and integrin f1 along
the 'z' axis demonstrated that higher FRET efficiency values were observed in the membrane
apposed to the glass surface than towards the top of the cell (Fig. 21). Considering that the
microscopic FRET measurements were performed on adherent cells, and images were taken
usually of the attached bottom layer of the cells, the higher expression level and probably
increased activation state of integrin f1 and CD44 at these focal adhesion points could
strongly affect their interactions, which were, in turn, disrupted when cells were trypsinized
for FCET measurements.

Finally, it has to be emphasized that a pair of high FRET values, measured between
pairwise combinations of three molecules in the tsFRET experimental setup, does not imply
the presence of a trimer, because both pairwise dimers can separately exist in a single pixel at
the resolution of the microscope. The tsFRET approach, thus, yields information about the
correlation of the heteroassociations and not about a definite trimer formation of three
investigated molecules in a single pixel, whose size is determined by the resolving power of
the microscope. Therefore, the tsFRET method supplements, but not supplants the triple-
FRET method [235] and can be used to reveal cross-associations and mutual interference of
molecular interactions on a pixel-by-pixel basis.

In conclusion, according to the results of our tsFRET experiments, it may be assumed
that the homoassociation state of ErbB2 is dynamically modulated by its interaction with
integrin B1, and it is also tempting to speculate that the heteroassociation and activation of cell
adhesion molecules can enhance the activity of survival pathways during disease progression
that can boost proliferation and may give rise to the development of metastasizing ability.

Along similar lines, increasing evidence has been provided on the interaction of certain
growth factor receptors and cell adhesion molecules, i.e. ErbBl and integrin B1, in the
background of radioresistance of brain tumors. Coherent with these observations, integrin 1
mediated PI-3K / Akt-PKB signaling was also shown to be critically involved in glioma cell
adhesion and prolonged cell survival, and integrin B1 inhibitors have already been proved to
be potentially promising radiosensitizers for glioblastoma in vitro (see section 3.2.2.).
Accordingly, huge research efforts are ongoing to address more efficacious combined
therapeutic strategies in the treatment of invasive astrocytomas. However, despite ever-
broadening therapeutic options, prognosis of patients with high grade astrocytic tumors still
remains tremendously unfavorable. Perifocal relapses ususally emerge from unresectably

scattered tumor cells that have migrated to the surrounding intact brain tissue.
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Molecular data have thus far indicated that integrins (i.e. integrin aV and B1) contribute
to the more accelerated, and hence more infiltrative, migration of higher grade astrocytic
tumor cells, which could be completely diminished by blocking integrin aV and Bl with
specific monoclonal antibodies [236]. This functional role of integrin aV and B1 correlated
well with our results, as initial screen on several members of the integrin family disclosed the
pronounced expression of integrin aV and Bl in U251 astrocytoma subclones (Fig. 22).
Moreover, inhibition of integrin aVPB3 signaling with the RGD mimetic peptide cilengitide
has now reached the clinical phase [189]. However, the beneficial effects were more
conceivably accounted for by the direct suppressing effects on endothelial cells and tumor
vascularization [188], which were, in turn, also aligned with our results that integrin 3 was
expressed at an utterly low level in U251 subclones (Fig. 22).

Indeed, the term “cell adhesion mediated therapy resistance” of glioblastoma cells is now
steadily evolving to describe the potential role of survival pathways originating from cell-cell
or cell-ECM interactions [237]. The theory is also substantiated by the different clinical
behavior of infiltratively growing primary brain tumors and locally well confinable, isolated

metastases of originally infiltrative tumors of different origin (e.g. breast cancer) (see Fig. 34).

Figure 34. CT scans of a grade
IV glioma (leff) and intracranial
metastases of a primarily invasive
breast cancer (right) are shown.
Notably, the locally infiltrative
growth of a grade IV astrocytoma
= . leads to pronounced mid-line
dislocation, while the multiplex
metastases of a  primarily

infiltrative breast cancer are well

confined.

In addition, targeting downstream signaling of ErbB1 and integrin proteins has also been
found to augment the anti-tumor and anti-angiogenic effects of radiotherapy [238-241].
However, the results have been achieved in vitro and in xenograft model experiments at the
most, but the expression profiles and molecular associations of ErbB1 and integrin 1
molecules may differ on individual human glioblastoma tumors in sifu, which may prejudice

treatment and patient outcome. After its first description on non-human primate tissues [242],
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the use of steadily improved FRET techniques has widely spread out over the recent years,
becoming more and more prevalent in the characteriziation of molecular interactions even in
fresh frozen or fixed human tissues [107, 108, 243, 244]. FRET imaging was also proved to
be expedient in evaluating associations between cell surface receptors and ECM proteins in
2D or 3D cultures and tissues [245].

