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ABSTRACT

In this thesis powerful proteomics methods were used to reveal novel proteins
involved in the cellular response to DNA damaging treatment. The goal was to find
proteins with potential as biomarkers for prediction of cancer prognosis and response to
cancer therapy, but also to find potential novel targets of cancer therapy. In addition,
the impact of the tumor suppressor p5S3 on the cellular response to DNA damaging
treatment was investigated.

When comparing two isogenic colon cancer cell lines (HCT116 p53wt and p53-/-) we
were unable to detect p53 dependent differences in sensitivity to ionizing radiation (IR)
or DNA damaging drugs. p53 did however alter the localization and reduce the
abundance of Rad51, a key protein in homologous recombination repair, in response to
IR. Our data thus indicate that p53 is involved in negative regulation of homologous
recombination.

The same cell line pair was also used in a proteomics time course study to identify
novel proteins involved in the cellular response to DNA damaging agents (IR). In this
study we discovered that the small calcium binding protein S100A6 was upregulated in
a p53 dependent manner in irradiated cells. In addition to the upregulation of SI00A6
post irradiation we also discovered that the post translational modification pattern and
the sub cellular localization were altered. The biological functions of SI00A6 were not
known at the time of this discovery, but several studies had implicated S100A6 in
carcinogenesis as it was shown upregulated in several different types of cancer. We
therefore decided to pursue this finding and study the biological role of S100A6 in
detail.

The expression of SI00A6 was investigated in stage I non-small cell lung cancer by
immunohistochemistry using tissue microarrays. SI00A6 was found overexpressed in
cancer cells, and S100A6 expression correlated with wt p53 expression. SI00A6
expression also correlated with patient survival in a subset of the cohort.

In order to elucidate the function of SI00A6 we set out to identify novel S100A6
interacting proteins. Using immunoprecipitation and proteomics methods we identified
Ubiquilin-1 as a novel SI00A6 interacting protein. Ubiquilin-1 is involved in regulation
of proteasome mediated degradation of ubiquitinated proteins such as p53 and IkBa.
siRNA mediated silencing of SI00A6 resulted in stabilisation of both p53 and IkBa.
Mass spectrometry based proteomics further revealed that SI00A6 silencing reduced
proteasomal processing of NFkB2 p100. S100A6 has earlier been suggested involved
also in degradation of B-catenin as S100A6 interacts with a component of the complex
responsible for ubiquitination of B-catenin. Using S100A6 silencing we were able to
show increased degradation of B-catenin. S100A6 silencing also increased the cellular
sensitivity to ionizing radiation.

In conclusion our data indicates that overexpression of SI00A6 in cancer cells would
result in a survival benefit through inhibition of apoptosis via increased p53
degradation and stimulation of proliferation via increased NFxB and [-catenin
signaling. Our data also indicates that SI00A6 is upregulated at later timepoints post
irradiation to inhibit apoptosis and cell cycle arrest, allowing cells with repaired DNA
damage to re-enter the cell cycle. These findings suggest the potential of S100A6 as a
novel target of cancer therapy.
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1 BACKGROUND

1.1 CANCER

Hippocrates, the father of medicine, described a number of different cancer types
about 400 years B.C. He used the Greek words oncos (swelling) for benign cancers and
carcinos (crab) for malignant cancers and these are the roots of the modern words
oncology and cancer. It is believed that the word carcinos was chosen as the cut surface
of a solid tumor resembles a crab, with a round center and veins spreading out like legs
on all sides. Today over 200 different types of cancer have been described (source:
Cancer Research UK). In some cases cancer predisposition is genetically inherited (e.g.
breast cancers caused by mutations in BRCA genes or colon cancer caused by
mutations in the APC gene), but in most cases cancer is sporadic. Other causes of
cancer are exposure to environmental factors such as UV-radiation (melanoma), radon
(lung cancer) or chemical carcinogens. Certain infectious diseases have also been
shown to induce cancer, most notably viral infections such as human papilloma virus
(cervical cancer), but also bacterial infections such as Helicobacter pylori (gastric
cancer). Life style factors such as tobacco smoking, diet, physical inactivity and excess
body weight have also been shown to influence the risk of cancer. A striking variation
in the risk of certain cancers is seen in different geographic areas, most likely reflecting
variations in risk factors related to lifestyle or environment '. Most cancers are strongly
correlated with age, reflecting that the development of cancer is dependent on the
accumulation of genetic alterations and that this process takes time. Childhood cancers
are rare and the predominating forms are leukemia and central nervous system cancers.
Most cancers are diagnosed after initial recognition of symptoms (e.g. swelling or pain)
or through screening programs (e.g. breast cancer and cervical cancer). For diagnostic
purposes several types of medical tests such as blood tests, imaging and histological
examination of biopsies are performed. Tumors are generally divided as being either
benign (not invasive) or malignant (synonymous with cancer), the latter having the
ability to spread through invasion of adjacent tissue and metastasis. Cancers are
subdivided depending on their cellular origin into e.g. carcinoma (epithelial origin),
sarcoma (connective tissue origin), leukemia and lymphoma (both deriving from blood
cells). The progression or spread of the cancer is determined using a staging system
(usually stage I-IV) where tumor size (T), spread to lymph nodes (N) and metastasis
(M) are evaluated (TNM staging system). The tumor stage is then used for therapy
guidance as for example a localized cancer can usually be cured through surgical
resection while a metastatic cancer is associated with poor prognosis and usually
treated with chemotherapy.

1.1.1 Cancer epidemiology

Worldwide it is estimated that 10.9 million persons are diagnosed with cancer, and
that 6.7 million persons die from this disease every year. Globally the most commonly
diagnosed types of cancer are lung cancer (1.35 million cases/year), breast cancer (1.15
million cases/year) and colorectal cancer (1 million cases/year) and the most common
causes of cancer death are lung cancer (1.18 million deaths/year), stomach cancer (0.7
million deaths/year) and liver cancer (0.6 million deaths/year) '. In Sweden the



numbers of new cancer cases per year are 27000 and 24000 for males and females
respectively. The most common types of cancer in Sweden are prostate cancer (36.5%
of male cancer) and breast cancer (29.1% of female cancer) followed by cancers of the
digestive system in both sexes. The most common causes of cancer death for both sexes
are pancreatic cancer and bronchus/lung cancer. The cancer incidence in Sweden is
slowly increasing, likely as a consequence of increasing age, improved diagnostics and
screening programs, but this trend is likely also affected by alterations in environmental
factors (e.g. UV exposure) and life style factors (e.g. smoking). (Source: the Swedish
national board of health and welfare, “Cancer incidence in Sweden 20057, 2007).

1.1.2 Carcinogenesis

The development of cancer is a multistep process, where normal cells acquire a series
of different tumor cell characteristics and ultimately break free from the restrains of
normality and become tumor cells 2 (Figure 1). This process of transformation or
carcinogenesis is not always the same; numerous different routes can be used. A
driving force for transformation is genomic instability. Most of the tumor cell
characteristics are consequences of genomic alterations such as mutations, deletions
and insertions changing the functions of affected genes and gene products (proteins).

Tumor suppressor genes (e.g. T7P53 and RBI coding for p53 and retinoblastoma
protein, pRB, respectively) are genes coding for proteins normally involved in cellular
anti-cancer defence systems. These genes are commonly inactivated in cancer cells
resulting in inability of the cell to hinder carcinogenesis. Proto-oncogenes (e.g. MYC or
RAS) are genes coding for proteins with normal functions typically in regulation of cell
growth. When over activated, e.g. through mutation or overexpression, these genes,
now called oncogenes, become cancer inducing.

In analogy to Darwinian evolution, cells accumulate genetic alterations that results in
a survival benefit. To avoid genetic alterations, cells are equipped with extremely
efficient safety systems that monitor DNA and repair DNA damages as well as
supervise delicate processes such as DNA synthesis and mitosis. Normally a cell is not
allowed to divide unless DNA has been replicated without errors. It is unlikely that
cancers would have the time to develop during the human lifespan if these safety
systems were intact as carcinogenesis then would be a very slow process. However, key
components of these systems such as the tumor suppressor p53 are often inactivated in
tumor cells resulting in increased mutability and faster carcinogenesis. In fact, pS3 is
lost or functionally impaired in the vast majority of all human cancers °.

Six different steps of carcinogenesis have been suggested in a seminal article by
Douglas Hanahan and Robert A Weinberg *: Self-sufficiency in growth signals,
insensitivity to antigrowth signals, evasion of apoptosis, limitless replicative potential,
sustained angiogenesis, and tissue invasion and metastasis. Each step represents a new
acquired capability, and together these capabilities are shared by most if not all human
tumors.
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Figure 1. Carcinogenesis is a multi step process driven by clonal expansion of cells with a survival
benefit. Each step in the figure represents the acquisition of a new tumor cell characteristic. The
acquired capabilities described in this picture has been suggested to be hallmarks of cancer, shared
by most if not all cancer cells *. The order in which these alterations occur may be other than
suggested in this picture. Several alterations within the same functional area (e.g. apoptosis) are
also common.

1.1.2.1 Growth signaling

Normal cells will not proliferate unless they receive a signal to do so. This signal can
be transduced either through soluble growth factors that bind to cell surface receptors,
or through interaction between cell surface molecules on one cell with other cells or
components of the extracellular matrix (ECM). The signal received by these receptors
is then transmitted to intracellular signaling molecules ultimately resulting in DNA
replication and cell division. Three principle ways exist through which cancer cells
achieve self sufficiency in growth signals: Alteration of extracellular signals,
transcellular transducers or intracellular signaling pathways. Autocrine signaling i.e.
when a cell produce the ligand for its own receptor, is an example of how cancer cells
alter the extracellular signal and it has been shown for a number of cancer diseases such
as lung cancers producing both ligand and receptor e.g. stem cell factor (SCF)/c-kit °,
transforming growth factor-a. (TGE-o)/epidermal growth factor receptor (EGF-R) ¢ or
insulin-like growth factor (IGF)/IGF-R ’. The transcellular transducers, e.g. growth
factor receptors or integrins (ECM-receptors) are also frequently altered in cancer cells.
One example of this is overexpression of receptors making the cell hyper reactive and
responsive even to very low levels of ligand as is seen in the case of EGF-R in various



cancer types ® and HER2/Neu in breast cancer °. Another example is mutation of the
receptor gene resulting in expression of a truncated version of the receptor that signals
constitutively even in the absence of ligand, e.g. in glioblastoma '°. The intracellular
signaling pathways that are activated by the receptors are very complex and can be
altered at a multitude of different levels. A model example of altered intracellular
signaling is activating mutations in Ras, a protein transmitting signals from growth
factor receptors to the Raf-Mek-Erk signaling cascade resulting in increased
proliferation ''. Activating Ras mutations are found in 30% of human cancers.

1.1.2.2  Anti-growth signaling

A second layer of growth control is constituted of anti-growth signaling. In analogy
to growth signaling, the cell senses its surrounding through receptors of growth
inhibitors (e.g. TGF-B), cell surface molecules on other cells or components of the
ECM. A normal cell receiving anti-growth signals would enter into temporary or
permanent growth arrest. This is an obstacle cancer cells have to overcome in order to
expand into macroscopic tumors. During the first gap phase (G1) of the cell cycle, the
cell collects information from the surroundings to decide whether or not to allow
entrance into the S phase during which the DNA is duplicated. A key component of this
decision making is the Retinoblastoma protein (pRb). When hypophosphorylated, pRb
complex with and inhibit the E2F family of transcription factors needed for induction
of genes involved in S-phase entry. In the absence of anti-growth signals and presence
of growth signals, cyclins are synthesized that bind to and activate cyclin dependent
kinases (CDKs). These complexes phosphorylate pRb resulting in release of E2F
transcription factors and entry into the S-phase. This signaling is further regulated by
inhibitors of CDKs (CDKIs). It has been shown that one or several of the G1/S
regulators are mutated in between 70-90% of all human tumors, resulting in
insensitivity to growth inhibitory signals '*. The frequent inactivation of G1/S
regulators in cancer clearly demonstrates the importance of these systems in controlling
proliferation.

1.1.2.3 Apoptosis

In normal tissue the total number of cells is kept at a constant level through the
balance between cell proliferation and cell death. Carefully regulated cell death
machinery is of great importance to the organism to ensure that cells with tumorigenic
potential e.g. damaged DNA or deregulated growth signaling do not survive. Apoptosis
or programmed cell death (PCD) is the major route of cell attrition present in higher
organisms. The master regulator of apoptosis is the tumor suppressor protein p353 >"°.
p53 can be activated by a variety of stimuli such as lack of nucleotides, exposure to
radiation, oncogenic signaling, DNA damage, hypoxia or transcription blockage. The
result of such activation is cell cycle arrest through upregulation of the CDKI p21. Cell
cycle arrest allows the cell to repair DNA through several different DNA repair
pathways also regulated in part by p53. If the cell is damaged beyond repair p53 will
activate the apoptotic machinery through induction of proapoptotic factors (e.g. Bax)
and repression of anti-apoptotic factors (e.g. Bcl-2) resulting in mitochondrial
depolarization, release of cytochrome ¢ and ultimately cleavage and activation of
caspases, proteases that execute the death program through destruction of subcellular
structures and organelles. Morphological changes associated with apoptosis are cell



shrinkage, chromatin condensation and nuclear fragmentation. The cell remnants are
packed into small vesicles called apoptotic bodies that are engulfed by nearby
phagocytes '*. If the apoptotic machinery was intact in cancer cells it would be
activated as cancer cells possess features that would normally result in PCD, e.g.
genomic instability, oncogene activation and cell cycle checkpoint violation. As a
consequence tumor cells have found ways to escape apoptosis. p53 is functionally
impaired in most human cancers either through inactivating mutations or through other
mechanisms such as overexpression of Mdm?2, a ubiquitin ligase involved in
degradation of p53 or deletion of the Mdm?2 inhibitor pl4arf '>'. Loss of proapoptotic
proteins such as Bax or overexpression of anti-apoptotic proteins such as Bcl-2 are also
common in cancer cells '7*',

1.1.2.4 Immortalization

In order for a tumor to reach macroscopic, life-threatening size, the tumor must
circumvent two additional proliferation-limiting safety systems existing in normal cells
namely senescence and the telomerase/telomere system. Cells have an inherent limited
number of allowed doublings (40-70), and when this number is reached the cell will
enter into senescence or irreversible growth arrest '°. Senescence is often avoided in
tumors by the inactivation of tumor suppressors such as p53 and pRb (see above),
allowing for additional population doublings (20-30). The telomeres (chromosome
ends) consist of several thousands of repeats of a 6 base pair (bp) sequence element
from which 50-200 bps are lost every replication round. This process would present a
definitive limit of proliferation, as telomeres would eventually disappear resulting in
loss of coding DNA for additional replication and finally chromosomal instability,
crisis and cell death. Cancer cells steer clear of also this proliferation limitation through
the expression of telomerase, an enzyme that adds hexanucleotide repeats onto the ends
of telomeric DNA. Telomerase is expressed by 85-90% of malignant cells

1.1.2.5 Angiogenesis

In order to survive and proliferate all cells need access to the distribution system
(capillary blood vessels) that delivers oxygen and nutrients and removes metabolic
waste *°. During normal development and organogenesis the simultaneous growth of
blood vessels (angiogenesis) ensures that no cell is distanced more than 0.1 mm from
vessels. Once a tissue is formed, angiogenesis is tightly regulated by positive and
negative signaling. During the development of solid tumors formation of new blood
vessels is essential and therefore stimulation of angiogenesis is a common feature of
cancer growth. This deregulation could be either through overexpression of positive
signaling from cancer cells through vascular endothelial growth factor (VEGF), acting
on VEGF-receptors on endothelial cells, or through downregulation of angiogenesis
inhibitors such as Trombospondin-1.

1.1.2.6 Invasion and metastasis

Tissue invasion, when the tumor breaches through the borders of the tissue of origin
and invades the nearby stroma or through normal epithelial cell layers, and metastasis,
where a subpopulation detaches from the original tumor, enters the blood or lymphatic
vessels and give rise to a daughter tumor, can be regarded as the ultimate steps in



tumorigenesis. In fact, the cause of 90% of human cancer deaths is development of
metastases >'. Much is still unknown about the mechanisms driving tissue invasion and
metastasis, and these areas have been described as the last great frontiers for
exploratory cancer research. One key finding however is the deregulation of contact
inhibition, where E-cadherin, a receptor that transmits antigrowth signals through (-
catenin upon cell-to-cell contact, is functionally inactivated in many epithelial tumors.
Another important finding is that cancer cells often overexpress extracellular proteases
that degrade surrounding matrix and other obstacles that would otherwise hinder the
invasion and metastasis. The ability of cancer cells to migrate, through for example
cytoskeleton rearrangements is also often improved.



1.2 CANCER TREATMENT

1.2.1 Treatment options
1.2.1.1 Surgery, Radiotherapy or Drugs

Surgical removal of solid tumors is the oldest, and still most commonly used cancer
treatment form. In fact surgery, alone or in combination with radiotherapy or
chemotherapy, is the treatment that cures most cancer patients. The aim is to remove all
cancer cells by resection of either a complete organ, or part of an organ. Surgery can
also be used for diagnostic purposes or palliation. The current trend is to limit the
amount of tissue removed, and to spare as much healthy tissue as possible **. The use of
surgery in cancer treatment is limited by several different factors. In many cases
spreading of the disease (metastasis) makes surgery inadequate as treatment, and the
location of the tumor (e.g. vicinity to large blood vessels) can make surgery impossible.
The status of the patient is also of importance as some patients may not endure surgery.
Other common treatment options are radiotherapy and chemotherapy as will be
discussed below. In certain cancers (e.g. breast and prostate) hormonal therapy has
proved an efficient therapeutic option. Examples of hormonal therapy are to inhibit the
proliferation stimulating effects of estrogen on breast cancer cells * or androgens on
prostate cancer cells **. Immunotherapy is another novel treatment option where the
goal is to induce the patients own immune system to target and kill tumor cells .

1.2.1.2  Radiotherapy

The first report of radiotherapy in treatment of cancer is from 1899, when the
Swedish physicians Tage Sjogren and Tor Stenbeck cured patients with basal cell
carcinoma using X-rays *°. This was only four years after the discovery of X-rays by
Wilhelm Rontgen, which rendered him the first Nobel price in physics 1901.

Radiotherapy is today a widely used cancer treatment, and roughly 50% of all cancer
patients receive radiotherapy at some point. In about half of the cases radiotherapy is
given with a curative intent and in the remaining cases it is given as palliative
treatment. Radiotherapy is external, i.e. delivered from a source outside of the body, in
the majority of cases, but radiotherapy could also be delivered as brachytherapy, i.e. a
radioactive source is applied directly near or in the tumor. Radiotherapy can be either
used as monotherapy, or in combination with surgery as pre or post operative
radiotherapy (Source: the Swedish council on technology assessment in health care,
“Radiotherapy in cancer”, 2003).

X-rays and y-rays used in radiotherapy are two forms of electromagnetic radiation
(photons). They do not differ in nature or properties, but are generated differently. X-
rays are generated through acceleration of electrons in an electric device and when the
accelerated electrons hit a solid target (e.g. gold or tungsten) the kinetic energy is
converted into X-rays. y-rays are emitted by radioactive isotopes that during decay give
off excess energy in the form of electromagnetic radiation. Both forms of radiation are
ionizing, i.e. their energy is sufficient to eject one or several orbital electrons from an
atom or a molecule. The quantity of energy received is measured in Gray (Gy),
representing the energy absorbed in joules’kg (1 Gy = 1 J/kg). When photons pass
through tissue they will interact with molecules, and the consequence of this interaction
is that energy is deposited to electrons (the Compton process). These electrons are



ejected from their orbits as an effect of the kinetic energy received from the photon, and
the resulting fast moving electron may go on to take part in further interactions. The
biological effects of radiation result principally from DNA damage. DNA can either be
ionized directly by the incoming photons, resulting ultimately in DNA breaks or
through interactions of DNA with fast moving electrons ejected from other molecular
targets. As cells consist mainly of water (80%), water molecules are the most likely
targets to interact with photons. If the water molecule is ionized, an H;O" ion radical is
produced. This ion radical is highly reactive and reacts with another water molecule to
form a hydroxyl radical (OH-) which is also highly reactive. It is estimated that about
two thirds of the DNA damage caused by X-rays and y-rays is a consequence of
reactions between hydroxyl radicals and DNA. Several different types of DNA damage
are caused by ionizing radiation, e.g. base damage, single strand breaks and double
strand breaks *’.

As with chemotherapy, side effects of radiotherapy limit the radiation dose that can
be delivered. Side effects can be divided into acute (e.g. damage to skin and other
epithelial surfaces, edema and infertility) and long term (e.g. fibrosis, hair loss and
cancer). To minimize side effects of radiotherapy, fractionation is often used i.e. the
radiation is delivered as smaller consecutive doses e.g. 64 Gy delivered as 2 Gy daily
during several weeks. Tumors also differ in their sensitivity to irradiation and
consequently radiotherapy is not always an option.

1.2.1.3 Cytotoxic drugs

Cytotoxic drugs, or chemotherapy, usually refers to anticancer agents that in some
way target DNA and are more or less unspecific in the sense that both cancer cells and
normal cells are affected by the drug. The use of cytotoxic drugs in cancer therapy has
its origin in discoveries from world wars I and II, with the use of mustard-gas and
chemical warfare **. After the sinking of a U.S ship containing mustard gas-bombs, the
gas mixed with fuel oils and dispersed on the surface of the water. Men exposed to the
mixture displayed decreased white blood cell counts and showed lymphotoxic
symptoms. This discovery initiated research on the possible therapeutic potential of
chemical warfare agents, and resulted in the use of a mustard gas analog, the nitrogen
mustard Mustine in treatment of leukemia. It was also suggested that the toxic effects
of nitrogen mustards was due to alkylation %. Since then several different groups of
cytotoxic drugs have been developed targeting DNA or associated processes, and still
today cytotoxic drugs are some of the most effective anticancer agents in clinical use **.

Alkylating agents can be either monofunctional (one alkylating group) or bifunctional
(two alkylating groups). Monofunctional alkylating agents cause single base
modifications while bifunctional alkylating agents in addition has the possibility of
crosslinking DNA with proteins or two DNA bases (intra strand or inter strand
crosslinks). The interaction between the alkylating agent and DNA then gives rise to
toxic lesions as the replication machinery tries to move through the modified DNA.
Examples of alkylating agents in clinical use are cisplatin, mitomycin ¢ and melphalan.

Antimetabolites (e.g. 5-fluorouracil and methotrexate) mimic nucleotides or their
precursors and interfere with nucleotide metabolism or are incorporated into DNA.

Topoisomerase inhibitors act on topoisomerases, enzymes involved in relaxation of
supercoiled DNA during DNA replication. During this process DNA is temporarily
cleaved, and topoisomerase inhibitors stabilize this cleavage complex resulting in



replication dependent DNA breaks. Examples of topoisomerase inhibitors are topotecan
(topoisomerase I inhibitor) and etoposide (topoisomerase II inhibitor) *°.

Antitumor antibiotics (e.g. Doxorubicin, Bleomycin) are cytotoxic compounds
originally isolated from bacteria, in analogy to antibiotics used in treatment of
infections. Doxorubicin seems to have several cytotoxic effects. Through intercalation
(fitting between base pairs in DNA) doxorubicin inhibits replication, but it has also
been shown that doxorubicin act as a topoisomerase II inhibitor *'. Bleomycin is a
radiomimetic drug that induces sequence specific cleavage of DNA %,

Tubulin interacting agents act through alteration of microtubule polymerization and
inhibition of mitosis *, and in addition to blocking cell division, tubulin interacting
agents induce apoptosis >*. Examples of tubulin interacting agents are vinca alkaloids
and taxanes.

An important limitation of chemotherapy in cancer treatment is the difficult side
effects. As most cytotoxic agents act on DNA and associated processes, mainly
affecting rapidly dividing cells, the pattern of side effects is mainly due to killing of
rapidly dividing normal cells. Typical side effects are in the gastrointestinal region,
related to the immune system, anemia, hair loss and pain.

Another limitation is that many tumors are resistant to specific cytotoxic agents
(primary resistance), or develop resistance during treatment (secondary resistance). The
reasons for this resistance can be several, e.g. increased drug efflux, decreased drug
uptake, increased drug metabolism, alteration of the drug target or resistance to
apoptosis.

Due to the side effects and the resistance, chemotherapy is commonly given as a
combination of several cytotoxic agents. Combination therapy has the benefit of
combining the cytotoxicity of several drugs with different side effects resulting in better
tolerance to the treatment. Using a combination of drugs with different mechanisms of
action also reduces the development of resistance.

1.2.2 Cellular effects of DNA damaging treatment

1.2.2.1 DNA damage sensors

As described above DNA damage is the primary cytotoxic effect of radiation therapy
and most conventional cytotoxic drugs. The DNA damage is recognized by DNA
surveillance proteins that initiate a cascade of events through phosphorylation of
downstream targets. Three members of the phosphatidylinositol 3-kinase (PI-3)
superfamily are considered to be central in this process: ATM (ataxia telangiectasia
mutated), ATR (ATM- and Rad3-related) and DNA-PK (DNA-dependent protein
kinase). Although partially redundant, these proteins play crucial roles in the DNA
damage response.