As our initial screen proved integrin B1 overexpressed in U251 astrocytoma subclones
with extra chr7 fragments, we wished to analyze the molecular interactions and signaling
outcomes of ErbBl and integrin 1 molecules behind the radioresistance, and to further
investigate their possible role in clinical samples in situ that may warrant the application of
certain single or combined therapeutic modalities in selected tumors.

Interestingly, previously documented decreasing radiosensitivity parallel with increasing
ErbB1 overexpression [204] was accompanied by increasing integrin f1 expression levels in
U251 chr7 transferred subclones. Alongside with ErbB1, the PMS2, MADI and FAM126A
proteins are also coded on chr7 that may be responsible and can contribute to developing
radioresistance via repairing mismatch DNS after radioinjury, controlling mitotic assembly,
and balancing the tumor-suppressing effect of the B-catenin pathway, respectively. However,
integrin Bl is not coded on chr7, so, its overexpression may be initiated by a regulatory
pathway activated by ErbB1 signaling. To confine the results to the clear effect of ErbB1
overexpression on radiation resistance, that is, to differentiate from the regulatory effects of
other genes coded on chr7 and to verify ErbB1 induced integrin B1 upregulation, erbB1 gene-
transfected U251 subclones were generated, exhibiting increased (E1L), and highly increased
(E1H) ErbB1 expression.

In this cellular model system, ErbB1 overexpression was also accompanied by increased
integrin B1 expression, and with increased radioresistance, as well. Interestingly, integrin 1
expression did not increase beyond a certain level regardless of how much ectopic ErbB1 was
in the cell membrane. The difference of parameters a and B in the linear-quadratic model
implicated that survival of cells was dependent mainly on the integrin 1 expression level,
whereas additional surplus ErbB1 promoted colony forming capability, which was rendered
unnecessary by paracrine signals of denser cultures. Accordingly, the subpopulation (E1H/H)
carrying highly increased amounts of ErbB1 gradually disappeared (E1H/H — E1H/L drift),
indicating that extreme ErbB1 overexpression did not carry a selection advantage, when the
culture was passaged en mass. Thus, it appears that surplus ErbB1 contributes primarily to
colony forming ability even if it does not represent a proliferative advantage in regular cell

cultures.
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Next, we intended to analyze the downstream signaling evoked by excess ErbB1 and
integrin 1. We set out to quantitate the changes in the PI-3K/Akt pathway that is known to
induce the STAT and NF-kappa-f transformation pathways [78], and has received much
attention because of its negative regulation by PTEN, which most commonly suffers loss-of-
function mutations in glioblastomas [68]. This was further substantiated by more recent data
that proposed the modulating effect of radiation-induced Akt activation behind the
radioresistance of human glioblastoma cells [246]. We observed an increased basal Akt
phosphorylation and augmented output from the PI-3K/Akt pathway parallel with increasing
radioresistance of the U251 transfectants. Furthermore, this decreased radiosensitivity could
be reverted by inhibiting PI-3K with wortmannin that also strengthened the assumption on the
involvement of this pro-survival pathway in the background of developing radioresistance.

Further on, we aimed at characterizing the molecular interactions of ErbB1 and integrin
B1 that could stand behind the downstream signaling changes and concomitant increased
radioresistance. We observed an anti-correlation between ErbB1 homoassociation, higher in
parental U251, and ErbB1 - integrin B1 heteroassociation, more prevalent in the transfectant
subclones by FCET measurements. As a control, FRET was also measured in the opposite,
integrin-f1 — ErbB1, direction by reversing the donor-acceptor labeling, and similar tendency
was observed as previously (2%, 3%, 4% and 18%), which excluded the dependency on
stochiometry and the possibility of a simple random mass effect.