ATM is a key protein in the cellular response to DNA double strand breaks (DSB)
induced by ionizing radiation or certain cytotoxic drugs (e.g. Bleomycin, Cisplatin or
Etoposide). DSBs are initially recognized by a complex of the three proteins
Mrel1/Rad50/Nbs1 (MRN) that binds to the broken DNA ends **~* (Figure 2A). It has
been suggested that changes in DNA topology as a result of the DNA break could be
important for detection of DSBs by the MRN complex *.
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Figure 2. A. Within minutes after the formation of DNA double strand breaks (DSB), DNA damage
sensors are recruited to the damaged DNA. A complex consisting of Mrell/Rad50/Nbs1 (MRN)
binds to the DNA ends of the DSB and recruits ATM homodimers that are activated through
autophosphorylation resulting in dimer dissociation. ATM then phosphorylate histone H2AX
resulting in alteration in chromatin structure and recruitment of additional proteins involved in
e.g. DNA repair to the protein complex bound to the broken DNA end. B. Activated ATM has the
capability of activating a number of different downstream processes through phosphorylation of
target proteins. pS3 phosphorylation results in induction of apoptosis and p21 upregulation leading
to cell cycle arrest. Cell cycle arrest is also induced through phosphorylation of Chk2, FANCD2
and BRCA1. ATM dependent phosphorylation of Nbs1 in the MRN complex is important for DNA
repair, as is BRCA1 phosphorylation.
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The MRN complex then recruits the inactive ATM dimere to the DSB *°, resulting in
autophosphorylation of ATM and dissociation of the dimere into active ATM
monomers **. The activation of ATM induce a chain reaction where a large portion of
the nuclear ATM pool is activated, and in addition ATM phosphorylates components of
the histone complexes (H2AX) ** leading to additional changes in chromatin structure
which facilitate the recruitment of a number of proteins (e.g. repair proteins), and the
formation of these proteins into foci. A large number of ATM kinase substrates have
been reported * and a few of them will be discussed below (Figure 2B). Activated
ATM phosphorylates p53 on S15 *'** resulting in transcription of p53 target genes such
as the CDKI p21 resulting in G1/S checkpoint activation. Alternatively, activated p53
can induce apoptosis through transcription of proapoptotic genes. ATM is also involved
in p53 stabilisation through phosphorylation and inhibition of ubiquitin ligases (Mdm2
“and COP1 **) responsible for p53 ubiquitination leading to proteasomal degradation.
Chk2 is another target of ATM, and once activated Chk2 phosphorylates pS3 on S20
for further activation, and Cdc25A resulting in its degradation and intra-S phase
checkpoint activation *. FANCD2 *® and BRCA1 *" are additional targets of ATM
suggested to be involved in intra-S phase checkpoint. BRCA1 is also implicated in
regulation of the G2/M transition through activation of Chkl, and regulation of DNA
repair. The MRN complex, responsible in part for ATM activation, is itself a substrate
of ATM as ATM phosphorylates Nbs1 **.

ATR is the main sensor of stalled replication forks, a consequence of hinders in the
way of the replication machinery. Treatment with DNA damaging agents such as
alkylating agents or topoisomerase inhibitors, or exposure to UV-radiation cause
lesions in DNA resulting in stalled replication forks that potentially leads to DNA
breaks. In order to cope with such replication stress, cell cycle checkpoints are activated
to allow repair of the DNA lesion and restart of replication. When DNA polymerases
stall, MCM helicases continue to unwind the DNA generating a long stretch of single
strand (ss) DNA *. The ssDNA binding protein RPA then coats ssDNA and ATR and
ATR interacting protein (ATRIP) are recruited to the stalled fork *°. Several other
proteins are also recruited to ssDNA/RPA such as Radl7, the 911 complex
(Rad9/Rad1/Hus1) °' and TopBP **. ATR then phosphorylates Rad17, 911 and TopBP,
resulting ultimately in further activation of ATR. Once activated ATR phosphorylates
Chkl, which in turn phosphorylate Cdc25A and C resulting in intra-S and G2
checkpoint activation *>~*.

DNA-PK is composed of the catalytic subunit DNA-PKcs and the regulatory subunits
Ku70 and Ku80. Like ATM and ATR, DNA-PK is suggested to be a molecular sensor
of DNA damage, activating downstream targets through phosphorylation, however its
main function in the DNA damage response pathway is in repair of DSBs as will be
described below. The Ku70/80 heterodimer recognizes and binds to DNA breaks and
recruits DNA-PKcs resulting in the formation of the DNA-PK complex *°. DNA-PKcs
is then autophosphorylated *°, increasing its binding to Ku70/80 heterodimer and
downstream target phosphorylation. p53 is both activated and stabilized by DNA-PK
activation through phosphorylation of p53 and Mdm2 respectively *>"~*. It has been
suggested that p53 activation by DNA-PK selectively regulates apoptosis *°. DNA-PK
has also been shown to phosphorylate H2AX ®, and may act as a scaffold protein to
recruit DNA repair proteins to sites of DNA damage.

There is a substantial amount of redundancy and crosstalk in the cellular DNA
damage response. For example exposure to ionizing radiation activates not only ATM
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but also ATR ', and ATM deficiency results in impaired repair also of UV-induced
DNA damage . Further, p53 is a downstream target of ATM, ATR and DNA-PK, and
Chk1 and Chk2 can be phosphorylated by both ATM and ATR, indicating that multiple
common downstream targets exist.

1.2.2.2 p53 as the guardian of the genome

As described above, the tumor suppressor protein p53 is affected in virtually all
situations where DNA integrity is threatened. p53 activity is basically regulated by two
different mechanisms in response to stress signaling. First the stability of p53 is
increased through disruption of its interaction with several different ubiquitin ligases
(Mdm2, Copl ® and Pirh2 *), that normally tags p53 for proteasomal degradation.
Second, the ability of p53 to bind to, and promote transcription of target genes is
increased. The stability and activation of p53 is regulated by post translational
modifications as for example ATM, ATR and DNA-PK dependent phosphorylation of
S15 on p53 inhibits interaction with ubiquitin ligases. Human p53 has 23 different
phosphorylation sites and a number of lysines that are modified by ubiquitinylation,
acetylation, sumoylation, neddylation and methylation, and it is believed that the
pattern of these modifications determines target gene activation ®. Through its target
genes p53 then regulates the cells fate through involvement in cell cycle control, DNA
repair and apoptosis as will be described below. The nuclear level of p53 is under strict
control through several autoregulatory negative feedback loops (e.g. p5S3 dependent
transcription of Mdm2, Copl and Pirh2). This is important as excessive p53 signaling
could result in premature cell death, and there is also a need to downregulate p53
activity during stress relief to allow cells with repaired DNA damage to re-enter the cell
cycle .

1.2.2.3 Cell cycle checkpoints

Cell cycle progression is controlled by the sequential activation and degradation of
cyclins and activation of their partners the cyclin dependent kinases (CDKs). During
early G1-phase of the cell cycle (the first gap phase), in response to mitogenic signaling
(e.g. through the Wnt/B-catenin, Ras/Raf/Mek/Erk or NFkB signaling pathways), D-
type cyclins are synthesized and complex together with CDK4 or 6. The CyclinD-
CDK4/6 complexes initiate the phosphorylation of pRb which is completed by
CyclinE-CDK2 as cells move through the restriction point. Once passed the restriction
point cells are no longer sensitive to the withdrawal of serum or mitogens, and
hyperphosphorylated pRb dissociates from E2F transcription factors resulting in
transcription of S-phase proteins and entry into the S-phase of the cell cycle (synthesis
of DNA). During early S-phase CyclinE is replaced by CyclinA in the complex with
CDK2 and at late S-phase/early G2 phase CDK2 is replaced by CDC2 in the complex
with CyclinA. During late G2 phase and entrance into mitosis, or M-phase, CyclinA is
finally replaced by CyclinB to form the complex CyclinB/CDC2. Once the cell has
completed mitosis, the two daughter cells are ready to receive new mitogenic signals
and re-enter the cell cycle. Progression through the cell cycle is tightly regulated by
CDK inhibitors (CDKIs), interacting with CDKs to inhibit their association with
Cyclins. CDKs are also regulated by inhibitory phosphorylation, and dephosphorylation
by Cdc25A and C activates CDK2 and CDC?2 respectively. CDKIs of the INK4 family
(inhibiting CyclinD-CDK4/6), p27 and p21 (widely acting CDKIs) can be activated by
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anti-growth signaling through the TGF-p pathway . In response to cellular stress a
number of different cell cycle checkpoints are activated (Figure 3). First, activated
ATM/ATR and DNA-PK phosphorylate p53 resulting in transcription of the CDKI p21
(waf/cip). P21 is a widely acting CDKI, interacting with both CDK2 and CDC2 to
primarily inhibit the transition from G1 to S phase. A second checkpoint (intra-S) is
activated as ATM (and ATR °®) phosphorylate Chk2 which in turn phosphorylate
Cdc25A, tagging it for degradation. Cdc25A is a phosphatase responsible for CDK2
activation through removal of inhibitory phosphorylations. BRCA1 has also been
implicated in the intra-S checkpoint as ATM dependent phosphorylation of S1387 in
BRCAL is important for this checkpoint ®. Similarly, ATM dependent phosphorylation
of FANCD?2 is also required for the intra-S checkpoint **. The G2/M checkpoint
controls the transition into mitosis and this transition is inhibited through ATR (and
ATM %) dependent phosphorylation of Chkl. Chkl then phosphorylates Cdc25C
which causes interaction with 14-3-3 proteins and sequestration of Cdc25C in the
cytoplasm where it can no longer activate CDC2 through dephosphorylation >*. BRCA1
is implicated also in control of the G2/M transition as ATM and ATR dependent
phosphorylation of BRCA1 on S1423 is important for G2/M checkpoint activation .
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Figure 3. In response to DNA damaging treatment, checkpoints at several different phases of the
cell cycle are activated. ATM and ATR control these checkpoints through phosphorylation of

target proteins. See text for furter details.

1.2.2.4 DNA repair

If the DNA is damaged the cell will try to restore this lesion with as few genetic
alterations as possible to avoid loss of coding material and to preserve DNA integrity.
To do this cells are equipped with a variety of specialized DNA repair systems, roughly
divided into five different pathways namely mismatch repair (MMR), base excision
repair (BER), nucleotide excision repair (NER), non-homologous end-joining (NHEJ)
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and homologous recombination (HR). Each repair pathway recognizes specific types of
DNA lesions and their mechanism of repair will be described briefly below.

MMR is primarily involved in correction of base-base mismatches and
insertion/deletion mispairs introduced during DNA replication and recombination '*.
These lesions are recognized by heterodimers consisting of MSH2 and either MSH6 or
MSH3 and a second heterodimer, consisting of MLH1 and either PMS1 or 2, is
recruited. PCNA and the exonuclease EXOI1 then associate with the complex to excise
mismatched bases after which DNA polymerase  re-synthesizes DNA and DNA ligase
I ligates the nick. MMR is not essential for repair of DNA damage caused by DNA
damaging agents, rather MMR has been shown required for the cytotoxic effects of
several anticancer drugs through recruitment of DNA damage sensors resulting in
induction of apoptosis .

BER eliminates bases that are either damaged (e.g. by reactive oxygen species (ROS)
or DNA damaging drugs such as alkylating agents) or inappropriate (e.g. introduced
through treatment with antimetabolites) '*. The first step of BER is base excision,
where a DNA glycosylase cleaves the damaged base, creating an apurinic or
apyrimidinic (AP) site. Next, an AP endonuclease (APE1) process the AP site
generating nicked DNA, followed by excision of the lesion, DNA polymerase 3
dependent gap filling and sealing of the remaining nick by the XRCC1-DNA ligase 3
complex. BER can also be activated by single strand breaks (SSB), caused e.g. by
irradiation. In this case the SSB is recognized by a complex consisting of XRCC1 and
PARP1, and these two proteins then help recruit other proteins involved in later stages
of BER.

NER is responsible for repairing thymidine dimers formed by exposure to UV
irradiation and other bulky DNA lesions induced e.g. by crosslinking agents . Many
of the genes encoding proteins involved in NER (XPA-XPG) are mutated in the
different subgroups of the autosomal recessive disease Xeroderma Pigmentosum,
manifested by inability to repair UV-induced DNA damage and predisposition to
cancer. It is generally accepted that the initial damage recognition is through the
proteins XPA, RPA and the XPC-Rad23B complex. XPC-Rad23B then recruits the
transcription factor IIH complex (TFIIH) consisting of nine subunits. Two of the
subunits, XPB and XPD with helicase activity then unwind the DNA surrounding the
damage, creating a “DNA bubble” around the lesion. XPG and XPF-ERCCI are then
employed to make incisions on each side of the lesion, and a 24-32 nucleotides long
oligomer containing the DNA lesion is excised. Using the undamaged DNA as
template, DNA polymerase § or € then synthesize a new strand of DNA to replace the
damaged one and a DNA ligase then seals the nicks. Another branch of NER,
transcription-coupled NER, is employed when DNA polymerase II stalls at sites of
DNA damage, and differs from the one described above (global genomic-NER) only in
the steps involving recognition of the DNA lesion.