These findings, however, yielded information at the level of population average and
under trypsinized conditions, but formerly we have already shown that the distribution of
molecular interaction, especially in focal adhesion complexes, can vastly depend upon the
adherence of cells to the environment. Therefore, tsSFRET experiments were conducted to
reveal the mutual relationship of ErbBl homoassociation and ErbBl - integrin Bl
heteroassociation on the submicron scale of membrane compartments. The results suggested
that excess integrin B1 preferentially clusters with ErbB1, competitively diminishing the
extent of interaction in ErbB1 homoclusters, i.e. integrin Bl recruited ErbBl1 to form
heterodimers at the price of the disruption of ErbB1 homoclusters. The thereby evolving
ErbB1 — integrin B1 heteroassociation then can induce versatile downstream signaling events
that involves FAK, ILK, the bridging molecule PINCH, the Nck2 adaptor protein or GSK-3f3
related to adhesion and migration upregulated by integrin signaling [98]. Accordingly, the
ILK / GSK-3p mediated canonical B-catenin / Tcf-4 pathway was proved to be exceptionally
not only upregulated in astrocytomas but to directly regulate Akt2 gene expression and

thereby promoting glioma progression [82]. Moreover, ongoing preclinical studies now tend
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to address small-molecule PI-3K-related pathway inhibitors (NVP-BEZ235, LY294002,
enzastaurin) that suggest a potential to sensitize chemotherapy-induced apoptosis via
disrupting the PI-3K / Akt / mTOR / GSK-3 signaling routes [70].

In order to corroborate our in vitro findings and eventually to explore their possible
relevance in comparison with clinical data, we determined the ErbBl and integrin 1
expression on intraoperative fresh frozen tissue sections, which were overall higher in grade
IV than in grade II tumors both for ErbB1 and for integrin B1 (Fig. 29). In addition, with a
view to expected clinical implications, we have adapted the abFRET method to quantitate the
actual extent of interaction between ErbB1 and integrin Bl in fresh frozen intraoperative
astrocytoma samples. This approach shifted the information content from mere expression
levels to a quasi-functional realm, and afforded the advantage of monitoring a reasonably
stable molecular conformation relevant to an active signaling pathway. Comparing sets of
grade II and grade IV tumors revealed that ErbB1 - integrin B1 heteroassociation was more
prominent in grade IV tumors than in grade II, and served to classify tumor grade equally well
as the complex histopathological diagnosis. Interestingly, we could also conclude that
increased integrin B1 expression levels and stronger ErbB1 - integrin B1 associations were
more important in determining grade and outcome than high ErbB1 levels, since survival time
and time-to-relapse inversely correlated with the FRET results gained by in situ
measurements. Additionally, there were extreme cases that diverged from the overall
prognosis within both grade II and grade IV groups, and, although the small number of
occurrences is not amenable to statistical analysis, stronger ErbB1 - integrin Bl interactions
within each group predicted worse prognosis, and vice versa.

On the basis of these results, elevated integrin f1 expression, and especially a high
degree of ErbB1 — integrin B1 heteroassociation in astrocytic tumors could predict ineffective
response to ionizing radiation and an unfavorable survival outlook, which could potentially be
overcome by inhibiting the function of overexpressed proteins or their interaction and the
downstream output converging on the PI-3K/Akt pathway. Therefore, determining integrin 31
expression and ErbBl — integrin Bl heteroassociation in newly diagnosed astrocytoma
tumors, and/or quantitating the activation of relevant downstream effectors such as PI-3K,
Akt or GSK-3f could allow for stratification into prognostically divergent patient subgroups

and selection of appropriate therapeutic modalities [111].
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8. CONCLUSIONS

Facing malignant tumors stands still in an outpost position of modern medicine, since
the progressively growing, infiltrating and metastasizing nature of malignancies rapidly and
severely spoils the affected healthy frame, depreciates short and long-time life quality and
often presents challenging difficulties for assigning adequate treatment strategies despite
broadening and increasingly available diagnostic and therapeutic modalities. The focus is
highlighted on the chemo- and radiosensitivity of tumor cells, as virtual incurability of
malignancies can be derived from evolving resistance to treatment attempts. In the recent
years, growing evidence has highlighted the contribution of growth factor receptors and cell
adhesion molecules to the downstream signaling alterations leading to uncontrollable cell
proliferation and migration, thereby defining and restating the theory of cell adhesion
mediated therapy resistance.

Along this line, we set out to investigate the molecular interactions of ErbB receptor
tyrosine kinase proteins and integrin molecules to shed light on their possible interfering,
correlative roles behind trastuzumab resistance of breast cancers and radioresistance of
astrocytomas. To study the contingent mutual interplay of neighboring receptors, we have
implemented a method, termed two-sided FRET (tsFRET), for the investigation of the
relationship of associations of two molecule pairs of three arbitrarily chosen molecular
species. For the evaluation of individual differences in inter-molecular relations in clinical
samples, we also established a method for quantitatively assessing in sifu molecular
interactions by confocal microscopic abFRET measurements on intraoperative fresh frozen
tissue sections.