NHEJ is one of the two major pathways for repairing DNA double strand breaks
(DSBs), introduced e.g. through treatment with ionizing radiation or radiomimetics.
NHE] is active predominantly in G1 and S phases of the cell cycle and provides a fast,
error prone repair by ligating the DNA ends together '°. This repair pathway can result
in loss of genetic material due to processing of DNA ends before ligation. The initiation
of NHEJ is through recognition of both ends of the DSB by the Ku70/80 heterodimer.
Ku70/80 then recruits the DNA-dependent protein kinase catalytic subunit (DNA-
PKcs), forming the DNA-PK complex. The DNA ends are then brought together by the
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bound DNA-PK complexes, and ssDNA overhangs are removed either through the
endonuclease activity of ARTEMIS or through DNA synthesis. In the last step of
NHEJ, DNA ends are joined together by DNA ligase IV/XRCC4 complex.

HR is the other main repair pathway for DSBs and in addition HR is involved in
repair of replication-associated DSBs e.g. induced by topoisomerase inhibitors. In late
S and G2 phases of the cell cycle, sister chromatides give the possibility of
recombination by the slower HR with no loss of genetic material at the DNA lesion as a
result. The first step of HR after DSB recognition is believed to be resection of the
DNA to yield 3’ single-strand overhangs. This process is thought to be carried out by
the MRN complex consisting of Mrell, Rad50 and Nbsl. Mrell has ssDNA
exonuclease activity '/, Rad50 is thought to facilitate DNA unwinding through its
ATPase activity " and Nbs| is believed to be involved in activation of the complex as
Nbsl is a direct substrate for ATM phosphorylation *. After initial resection of the
DNA, ssDNA is coated with RPA and Rad51 is recruited to form nucleoprotein
filaments on the ssDNA. Homologous DNA pairing and strand exchange is then
performed, a process promoted by Rad52, Rad54 and Rad51 paralogs. An emerging
number of additional proteins are also suggested to be involved in the control of HRR
based on protein interaction studies and gene silencing e.g. BRCA2 ", BRCAI ¥,
BLM *!, WRN *? and p53 ¥.

p53 has been shown involved in regulation of virtually all DNA repair pathways *.
This function of p53 is mediated either through regulation of transcription of DNA
repair genes, or through direct interaction with components of the repair machinery.
Interestingly, p53 seems to stimulate certain repair pathways like MMR or NER, while
negatively regulating HR. It is likely that HR needs to be tightly controlled as excessive
HR could potentially result in hyper recombination and genomic instability.

1.2.2.5 Apoptosis

If the damage induced by cytotoxic agents or irradiation is overwhelming or
irrepairable, the damaged cells are removed by induction of apoptosis (programmed
cell death, PCD). Through apoptosis multicellular organisms can dispose of unwanted
cells in a controlled manner, minimizing damage to neighbouring cells and avoiding the
release of immunostimulatory molecules. This is accomplished through the activation
of a family of cystein proteases, caspases, responsible for cleavage of several hundred
target proteins *. Characteristic apoptotic features include cell shrinkage, chromatin
condensation, DNA fragmentation, membrane blebbing and finally engulfment of the
cell corpse by phagocytes '*. Apoptosis is generally subdivided into the intrinsic and
extrinsic pathways *® (Figure 4).

The intrinsic pathway is initiated through mitochondrial permeabilization, a process
regulated by the Bcl-2 family of pro- and anti-apoptotic proteins '*. If the balance of
pro- and anti-apoptotic Bcl-2 proteins is tilted in favour of apoptosis, the proapoptotic
Bcl-2 proteins Bak and Bax will oligomerize within the mitochondrial outer membrane.
These oligomers create pores in the outer membrane, permitting efflux of
intermembrane space proteins such as cytochrome c. Cytochrome c induces the
formation of the apoptosome, a complex consisting of Apaf-1, pro-caspase 9, dATP
and cytochrome ¢ *’. Apoptosome complexes then aggregate into heptamers in which
caspase 9 is cleaved and activated, leading to the cleavage and activation of executioner
caspases 3 and 7. Mitochondrial permeabilization can also be caused by calcium release
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from the endoplasmatic reticulum (ER) in response to ER stress induced e.g. by
oxidative stress **. A rise in intracellular calcium levels triggers the opening of channels
located in the mitochondrial membrane (e.g. PT pores) and release of cytochrome c.

The extrinsic pathway is stimulated through binding of extracellular apoptosis
inducing ligands such as Fas ligand, tumor necrosis factor-a (TNF-a) or TRAIL to
members of the TNF-receptor family containing an intracellular death domain (e.g.
Fas-R/CD95, TNF-R and TRAIL-R). Ligand receptor interaction results in receptor
trimerisation and recruitment of intracellular adapter proteins FADD (Fas associated
death domain) or TRADD (TNF-R associated death domain), necessary for recruitment
of initiator pro-caspases 8 and 10. The assembled complex consisting of
receptor/adaptor/pro-caspase is called the death inducing signaling complex (DISC) ¥,
and within this complex pro-caspases 8 and 10 are activated through autoproteolytic
cleavage. Activated initiator caspases are then released and can either directly cleave
and activate executioner caspases 3 and 7 (type I cells) or engage the mitochondrial
pathway through cleavage of the Bcl-2 family member Bid *°. Truncated Bid (tBid)
promotes oligomerization of Bax like proteins resulting in mitochondrial outer
membrane permeabilization, cytochrome c release and apoptosome formation (type II
cells) *'.

Apoptosis is further regulated by additional layers of pro- and anti-apoptotic proteins.
Inhibitor of apoptosis proteins (IAPs) is a family of important negative regulators of
caspases, including e.g. XIAP, c-IAPs and survivin. IAPs either bind directly to
caspases such as caspase 9, 3 and 7 and suppress their catalytic activity, or act as
ubiquitin ligases to target caspases for degradation °2. IAPs are in turn inhibited through
caspase dependent cleavage * and by the actions of Smac/Diablo ** and Omi/Htra2 *°.
Apoptosis is also regulated by the stress-activated protein kinases (SAPK) JNK (c-Jun
N-terminal protein kinase) and p38. Targets of JNK phosphorylation are e.g. p53 and
members of the Bel-2 family *°, while p38 has been suggested to induced Bax
translocation to mitochondria and cytochrome c release °’. The exact role of SAPK
signaling in apoptosis is however complex as e.g. JNK has been shown to have pro- or
antiapoptotic functions, depending on cell type, nature of the death stimulus and
activity of other signaling pathways *°.

pS53 is one of the main regulators of apoptosis. In response to DNA damaging
treatment, p53 accumulates in the nucleus and promotes transcription of a number of
pro-apoptotic genes such as the pro-apoptotic Bcl-2 family members Bax, Noxa, Puma
and Bid, as well as Apaf-1 and death receptors Fas-R and TRAIL-R **. p53 has also
been shown to inhibit transcription of several anti-apoptotic genes e.g. Bcl-2 *° and
survivin '®. In addition, a transcription independent role of p53 in promotion of
apoptosis has been suggested through p53 accumulation in the cytoplasm, inhibition of
anti-apoptotic Bcl-2 family members and activation of Bax and Bak '°',

Apoptosis is not the only route to cell death in response to DNA damaging treatment.
Other possible outcomes include necrosis, mitotic catastrophe or senescence '
Necrosis is an energy independent form of cell death characterized by vacuolation of
the cytoplasm, breakdown of the plasma membrane and induction of inflammation
around the dying cell as a consequence of released immunostimulatory molecules '*.
In energy deprived cells apoptosis is no longer an option as this is an energy dependent
process, and in these cases the mode of cell death could be switched to necrosis.
Mitotic catastrophe is caused by failure to activate cell cycle checkpoints in response to
DNA damage resulting in aberrant mitosis '**. Mitotic catastrophe is associated with
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multinucleate, giant cells containing uncondensed chromosomes. Senescence is a form
of permanent growth arrest triggered by DNA damage, oncogenic signaling and
telomere shortening '®. p53 and pRb has been identified as two of the principal
regulators of senescence.
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Figure 4. Apoptosis is generally subdivided into the intrinsic and the extrinsic pathway. In the
intrinsic pathway (1), pro- and antiapoptotic members of the Bcl-2 protein family controls
permeabilization of mitochondria. In response to proapoptotic signaling e.g. through p53, the
proapoptotic Bcl-2 family members Bax and Bak oligomerize in mitochondrial outer membrane
permitting for efflux of cytochrome c. Cytochrome c¢ associates with Apaf-1 and pro-caspase 9,
forming the apoptosome complex in which pro-caspase 9 is cleaved to active caspase 9. Caspase 9
then cleave executioner pro-caspases 3 and 7 resulting in caspase 3 and 7 dependent cleavage of
target proteins and apoptosis. The extrinsic pathway (2) is activated as proapoptotic extracellular
ligands such as Fas, TNF-o or TRAIL bind to cellular death receptors. Upon ligand-receptor
interaction, intracellular adapter proteins FADD or TRADD associate with the intracellular
domains of death receptors and pro-caspase 8 or 10 is recruited to form the Death inducing
signalling complex (DISC). In this complex pro-caspase 8/10 is cleaved and activated caspase 8/10
then cleave executioner caspases 3 and 7 (type I cells). Alternatively, caspase 8/10 cleaves Bid, and
truncated Bid (tBid) engage the intrinsic pathway through promoting Bax and Bak oligomerization

(type II) cells.
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1.3 TARGETED CANCER THERAPY

1.3.1 Critical targets of cancer therapy

The aim of modern anticancer treatment is targeted therapy where specific features of
tumor cells are used as starting points for rational therapy design. One could argue that
also traditional cytotoxic drugs are targeted as they act preferentially on rapidly
dividing cells. However the usability of these traditional drugs is often limited by the
difficult side effects they also possess on endogenous normal rapidly dividing cells.
Truly targeted therapies should be able to discriminate between normal cells and cancer
cells. The hallmarks of cancer postulated by Douglas Hanahan and Robert Weinberg *
described above, will be used as a base for the discussion below on current and future
efforts to improve anticancer treatment.

Targeting growth signaling. As discussed above cancer cell proliferation is driven by
deregulated growth signaling. This knowledge has been used in the development of
targeted anti cancer therapy such as imatinib (Gleevec) for treatment of chronic
myeloid leukemia (CML) '®. Imatinib binds to the Ber-Abl fusion tyrosine kinase and
inhibits its constitutive signaling, thereby inhibiting the progrowth signaling. The first
example ever of targeted therapy however, is maybe the use of Tamoxifen for treatment
of breast cancer. Tamoxifen inhibits proliferative signaling through inhibition of the
estrogen receptor (ER). Other examples of growth factor receptors targeted by drugs
are EGF-R (gefitinib, Iressa) and HER2/neu (trastuzumab, Herceptin) '*’. There are
drugs in clinical trials aiming for inhibition also of intracellular growth signaling
components such as Ras (tipifarnib) ',

Targeting evasion of apoptosis. Restoration of the apoptotic machinery constitutes an
attractive way of selectively targeting cancer cells. It is believed that many cancer cells
are primed to enter into apoptosis triggered e.g. by oncogenic activation and
deregulated growth signaling, however due to abrogation in the apoptotic machinery
the execution state is never reached. Reactivation of apoptotic signaling could therefore
be a way to allow for execution of apoptosis selectively in cancer cells. Mechanisms of
action for some of the drugs in clinical trials are through reactivation of mutated p53
1% inhibition of p53 degradation '', inhibition of antiapoptotic Bcl-2 ' and inhibition
of the apoptosis inhibitors XIAP ' and survivin ',

Targeting limitless replication. Telomerase is expressed by 85-90% of malignant
cells and inhibition of this enzyme would be detrimental to these cells, as the telomeres
would be lost resulting in permanent growth arrest or cell death. Two approaches for
targeting telomerase/telomere systems reaching clinical trials in the near future are
molecules interfering with the interaction between telomerase and telomeres, or
molecules acting directly on the telomeres leading to telomere degradation ',

Targeting angiogenesis. Interfering with angiogenesis, potentially leading to
starvation and death of the tumor has long been a potential therapeutic niche that
researchers have put high hope in. With the introduction of bevacizumab (Avastin), an
antibody targeting vascular endothelial growth factor (VEGF), on the market new fuel
is put into research on drugs targeting angiogenesis ' .

Targeting tissue invasion and metastasis. The first targets of cancer therapy within
this field were matrix metallo proteinases (MMP), but inhibitors of MMPs did not meat
the expectations ''°. New generations of drugs aiming to inhibit tissue invasion and
metastasis are now entering clinical trials with Src-kinase inhibitors (modulation of
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adhesion complex turnover) and urokinase (protease) inhibitors leading the way,
followed by ROCK (kinase linked to cell motility) inhibitors '”.

Targeting DNA repair. Components of DNA repair pathways are often altered in
cancer cells. These alterations can present themselves either as increased activity in
certain repair pathways, resulting in resistance to DNA damaging agents, or as defects
in specific pathways that can be exploited pharmacologically ''®. Combination
therapies with cytotoxic agents and inhibitors of proteins involved in DNA repair (e.g.
PARP, Chk1/2, ATM and DNA-PK) are currently in pre-clinical and clinical trials ''®.
Interestingly, certain subsets of tumors with defects in proteins involved in DNA repair
(e.g. BRCA1 and BRCA2) have been shown hypersensitive to PARP inhibition '°.
PARP inhibitors cause single strand breaks and stalled replication forks ultimately
resulting in DNA double strand breaks if not resolved properly. Tumors deficient in
components of the homologous recombination repair pathway fail in repairing these
lesions and are consequently sensitive to monotherapy with PARP inhibitors, currently
tested in clinical trials.

1.3.2 Knowing what to target-Predictive biomarkers

With the development of new molecularly targeted anticancer agents it is also equally
important to develop methods to characterize the tumors '?° - if the target is not there,
targeted therapy will not cure the patient. Predictive markers can be defined as factors
that indicates sensitivity or resistance to a specific treatment, and such markers would
be extremely important when deciding what targeted drugs to use. Only a few
predictive markers are used within the clinic today, examples are estrogen and
progesterone receptor positivity in breast cancer indicating that the patient will benefit
from hormone therapy and HER2/neu positivity also in breast cancer indicating that the
therapeutic antibody trastuzumab (Herceptin) would be effective in killing the tumor
121

Different methods for developing predictive markers could be considered. The most
direct way would be to sample the tumor and measure the presence of the specific
target. This could be done directly through the use of affinity based assays or
cyto/histochemistry to measure the presence or level of a protein, or through genetic
analysis where mutations and other aberrations (deletions, translocations or
amplifications), altering the activity of a protein could be assessed. It is not certain
however that the increased level of a protein or the presence of a specific mutation can
answer the question of whether a patient will benefit from a treatment or not. Other
tumor characteristics could modify the treatment response, even if the specific target is
present. In order to address this question, cohort studies could be designed where
differences in molecular patterns between responders and non-responders to a specific
drug could be studied.

The possibility to study molecular patterns in cancer cells has improved dramatically
with the new omics methods, but there is still a need for high-throughput multiplex
assays that can be used as diagnostic tools. Due to a growing catalogue of potential
drugs, it will be increasingly important to know which drugs to choose. One of the most
important factors deciding treatment outcome is that the right drug is delivered as soon
as possible. Most patients do not have the time to randomly try the effect of several
different treatments, as the tumor will keep growing until it is properly treated. Also the
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cost of these treatments is often very high, further underscoring the importance to give
the right drug to the right patient.

1.3.3 Targeted therapy conclusions

Cancer is the common name for a large family of diseases affecting a broad range of
organs within the body. Different cancer diseases do share common features as
described above, but that does not mean that they all have the same genomic
alterations. Cancer cells are heterogeneous and the complexity of the molecular
alterations in these cells is overwhelming. It is of great importance to understand what
the causes and consequences of these molecular alterations are. This basic knowledge
can then be used in rational design of targeted cancer therapies. Future cancer therapy
will most probably be based on the combination of molecularly targeted anticancer
agents, each being the result of thorough research and knowledge within a specific part
of the cancer biology field. Conventional chemotherapy and irradiation will likely keep
their positions as cornerstones in cancer treatment, but in combination with targeted
therapy '**. Each tumor should also be systematically characterized with respect to a
large panel of features, or biomarkers, in order to direct the treating physician to the
right combination of drugs. Combining anti-cancer drugs has long been used in clinical
practice, but up to date primarily to minimize the development of resistance and too
severe side effects. Since most traditional anti cancer drugs has a common target,
namely DNA, the combination of drugs for synergistic effects has limited value. With
the development of targeted anti cancer drugs, aiming for a broad range of specific
features, a new possibility of using rational combinations to kill cancer cells more
effectively has emerged. New technologies enabling high throughput characterization
of tumors will lead to the discovery of new molecular targets of anti cancer therapy.
One of the important tasks for the future will be to determine the most promising

combinations of targeted drugs, and to evaluate these combinations clinically '’.
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1.4 S100A6
1.4.1 The S100 protein family

The S100 family of proteins is a large family of calcium binding proteins with more
than 20 members identified today '*. In 1965, the first S100 protein was isolated from
bovine brain by Moore and coworkers as part of a systematic attempt to isolate proteins
specific to the nervous system and it was named S-100 because of its solubility in
saturated ammonium sulphate at pH 7 '**'*. Subsequent studies revealed that this
fraction contained predominantly two proteins, S100B and S100A1 with molecular
weights of approximately 10 kDa. All of the S100 proteins are low molecular weight
proteins ranging from 9 to 13 kDa with 25-65% identity at the amino acid level. The
majority of S100 genes are clustered on chromosome 1q21 and these S100 proteins are
named S100A followed by consecutive Arabic numbers i.e. SI00A1, S100A2 and so
on. S100 genes from other chromosomal regions are named S100 followed by a single
letter i.e. S100B or S100P '*°. The S100 protein family seems phylogenetically young,
so far S100 proteins are found only in vertebrates '*°.

A combining feature of S100 proteins is the presence of two EF-hand calcium
binding domains; one “S100 specific” or “pseudo EF-hand” located at the N-terminal
portion of the protein, and one classical EF-hand located at the C-terminal part of the
protein. The classical calcium binding EF-hand motif was first described by Kretsinger
and Nockolds, and it consists of two a-helices with an intervening 12-residue calcium
binding loop '*’. The pseudo EF-hand specific for S100 proteins has 14- amino acids in
the loop and lower affinity to calcium than the classical EF-hand '**. Separating the two
EF-hand domains is an intermediate region known as the hinge. This region and the C-
terminal region flanking the classical EF-hand domain are the most variable regions
between the different S100 proteins and they have been suggested to give the specific
biological activity of the individual proteins. Intracellular calcium levels are tightly
controlled and range from resting levels of about 100 nM to signalling levels of close to
1 uM. Calcium binding to the classical EF-hand on S100 proteins (K4 = 10-50 uM)
suggests that the affinity between S100 proteins and calcium is to weak to be
physiologically relevant, however this affinity is improved upon target protein binding
and certain post translational modifications '*°. The calcium affinity to the pseudo EF-
hand is even weaker (K4 = 200-500 uM), disputing the in vivo relevance of calcium
binding to this site "*. Binding of calcium to the classical EF-hand of S100 proteins
induce a dramatic change in conformation, resulting in a more open structure and
exposure of the hinge region involved in target protein interaction (Figure 5).

It is generally suggested that within cells most S100 proteins exist as homodimers
held together by non-covalent bonds '*!, but in several cases formation of
heterodimeres has also been shown e.g. SIO0A8/SI00A9 ' Post translational
modifications of S100 proteins have also been shown, e.g. through phosphorylation of
S100A8 and S100A9 ' or redox modifications of cystein residues in S100A1 and
S100B **!*° adding another level of S100 activity regulation. S100 proteins are non
ubiquitous proteins showing distinct tissue and cell type specificity '*° indicating that
different S100 proteins have distinct cellular functions in spite of the structural
similarities. Both intracellular and extracellular roles have been suggested for S100
proteins as reviewed by Donato '

S100 proteins have no known enzymatic activity, so the biological functions are
generally believed to be through interaction with other proteins and regulation of these
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target proteins functions. Much effort has been put into finding the interaction partners
of S100 proteins, and today more than 100 target proteins have been suggested '*.
Most of these interactions are calcium dependent and the suggested functions of these
interactions can be divided into five major groups: (i) regulation of phosphorylation
mediated by protein kinases, (i1) modulation of enzymatic activity, (iii) maintenance of
cell shape and motility, (iv) influence of some signal-transduction pathways, and (v)
promotion of calcium homoeostasis. A large number of target proteins have been
suggested for S100 proteins however the physiological relevance and the biological
consequence of these interactions, in many cases, remain to be determined.

EF-hand

$100-hand Target
Protein

Target
Protein

Target

e s Protein
apo-5100 structure Calcium bound S100
“closed structure” Conformational change
Exposure of hydrophobic $100 protein dependent regulation
surfaces of target protein function

Figure 5. Calcium interaction of S100 proteins induces a dramatic conformational change,
exposing hydrophobic binding surfaces on the S100 protein. Most S100 protein interactions are
dependent on this conformational change. S100 proteins excert their biological functions through

regulating the activities of the bound target proteins.

1.4.2 S100 proteins in disease

In the past few years S100 protein family members have been shown to have critical
connections to major diseases such as inflammatory diseases, neurodegradation,
cardiomyopathies and cancer.

Three members of the S100 family, SI00A8, S1I00A9 and S100A12, predominantly
expressed in neutrophils and macrophages, are strongly associated with pro-
inflammatory functions. S100A8 and S100A9 form a heterodimer that is released from
activated neutrofils and has a chemotactic effect in the local microenvironment through
interaction with several different cell surface receptors, e.g. the receptor for advanced
glycation end products (RAGE) '*”. S100A8 and S100A9 have been shown upregulated
in several inflammatory disorders such as rheumatoid arthritis and cystic fibrosis '**.
S100A12 directly activates endothelial cells, mononuclear phagocytes and lymphocytes
through interaction with RAGE '’ resulting in secretion of proinflammatory
mediators. The above mentioned three S100 proteins, together with SI00A7 have all
been shown upregulated in psoriatic lesions, suggesting a role in the development of
psoriasis ',

S100B, one of the first S100 proteins discovered in bovine brain, has been shown
upregulated in response to traumatic brain injury in peripheral blood and cerebrospinal
fluid '*%. S100B has also been shown upregulated in the post mortem brain tissue in
Alzheimer’s disease and Down’s syndrome. Produced primarily by astrocytes, S100B
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exerts autocrine and paracrine effects on glia, neurons, and microglia '**. The biological
effect of secreted SI00B depends on concentration. At low levels S100B stimulate
neurite outgrowth and act as a neurotrophic factor '**, while higher concentrations of
S100B induce inflammation and apoptosis '*'*°. Also S100A6 has been implicated in
neurodegenerative disorders in a limited number of publications. In Alzheimer’s
disease it was shown, both in human post mortem brain and in mouse models, that
S100A6 protein was up-regulated in astrocytes surrounding the amyloid deposits of
senile plaques '*". Also in amyotrophic lateral sclerosis (ALS) overexpression of
S100A6 has been shown in astrocytes located near affected motoneurons '**'*°. So far
no biological function of SI00A6 in the development of neurodegenerative diseases has
been shown.

S100A1 is highly expressed in mammalian myocardium, where it modulates
contractile performance . SI00A1 has been shown upregulated in right ventricular
hypertrophy "', and downregulated at end stage heart failure '*>. At the molecular
level, SIO0A1 has been shown to interact with components of the calcium homeostasis
system regulating cardiac muscle contraction/relaxation such as the cardiac ryanodine
receptor, the SR Ca: -ATPase 2a (SERCA2a)-phospholamban (PLB) complex, cardiac
titin, and mitochondrial Fi-ATPase '*>.

1.4.3 S100 proteins in cancer

Several S100 proteins have been shown deregulated in cancer as will be described
below.

S100A1 is overexpressed in renal cell carcinoma but not in normal tissue ~°, and
further S100A1 has been validated as a marker for differential diagnostics and
prognosis determination in renal cancer >'*°. SI00A1 has also been suggested to
inhibit the pro-metastatic activities of S100A4 through heterodimerization ",

8100A2 has been suggested to be a tumor suppressor as downregulation of S100A2
expression has been shown during progression of cancer. Such correlations have been
shown in non small cell lung cancer (NSCLC) "**'°, breast cancer '®°, prostate cancer
11 oral cancer ', bladder cancer '* and melanoma '®>. Hypermethylation of the
S100A2 promoter is thought to be the mechanism for this loss of SI00A2 expression
1 However other groups have reported upregulation of SI00A2 in NSCLC and a
correlation with lymphatic invasion '°“'*® and in pancreatic cancer S1I00A2 has been
correlated to poor prognosis '®. It has been shown that SI00A2 interacts with the
tumor suppressor p53 and increase its transcriptional activities ', but further studies
are needed to establish the biological consequences of SIO0A2 downregulation.