According to our results, it is tempting to speculate that the homoassociation state of
ErbB2 is dynamically modulated by the interaction with integrin 1 on breast cancer cells in
vitro, although a strong correlation between trastuzumab resistance and high integrin 1
expression cannot possibly be established based on our studies. It may, however, be assumed
that a high expression level of integrin 1 alters the signal transduction properties of breast
cancer cells, thereby presenting an alternative pathway for the activation of the MAPK and
PI-3K / Akt pathways and giving rise to the development of metastasizing ability.

Since our experiments confirmed existing and dynamically modifiable interactions
between the ErbB and integrin f1 molecules on breast and gastric cancer cell lines and our
protein level screen on astrocytoma cells in vitro proved integrin 1 overexpressed besides

ErbB1, we set out to assess their possible interaction in the background of gliomagenesis.
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Two cellular model systems showing expression profiles similar to low and high grade
astrocytoma tumors have been generated, and we showed that increased ErbB1 expression
was consequently followed by the presence of excess integrin f1 in the membrane. On these
U251 NCI subclones, decreasing radiosensitivity correlated with increasing ErbB1 and
integrin B1 expression levels, and also with decreasing ErbB1 homoassociation and increasing
ErbB1 — integrin B1 heteroassociation rates. Radioresistance could be explained by the
increased basal Akt phosphorylation, and augmented output from the PI-3K / Akt pathway
upon EGF stimulation in the sublines with higher ErbB1 and integrin f1 expression and could
be reverted by inhibiting PI-3K. The enhanced ErbB1 - integrin Bl interaction was also
detectable in grade IV versus grade Il astrocytoma fresh frozen sections and appeared to be an
efficient predictor of patient survival and disease relaps. The abFRET procedure in confocal
microscopy was proved to be a useful, cell function-related diagnostic method in assessing in
situ ErbB1 — integrin B1 heteroassociation, which implies the potential exploitation of similar
investigations on clinical glioblastoma samples, and may allow for discernment of
prognostically diverse patient subgroups warranting the application of certain single or
combined therapeutic modalities.

Altogether, our results suggest that the functional relationship between ErbB1 and
integrin Bl molecules may play an important role in tumor progression and in the
development of therapy resistance. Consequential shift of signaling from ErbBl1
homoassociation to ErbB1 — integrin B1 heteroassociation and towards the activation of the
PI-3K / Akt pathway may result in increased therapy resistance that can be potentially
overcome by the inhibition of PI-3K. Thus, the clinically relevant ErbB1 — integrin 1
heteroassociation may be used both as a target of predictive diagnostics and of molecular

therapy.
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9. SUMMARY

Along the objectives on the investigation of ErbB - integrin molecular interactions in breast
cancer, we can draw the following conclusions addressing the questions:

» trastuzumab resistant cell lines showed lower ErbB2, but higher integrin B1 expression

» ErbB2 and integrin B1, both, colocalized with lipid rafts

» integrin B1 cross-linking did not affect trastuzumab induced ErbB2 phosphorylation

» ErbB2 - integrin B1 heteroassociation negatively correlated with ErbB2 homoassociation in

respect to trastuzumab resistance.

For assessing multimolecular interactions, we successfully established a new method, termed

two-sided FRET. Application of tsFRET brought further evidence on the modifying effect of

cell adhesion molecules to growth factor receptor signaling, as:

» tsFRET was proved to be applicable for measuring the relationship between the association
states of two molecule-pairs of three arbitrarily chosen molecular species

» clear anti-correlation was found between the degree of ErbB2 homoassociation and ErbB2
- integrin B1 heteroassociation on trastuzumab sensitive cells

» modestly positive correlation could be discerned between ErbB2 - integrin B1 and integrin

B1 - CD44 heteroassociation levels on trastuzumab resistant cells.

To study the importance of recent in vitro and xenograft findings on ErbB - integrin

interactions in gliomagenesis, we successfully implemented abFRET on frozen sections of

clinical astrocytoma in situ with a potential view on its clinical applicability. According to our

results, we can make the following statements:

» grade IV glioma showed higher integrin 1 expression parallel with ErbB1 overexpression

» degree of ErbB1-integrin B1 heteroassociation was elevated and correlated negatively with
that of ErbB1 homoassociation in high ErbB1 expresser U251 E1H/H

» degree of ErbB1-integrin 1 heteroassociation was also elevated in grade IV tumors in situ

» in situ results and activation of the PI-3K/Akt pathway was corroborated by results from
cellular model systems showing expression profiles similar to low/high grade astrocytomas

» ErbBI - integrin B1 interaction appeared to be an efficient predictor of patient survival and

may be used as a target of predictive diagnostics and also of molecular therapy.
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