810044 has been intensively studied in human cancer and the data supporting its role
in tumor progression is overwhelming. Upregulation of SI00A4 has been shown in
cancer of the bladder '**'"', endometrium 172, pancreas 173’174, colorectum 175'178, lung
167,17 thyroidea 10 breast 181'184, oral cavity 185, stomach 186, prostate tol, gallbladder 187
and esophagus '**. In most cases the upregulation of S100A4 has been correlated to
poor prognosis, and in many cases to the development of metastasis. In analogy to
S100A2, methylation of the S100A4 promoter has been suggested as a regulatory
mechanism for S100A4 expression and hypomethylation has been correlated with high
expression '™, The biological role of S100A4 in tumor progression in general and
metastasis in particular has also been studied in many laboratories. It has been shown
that SI00A4 interacts with p53 and that this interaction inhibits phosphorylation of p53

154
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and modulate its transcriptional activity '®. The prometastatic functions of S100A4 has
been studied in rodents, most widely in breast cancer models, and it has been shown
that overexpression of SI00A4 itself is not tumorigenic but that it correlates with the
development of metastasis '**"'*%. Further supporting the causal role of SI00A4 in the
process of metastasis, it has been shown that downregulation of SI00A4 suppress the
formation of metastasis in animal models of lungcarcinoma and osteosarcoma '™,
On the molecular level SI00A4 interacts with nonmuscle myosin II and has been
shown involved in the regulation of cellular motility '*>'*°. S100A4 is also secreted,
and extracellular SI00A4 stimulates matrix metallo protease activity '*"'*®. These
findings support the role of S1I00A4 in metastasis as remodelling of the extracellular
matrix through proteolysis and cell migration are important in initiation of the
metastatic cascade.

S$100A46 expression has been directly correlated with the neoplastic phenotype, being
more expressed in cancer than in normal tissues. Upregulation of S100A6 has been
shown in pancreas '*'*2% where S100A6 expression was reported to be a negative
prognostic factor 2> and in colorectal >’ cancers where it was more expressed in
invading fronts and liver metastasis then in primary tumors. Increased expression of
S100A6 has also been shown in thyroid cancer ***%, gastric cancer *'°, breast cancer
I and in some cutaneous tumors '~ In opposite of the above findings increased
S100A6 levels in osteosarcoma > have been coupled with improved survival and
lower risk of metastasis. Moreover, loss of SIO0A6 in tumors compared to benign
proliferative lesions has been observed for prostate cancer *'* and melanoma *°. At the
mRNA level however it has been shown that higher expression of SI00A6 mRNA in
malignant melanoma correlates with a shorter survival time '®. As in the case of
S100A2 and S100A4 promoter hypermethylation is suggested to regulate S100A6
expression during cancer progression *'®*'”. The biological functions of S100A6 will be
discussed below.

S100A7 has been studied primarily in breast cancer, where its expression has been
correlated to more aggressive tumors *'***°. SI00A7 was shown to interact with Jab-1
(c-Jun activation domain-binding protein 1) leading to increased activity of the NF«xB
pro survival pathway >'®**'***, The level of SI00A7 has also been studied and shown
upregulated in bladder cancer **, skin cancer ** and lung cancer %

S10048/510049 is mostly associated with inflammatory conditions as described
above, but in several cases deregulation of the two components of this heterodimer has
been observed in cancer. Upregulation of SI00A8 has been shown in prostate cancer
227 pladder cancer ** and endometrial cancer **° and association of S100A9 to tumor
differentiation has been shown in liver, lung, thyroid and breast cancer *°**°.
Upregulation of both proteins has been shown in colon cancer ** while downregulation
of both proteins has been shown in head and neck cancer **° and esophagus cancer *°.
The involvement of SI00A8/S100A9 in both inflammation and cancer suggests that
this heterodimer may play a key role in inflammation-associated cancer.

S$100A11 downregulation was shown to correlate with bladder cancer progression and
also loss of SIO0A11 expression was associated with poor survival suggesting a tumor
suppressor function of SI00A11 *’. A possible role of SI00A11 could be through
inhibition of cell cycle progression as overexpression of S100A1l1 results in
upregulation of p21 ***. However, in lung cancer, colon cancer and prostate cancer
S100A11 increased with higher tumor stage and in lung cancer high level of SIO0A11
correlated with positive lymph node status *°*".
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S100B is closely associated with the development of malignant melanoma and
increased serum levels of S100B correlates with increasing melanoma grade ***2*. An
increased serum level of S100B has also been shown to correlate with metastasis and
decreased survival **?* The correlation between melanoma tumor load and S100B
serum levels makes S100B a useful diagnostic marker for melanoma and a potential
marker for treatment response assessment >*'>**. S100B has been shown by several
groups to interact with p53 2*-°°. It has also been shown that this interaction inhibits
p53 oligomerization and transcriptional activity and reduces the abundance of p53
#9231 Conversely inhibition of S100B using antisense resulted in increased p53 levels
2 Tn addition it was shown in the same paper that p53 is a transcription factor for
S100B, suggesting a negative feed back loop for p53 through S100B.

1.4.4 S100A6

S100A6 was originally discovered in the mid 80ies by several different groups. In
1986 Calabretta and coworkers cloned a gene called 2A9 (S100A6) after a differential
screening of genes to find sequences inducible by serum *****. The gene was not
expressed in quiescent cells, but was induced by stimulation with serum, platelet
derived growth factor and epidermal growth factor. Exponentially growing cells also
expressed the 2A9 gene and expression was shown increased in leukemia *>>**°. The
full gene of 2A9 was sequenced the following year, and named Calcyclin (Calcium
binding, cell cycle related) *°’. The Calcyclin gene was shown to have three exons and
was localized to the long arm of chromosome 1. In 1987 Kuznicki and coworkers
isolated a novel calcium binding protein named CaBP (Calcium Binding Protein
(S100A6)) from Ehrlich-ascites-tumor cells 8 The size of the protein was estimated to
be 10.5 kDa and two calcium binding sites with different affinity were suggested.
Calcium binding of CaBP altered UV absorbance, fluorescence intensity and affinity to
phenyl-Sepharose, all indications of a calcium induced conformational change. The
S100A6 gene was also independently cloned by Murpy and coworkers in 1988 and
named PRA (Prolactin Receptor Associated) as the protein encoded by the gene co-
purified with the prolactin receptor **°. The clustered organization of S100 genes in
chromosome 1921 (S100A1-S100A18) was later used to introduce a new logical
nomenclature, based on the physical arrangement of S100 genes on the chromosome,
and so the name S100A6 was suggested to be used instead of 2A9, Calcyclin, CaBP
and PRA *®.

The three dimensional structure of SI00A6 was initially determined in solution in the
apo state by NMR spectroscopy **'. It was suggested that apo S100A6, like most other
S100 proteins, formed symmetric homodimers, and that each subunit consists of two
helix-binding loop-helix (EF-hand) motifs packed in a parallel fashion, joined by a
linker loop (hinge). The authors further suggested that the apo S100A6 dimer was held
together by hydrophobic interactions and that the two subunits were packed in an
antiparallel fashion. The same group later showed, using NMR, that calcium binding of
S100A6 only induced small changes in conformation and they concluded that calcium
binding would not be sufficient to trigger fundamental changes in protein—target
interactions *°>. In stark contrast to these findings it was later shown by X-ray
crystallography that calcium binding of SI00A6 results in a dramatic change in the
global shape and charge distribution of the SI00A6 dimer, leading to the exposure of
two hydrophobic target binding sites **. The largest conformational changes seen
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upon calcium binding were reorientation of helix III (86°) and marked changes in the
position of the hinge region and the C-terminal part of the protein. As pointed out
earlier these regions are the most variable between different S100 proteins, and
exposure of these regions would enable specific interactions for different S100 proteins.
It has been suggested that SI00A6 forms heterodimers with S100B, but the functional
consequences of this interaction has not been determined ****%.

The calcium affinity of SI00A6 has been studied by several different groups
As for other S100 proteins the calcium affinity for the C-terminal EF-hand of S100A6
(K4 =20mM) would allow for calcium binding during calcium influx, while the N-
terminal pseudo EF-hand affinity is likely too weak to bind calcium at physiological
concentrations. The affinity of S100A6 and other S100 proteins to calcium is
modulated by target protein interaction and also by the oxidative state of cystein
residues in the protein, indicating that in its proper environment the affinity between
S100A6 and calcium is much higher ***®. It has also been shown that S100A6 binds
zinc, and that the affinity of this binding is 2-300 times higher than the affinity to
calcium . However, due to extremely low intracellular levels of zink the
physiological relevance of this interaction in regulation of intracellular S100A6
functions is questionable.

The tissue expression of SI00A6 has been studied using northern blot, where it was
shown that SI00A6 mRNA expression in normal human tissue was high in lung, colon,
kidney, placenta, ovary and mammary gland '®. The highest mRNA level was seen in
lung, which was also seen for mRNA levels of SI00A4 and S100A2. In mouse tissue
S100A6 mRNA expression was found in greatest amount in organs containing
proliferating cells, e.g. epidermis, skin, stomach, uterus of pregnant mouse, placenta,
and decidua **, Using immunohistochemistry it was shown that only epithelial cells
and fibroblasts showed positive ST00A6 staining in all human tissues examined (breast,
heart, intestine, kidney, liver, ovary, placenta, stomach, thymus, and uterus), further
suggesting involvement in proliferation **’. Immunohistochemistry has also been used
to study SI00A6 distribution in brain, where positive staining has been shown in
neurons >° and astrocytes >’

Several transcription factors involved in promotion of SI00A6 mRNA expression has
been found. Using a series of deletion mutants it was shown that the 164-base pair
fragment just upstream of the SI00A6 gene contained the region responsive to growth
factor regulation *’>. This region was later shown to bind an AP-1 like transcription
factor responsible for SI00A6 upregulation in neuroblastoma cell lines in response to
treatment with retinoic acid 2”°. Further, two E-box motifs has been identified in the
S100A6 gene promoter (-593/-588 and -283/-278), both binding upstream stimulatory
factor (USF) transcription factors *"**”. These motifs were also shown important for
activation of the S100A6 promoter in response to treatment with the fatty acid
palmitate. Moreover, SI00A6 gene expression has been shown upregulated in response
to agents evoking oxidative stress (CdCl,, curcumin or H,O,) through the binding of
Nrf2 transcription factor to an antioxidant response element (-290/-281) *’°. In addition,
treatment of an hepatoblastoma cell line with TNFa. resulted in upregulation of SI00A6
transcription through the binding of NF«xB/p65 to the S100A6 promoter (-460/-451) *"".
Overexpression of NFxB/p65 was shown to increase promoter activity while
overexpression of the NFkB/p65 inhibitor [kBa decreased the activity.

Epigenetic mechanisms have also been shown affecting the transcription of the
S100A6 gene as for example hypermethylation of the promoter region is associated
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with loss of transcription in medulloblastoma 2'” and prostate cancer *'®. Modification
of histone H3 bound to the S100A6 promoter region is an additional epigenetic

mechanism suggested to be involved in regulation of SI00A6 transcription ',

1.4.5 Biological functions of S100A6

The biological functions of SIO0A6 are mainly thought to be through interaction with
and regulation of other proteins as SI00A6 have no shown enzymatic activity of its
own. Research aiming to explain the biological role of S100A6 has therefore been
focused on finding S100A6 interacting proteins.

Several different groups have reported interactions between S100A6 and different
members of the annexin protein family (Annexin A2 2% Annexin A6 **° and
Annexin A1l *'2*%) although with weak affinity and with no suggested biological
function.

Two groups have shown interaction between S100A6 and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), however the interaction did not seem to alter the
enzymatic activity of GAPDH 2%

The chicken isoform of S100A6 interacts with caldesmon, an actin binding protein
regulating assembly and stabilization of microfilaments. SIO0A6 was shown to inhibit
the interaction between caldesmon and actin, thereby reducing caldesmons inhibitory
effect on acto-myosin ATPase activity *****°. These results were later disputed as the
affinity of the interaction between S100A6 and caldesmon was to low to modulate
ATPase activity **’. Tropomyosin is another actin binding protein involved in
regulation of the cytoskeleton, and like caldesmon it has been shown to interact with
the chicken isoform of SI00A6 **. In S100AG6 antisense studies it was later shown that
downregulation of S100A6 resulted in disruption of tropomyosin labeled
microfilaments and a flattened, spread cell morphology **°. However no actual co-
localisation between S100A6 and Tropomyosin was shown as S100A6 localized to the
nucleus. In addition chicken S100A6 has been shown to interact with Calponin *° and
Lysozyme, but without affecting enzymatic activity **.

The most well established S100A6 interacting protein is CacyBP (Calcyclin
(S100A6) Binding Protein). This protein was first identified as a protein interacting
with SI00A6 with higher affinity then previously described proteins such as Annexin 2
or GAPDH ***. When the gene was cloned, nucleotide sequence analysis confirmed that
this was a novel protein expressed predominantly in mouse brain, and it was named
CacyBP **. The interaction was studied in detail and it was shown that S100A6
interacted with the C-terminal region of CacyBP ***. The human homologue of CacyBP
was identified in a yeast two-hybrid screen to find proteins interacting with Siah-1, an
E3-ligase involved in phosphorylation independent ubiquitination of B-catenin, and it
was named SIP (Siah-1 Interacting Protein) *°. Further it was shown that CacyBP/SIP
interacted with another component of the ubiquitination machinery, Skpl, and it was
concluded that CacyBP/SIP was important for proper formation of the ubiquitination
complex. Mapping of the interacting domains showed that the N-terminal part of
CacyBP/SIP was sufficient for interaction with Siah-1, and that the C-terminal part of
CacyBP/SIP was required for interaction with Skpl. Supporting these results it has
been shown that forced overexpression of CacyBP/SIP in gastric cells results in
increased degradation of B-catenin, decreased activity of the B-catenin co-transcription
factor Tct/LEF, inhibition of cell proliferation, suppressed tumorigenesis in vitro and
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prolonged survival time in tumor bearing nude mice ~. Down regulation of

CacyBP/SIP using siRNA resulted in opposite effects. Similar results has been shown
in human renal cancer cells and it has also been shown in clinical tissue samples that
CacyBP/SIP was downregulated in renal cell carcinoma compared to matched non-
tumorous tissue >’. Several other S100 proteins has been shown to interact with
CacyBP/SIP (S100A1, SI00A12, S100B and S100P) *** and together with S100A6
these proteins have also been shown to interact with sgtl, a protein with some
homology to CacyBP/SIP also potentially involved in protein ubiquitination *°.

A biological role of SIO0A6 in regulation of proliferation, initially suggested by
Calabretta and coworkers > has been further supported by SI100A6 silencing
experiments. Using S100A6 antisense expressing pulmonary fibroblasts it was shown
that downregulation of SI00A6 inhibited cell proliferation **°. Similar results were
obtained for SIO0A6 siRNA treated pancreatic cells where it was also shown that
S100A6 downregulation inhibited the invasive potential **.

S100A6 have also been suggested to be involved in secretion processes. S100A6
positivity was shown in rabbit pancreatic islets cells using immunohistochemistry and
S100A6 exposure of permeabilized islets was shown to stimulate insulin release ***°°".
High levels of SI00A6 has been shown in placenta and decidua (see above), and
exposure of cultured trophoblast cells with SI00A6 resulted in increased secretion of
mouse placental lactogen I1 ****%_ A role of S100A6 in secretion is also supported by in
situ hybridization data showing elevated S100A6 mRNA level in mouse tissues
involved in exocytosis ***.

Extracellular functions have been shown for several different S100 proteins and
S100A6 has been detected in the medium of cultured breast cancer ** and glioblastoma
cell lines *®. An extracellular function of S100A6 was further suggested as S100A6
was shown to interact in vitro with the receptor of advanced glycation end products
(RAGE) as has been shown for several other S100 proteins 139307398 Treatment of
neuroblastoma cell lines with high concentrations of recombinant S100A6 resulted in
increased intracellular ROS levels and apoptosis in a RAGE dependent manner .
Implication of S100A6 in the regulation of apoptosis has also been suggested as
S100A6 was shown to enhance the sensitivity to apoptosis induced by a calcium
ionophore in hepatocellular carcinoma cell lines *””. The mechanism for apoptosis
induction by S100A6 was suggested to be through modulation of transcriptional
regulation of caspase-3. In breast cancer cell lines an additional link between S100A6
and caspases has been suggested as Trail and etoposide treatment of cells resulted in a
caspase dependent decrease in S100A6 protein level *'°. In contrast increased
expression of SI00A6 has been shown in gastric cancer cell lines in response to
treatment with the DNA damaging drugs doxorubicin or 5-fluorouracil *'.
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2 THE PRESENT STUDY

21 AIMS

The general aim of this thesis was to use omics methods to find novel therapy related
changes in the cellular proteome. The aim was further to investigate the potential of
affected proteins as biomarkers for prediction of prognosis and response to therapy, but
also as novel targets of cancer therapy. In addition the impact of pS3 on DNA damage
induced stress signaling was investigated. The tumor suppressor p53 is mutated in
approximately 50% of human cancers and most likely its functions are impaired
through other mechanisms in a large portion of remaining tumors, underlining the
importance of this protein in carcinogenesis. Intense research since the discovery of
p53 30 years ago have resulted in vast knowledge about the regulation of p53 and its
involvement in various cellular processes. However, this research has also highlighted
the complexity surrounding p53 and many questions remain to be answered. One aim
of the research presented in this thesis was to further elucidate the cellular functions of
p53 and processes related to this tumor suppressor. When S100A6 was revealed as part
of the cellular response to DNA damaging treatment (paper II), our aim was to pursue
this discovery and elucidate the previously unknown functions of this protein.

The specific aims were the following:

To investigate p53 dependent differences in cellular sensitivity to DNA damaging
agents and p53 dependent differences in DSB repair.

To identify novel proteins involved in p53 dependent signaling in response to DNA
damaging treatment.

To investigate the role of SI00A6 in the cellular response to DNA damaging treatment.
To investigate the function of S100A6 in normal physiology and in carcinogenesis.

To evaluate the expression of S100A6, SI00A4 and p53 in NSCLC and their possible
prognostic value in stage I NSCLC.
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2.2 MATERIAL AND METHODS

Materials and methods used in papers I-IV are described in detail in each paper. A
brief description and comments are presented below.

2.2.1 Cells and treatments
2.2.1.1 Celllines

All cell lines used in papers I-1V are of human origin and established from cancerous
tissue. Cell lines were cultured in humidified air in incubators under controlled
conditions with a temperature of 37°C and at 5% CO,. All culture media were
supplemented with 10% heat inactivated fetal bovine serum, 100 IU/ml penicillin and
100pg/ml streptomycin. The human colon cancer cell line HCT116 and its isogenic
subcell line HCT116 p53-/- *'' (papers I and II), kindly provided by Professor Bert
Vogelstein, were cultured in McCoy’s 5SA medium. Lung cancer cell lines U1810
(NSCLC), H69 (SCLC), H23 (NSCLC) (used in paper II) and A549 (NSCLC) (used
in papers II-IV) were cultured in Dulbecco’s modified Eagle medium. Cells, cultured
in exponential phase, were trypzinated and re-seeded 2-3 times weekly. Viability was
routinely monitored by exclusion of trypan blue. All cell lines were tested negative for
mycoplasma. All treatments and measurements were performed on sub-confluent cell
cultures.

2.2.1.2 Irradiation

All irradiations (y-rays) were performed using a “’Co (cobolt) source at a dose rate of
1.5 Gy/min (papers I, II and IV). Cells were seeded 24h before exposure to ionizing
radiation after which cells were returned to the incubator. The doses used for irradiation
ranged from 8-12 Gy as specified in individual papers. All control cells in irradiation
experiments were mock treated, i.e. they were handled in parallel with irradiated cells
except they were not exposed to IR.

2.2.1.3 Cytotoxic drugs

A panel of clinically used cytotoxic drugs was used in paper I for measurements of
p53s impact on cellular sensitivity to DNA damaging treatment. The drugs used were
Doxorubicin (topoisomerase II inhibitor/intercalating agent), Etoposide (topoisomerase
IT inhibitor), Cisplatin (DNA-crosslinker), Mitomycin (DNA alkylator), Topotecan
(topoisomerase I inhibitor) and Fluorouracil (antimetabolite). Five different doses were
used for each drug, ranging from 10 ng/ml to 100 pg/ml, and sensitivity was measured
using FMCA (see below). In paper IV Doxorubicin was used to assess the impact of
this drug on S100A6 protein level.

2.2.2 Quantification of specific biomolecules
2.2.2.1 Western blot

Western blotting was routinely used to measure protein abundance in papers I, II
and IV. Cells cultured as described above were washed once in phosphate buffered
saline (PBS) and harvested using trypsin. After trypsination, cells were washed once in
culture medium, twice in PBS and snap frozen in liquid nitrogen. Soluble proteins were
extracted using repeated freeze-thaw cycles in a pH 7.5 buffer containing the mild
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detergent Triton X-100, CHAPS and a cocktail of protease inhibitors. After
centrifugation the total protein content in the resulting cell lysate was measured
spectrophotometrically using a protein assay. A normalized amount of protein
(typically 50 pg) was then size resolved using gel electrophoresis, and blotted onto a
nitrocellulose membrane using tank blot equipment. Remaining proteins in the gel were
visualized using comassie staining to control for errors e.g. uneven loading or transfer.
The membrane was blocked in milk and incubated over night at 4°C with a primary
antibody directed against the protein of interest. The membrane was then washed
repeatedly and incubated 1 hour at room temperature in horseradish peroxidase coupled
secondary antibody, recognizing the primary antibody. After additional washing the
enzymatic activity of bound secondary antibody was used to activate a
chemoluminiscence substrate and the resulting light emission was captured on film.
The relative intensity of western blot bands was then used for comparisons of protein
abundance and visualization in individual papers. For normalization purposes a control
antibody was used to detect the protein level of a housekeeping protein showing stable
expression (anti-Tubulin or anti-Fodrin). In paper IV the band intensity was measured
densitometrically using software (Quantity One, BioRad, USA) and reported as a mean
of three independent experiments.

2.2.2.2 Quantitative real-time PCR

Quantitative real-time PCR was used in paper IV for quantification of mRNA
expression of S100A6, p53, IkBa, B-catenin and NF«xB2. Polymerase chain reaction
(PCR) is a method used for quantification of mRNA through enzymatic amplification
of a specific sequence of DNA. Cells were cultured as described above and total
cellular mRNA was isolated using RNeasy kit. The next step is reverse transcription
where mRNA is translated into cDNA by the enzyme reverse transcriptase. Enzymatic
amplification of the sequence of interest is then achieved by using specific
oligonucleotide primers for guidance of the DNA polymerase enzyme. The
amplification is driven by a series of repeated temperature cycles (typically 25-35)
consisting of three steps; Denaturation (95°C) where double stranded DNA dissociates
through disruption of hydrogen bonds, Annealing (58°C) during which the primers base
pair with the template DNA and Elongation (72°C) when the DNA polymerase
synthesize a new DNA strand. In quantitative real-time PCR the progression of the
amplification is measured after each completed cycle through the use of a specific dye,
SYBR green. This dye recognizes and binds to double stranded DNA and when bound,
SYBR green emits light upon excitation. The number of cycles needed to overcome a
preset threshold for the light signal is dependent of the amount of mRNA in the original
sample and can therefore be used for relative comparison. A housekeeping mRNA (j3-
actin) was also measured for normalization purposes.

2.2.3 Measurements of sensitivity to DNA damaging agents

2.2.3.1 Clonogenic survival assay

Clonogenic survival assay is used to measure the capacity of cells to proliferate and
form new clones. It is typically used to determine the fraction of cells that not only
survive a specific treatment, but also continue to divide. This assay was used in paper I
to determine the p53 dependency in radiosensitivity. A specific number of cells were

31



plated in cell culture dishes, allowed to adhere to the surface and then irradiated with
different doses (1-4 Gy). After 10 days cells were washed and fixed and colonies
containing at least 50 cells were counted after staining with Giemsa (DNA stain). The
surviving fraction (SF) is then calculated as the ratio between the number of colonies in
irradiated cells and the number of colonies in untreated cells.

2.2.3.2  Fluorometric microculture cytotoxicity assay (FMCA)

For high throughput purposes short term cytotoxicity assays are preferred over the
more time consuming and laborious clonogenic survival assay. In paper I such an
assay, FMCA, was used to estimate p53s impact on cellular sensitivity to DNA
damaging drugs. FMCA is based on the measurement of fluorescence generated by
hydrolysis of FDA (fluorescein diacetate) to fluorescent fluorescein by cells with intact
plasma membrane. The assay was run in 384 well plates and 72 h after treatment with
DNA damaging drugs the fraction of surviving cells were calculated through
comparing the fluorescence signal in treated cells to the signal in untreated cells. Note
that this assay does not determine the ability of cells to divide and form new colonies,
but only the presence of intact cells.

2.2.4 DNA repair assay

In paper I the ability of cells to rejoin DNA double strand breaks (DSB) induced by
high dose irradiation (40Gy from a "“’Cs (cesium) source) was assayed as a
measurement of DSB repair. '*C labeled irradiated cells, given a limited time to repair
DSBs, were trypsinated, mixed with agarose and molded into plugs. Cells inside the
plugs were then lysed to prepare naked chromosomal DNA and the plugs were loaded
into an agarose gel. DNA was then size resolved using pulsed-field gel electrophoresis
(PFGE). DNA fragments smaller than 5.7 Mbp were quantified by liquid scintillation
measuring the amount of '*C, and used as an estimation of remaining DSB. Note that
this assay does not measure correct DNA repair but only the remaining amount of small
DNA fragments.

2.2.5 Sub cellular localization of proteins

In papers I and II immuno fluorescence microscopy was used to study the
subcellular localization of proteins. Cells were fixed on glass slides using formaldehyde
and permeabilized using the detergent Triton X-100. The cells were then incubated
with a specific antibody recognizing the protein of interest, washed and subsequently
incubated with a fluorophore conjugated secondary antibody recognizing the primary
antibody. The specific fluorescence of the fluorophore was then detected using a
fluorescence microscope to determine the subcellular localization of the protein of
interest. DAPI DNA-staining was used in all fluorescence experiments to visualize
nuclei.

2.2.6 RNA interference

RNA interference, used in papers II and IV, is a method used to reduce the cellular
level of a specific mRNA sequence. This is done through the introduction of a short
sequence (21-23 nucleotides) of double stranded RNA known as short interfering RNA
or siRNA. The siRNA sequence matches the sequence of the target mRNA in the cell.
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siRNA is delivered into the cell either through the exposure of cells to chemically
synthesized siRNAs as in paper II, or using an expression system that produce short
hairpin RNA (shRNA) that is cleaved by the cellular machinery into siRNA (used in
paper IV). The siRNAs is then incorporated into the cellular RNA-induced silencing
complex (RISC). RISC then processes the siRNA and binds to the target mRNA
complementary to the siRNA resulting in cleavage of the mRNA and thereby silencing
of gene expression.

2.2.7 Immunoprecipitation

Immunoprecipitation or immunocapture is a method used to identify protein
interactions used in paper IV. The principle is that a specific antibody is coupled to a
support (e.g. agarose, beads or column), either covalently, or through interaction
between the antibody and other molecules coupled to the support e.g. protein G or A. A
protein mixture, typically a cell lysate, is then exposed to the support coupled antibody.
The antibody will then bind to its target protein, retaining this protein and interacting
proteins to the support. After washing, the target protein and interacting proteins are
eluted (immunoprecipitate). The immunoprecipitate can then be analysed for the
presence of specific proteins using western blot or used for discovery of novel
interactions via mass spectrometry based peptide sequencing. In all
immunoprecipitation experiments relevant control antibodies were included to
distinguish specific interactions (i.e. with the target protein) from unspecific
interactions (i.e. with the antibody or the support).

2.2.8 Proteomics methods

It is estimated that from the 20-25000 genes present in the human genome more than
500000 different variants and isoforms of proteins are derived. The increased
complexity at the protein level is a result of processes such as alternative splicing, post
translational protein modifications and proteolytic processing. The proteome is the
protein content of a specific biological system at a specific time. Proteomics are
methods to study the proteome. Since we don’t have the methods to measure all
proteins in a complex sample at the same time, today’s proteomics methods sample a
fraction of for example the cellular proteome. At best proteomics methods approach
coverage similar to what is seen in current microarray platforms *'*. The first step in
most proteomics methods is to fractionate the proteins in a complex sample to simplify
the detection and quantification. This can be achieved e.g. through electrophoresis,
chromatography or isoelectric focusing. Proteins are then detected e.g. through staining
methods or using a mass spectrometer. Mass spectrometry itself adds an additional
separation step of proteins or peptides. Proteomics methods can be subdivided into top-
down proteomics, where detection and quantification is performed at the protein level,
and bottom-up proteomics, starting with digestion of the proteins into peptides used for
detection, quantification and identification of proteins. The abundance of individual
proteins can be estimated using staining or labelling techniques, or through label free
quantification where protein abundance is estimated from mass spectrometry data. In
many cases the complexity needs to be additionally reduced e.g. for detection of low
abundant proteins, and for this purpose various additional prefractionation techniques
has been developed.
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2.2.8.1 SELDI-TOF-MS

SELDI-TOF-MS (surface enhanced laser desorption/ionization-time of flight-mass
spectrometry) is a top-down (detection of intact proteins) mass spectrometry based
proteomics method used in paper II and III. In this method aluminium based chips
coated with chromatographic surfaces are used to enrich for a certain subset of the
proteome, thereby reducing the complexity and increasing the possibility of detecting
low abundant proteins. Chips with different surface coatings can then be used to
analyze the same sample to increase the proteome coverage. Four different surfaces
were used in paper II, H50 (hydrophobic interaction, used also in paper III), CM10
(cation exchange), Q10 (anion exchange) and IMAC Cu (metal (copper) ion binding).
Cell lysates with normalized total protein concentration were incubated on spots on the
SELDI ProteinChip array to allow for interaction between proteins and chip surfaces.
After washing and drying, a matrix solution (sinapinic acid) was added to each spot for
efficient ionization in the mass spectrometer. ProteinChip arrays were then loaded into
the mass spectrometer inside which a laser is used to ionize the protein/matrix mixture.
Ionized proteins are then accelerated through an electric potential, travel through the
free flight tube and reach the detector. The time needed for each ionized protein to
travel from the ProteinChip surface to the detector is proportional to the mass/charge
ratio of the ionized protein. The output from the mass spectrometer is a mass spectrum
showing a number of peaks spread out over a mass/charge range corresponding to
proteins with specific mass/charge ratios. The intensity of each peak corresponds with
the number of proteins reaching the detector at the same time i.e. having the same
mass/charge. Relative quantification is given through the comparison of specific peaks
intensity between different samples. Different proteins are more or less difficult to
ionize, why comparison of different peaks (i.e. different proteins) in the same spectrum
can not be used for relative quantification. In general larger proteins are more difficult
to ionize presenting a limitation for top down proteomics with today’s mass
spectrometers. SELDI-TOF-MS will not give any direct information of the identity of
the protein peaks. The protein of interest therefore has to be isolated and identified
using additional steps. We used a two step chromatographic method consisting of size
fractionation and reversed-phase fractionation. The protein of interest (S100A6) was
located using screening of the chromatographic fractions with SELDI-TOF-MS. After
the reversed-phase fractionation the protein was judged sufficiently pure for
identification using LC-MS/MS.

2.2.8.2 LC-MS/MS

In paper II LC-MS/MS was used for identification of SI00A6. The reversed phase
fraction containing our protein of interest from SELDI experiments was digested using
trypsin. The resulting peptides were then loaded into a CapLC-Q-TOF (Capillary liquid
chromatography-quadrupole-time of flight). Briefly peptides were separated using
chromatography, ionized through electrospray ionization and fragmented in the
quadrupole. The peptide fragments are then accelerated through the flight tube and
detected at the end of the tube. The resulting fragment spectrum is then used for
database searches of matching peptides.
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2.2.8.3 Fractionation

An alternative to online LC-MS/MS as described above is to do the peptide
fractionation in separate steps before mass spectrometry. In paper IV, fractionation of
peptides was done using nano-LC chromatography and the resulting fractions were
spotted automatically onto MALDI target plates together with matrix solution (CHCA)
using a spotting robot. In the siRNA experiment an additional fractionation step,
peptide isoelectric focusing (IEF), was included before chromatography to increase the
coverage. Immobilized pH gradient (IPG) strips (pH-gradient 3.7-4.9) were used to
separate peptides based on their isoelectric point, strips were then cut, peptides were
eluted and a subset of the IEF fractions were analysed using LC-MALDI-MS/MS. Only
a subset of the peptides will focus in this pH-range, but in theory the majority of all
proteins have at least one peptide in this pH-range (Eriksson et al. Proteomics 2008, in
press). Therefore peptide IEF reduce the complexity of the sample allowing for better
proteome coverage.

2.2.8.4 MALDI-MS/MS

MALDI-MS/MS (matrix assisted laser desorption/ionization) was used in paper IV
for identification and relative quantification of peptides (bottom-up proteomics). The
MALDI target plate with peptides fractionated and spotted together with matrix
solution was loaded into a MALDI TOF/TOF (time of flight/time of flight) instrument.
When operated in MS mode this instrument quantifies and determines mass/charge
ratios of peptides resulting in a mass spectrum as in SELDI-TOF. In MS/MS mode
peptides are separated in the flight tube, and a peptide with a specific mass/charge is
selected and directed into a CID (collision induced dissociation) chamber where the
peptide is fragmented as it collide with gas molecules. The mass/charge ratios of the
resulting fragments are then determined by the time needed to reach the detector. The
fragment spectrum is subsequently used to determine the aminoacid sequence of the
peptide with the aid of database information. Databases are then further used to search
for proteins containing peptides with matching aminoacid sequences.

2.2.8.5 iTRAQ

1TRAQ (isobaric tag for relative and absolute quantification) are tags used for mass
spectrometry based quantification of proteins or peptides. Isobaric tags consist of a
reporter group ranging from 114-117 Da (4-plex version) and a balancing group
making the tags identical in mass and chemistry. In paper IV a 4-plex version of
1TRAQ labels were used in both proteomics experiments (Figure 6). Soluable proteins
or immunoprecipitates were individually digested with trypsin and labelled with four
different isobaric tags (iTRAQ labels). Labelled peptides were then pooled, fractionated
using HPLC (nano-LC) alone or in combination with peptide IEF and spotted onto a
MALDI target using a spotting robot. MALDI-MS/MS was then used to identify the
proteins by peptide sequencing (1) and the relative quantity of the peptides in the four
different samples was estimated by relative peak intensities of the four different
reporter ions (2).
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Figure 6. iTRAQ labelling for relative quantification of peptides and proteins. Samples were
individually digested and labelled with four different isobaric tags. The labelled peptides were then
pooled and separated using peptide IEF and/or nano-LC and automatically spotted on a MALDI
target plate. MALDI-MS/MS was then used to identify the proteins in the sample through peptide
sequencing (1), and the relative quantity of the peptides was estimated by relative peak intensities

of the four different reporter ions (2).

2.2.9 Tissue microarray
2.2.9.1 Biobank material

In paper I11, two separate patient cohorts with early stage non-small-cell lung cancer
(NSCLC) were included. The samples in these cohorts were taken from biobanks at
Karolinska University Hospital and the study was approved by the Institutional Review
Boards at Karolinska Institutet and at Stockholm’s Count Council. Follow-up data were
obtained from the Swedish Cancer registry and from single patient files. In cohort I
tumor cell suspensions from tumors of patients receiving surgery with a curative intent
at Karolinska Hospital Solna between 1980 and 1992 was used for SELDI-TOF-MS
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analysis. In cohort II formalin-fixed and paraffin-embedded tumor tissue from patients
with stage I NSCLC receiving surgery between 1987 and 1992 was used for
construction of Tissue microarrays.

2.2.9.2 Tissue microarray

Tissue microarray (TMA) is a method used for the simultaneous measurement of
specific proteins in a large number of tissue samples using immunohistochemistry
(IHC). A hollow needle is used to remove tissue cores from paraffin embedded tissue
samples. Multiple cores from different samples are then inserted into a recipient block
of paraffin in a precisely spaced, array pattern. Sections from the recipient block is then
cut and adhered to microscope slides (TMA slides). For IHC, the TMA slides were then
deparaffinized, rehydrated, washed, blocked and incubated with primary antibody
directed against the protein of interest. After washing the TMA slide was incubated
with a biotinylated secondary antibody directed against the primary antibody followed
by washing and incubation with streptavidin coupled peroxidase reagent. 3.3-
diaminobenzidin was then used for detection of peroxidase activity and visualization of
protein abundance and localisation. Nuclear counterstaining was performed using
Mayer’s hematoxylin. Evaluation of IHC staining and scoring was done by an
experienced pathologist in concordance with previously published scoring systems for
each protein.
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2.3 RESULTS AND DISCUSSION
2.3.1 Paperl

The entrance point to the studies resulting in paper I was previous work on the
functions of Rad51 " and reports of p53 dependent regulation of Rad51 ®*'**!% In
order to further study the role of p53 in the cellular response to DNA damaging agents
we used the p53 wt colon cancer cell line HCT116 and its isogenic p53-/- sub cell line
311 Although without detecting p53 dependent differences in cellular sensitivity to
DNA damaging drugs or irradiation, we were able to show differences in abundance
and localization of Rad51 in response to irradiation. Rad51 foci formation was
indistinguishable between p53 wt and -/- cells after exposure to ionizing radiation (IR),
but resolution of foci was seen only in wt cells. Resolution of foci also correlated in
time with the development of larger Rad51 formations residing in nucleoli and a
decrease in Rad51 protein level.

Based on these findings we suggested that p53 was involved in disruption of Rad51
nucleoprotein filaments after completion of DNA repair. Other situations when a
shutdown of HR should be beneficial is in response to excessive recombination to
prevent genomic instability *'°, or during the switch from DNA repair to apoptosis >'".
Using real time measurements of nucleation, growth and dissociation of Rad51-DNA
nucleoprotein filaments it has recently been shown that Rad51 depolymerizes slowly
from dsDNA, highlighting the importance of partner proteins to facilitate Rad51
depolymerization *'*. p53s interaction with Rad51 presents a possibility of p53 to
regulate Rad51 polymerization ®. In addition to p53s role in transactivation
independent suppression of HR, p53 has also been shown to inhibit Rad51 transcription
319 presenting an additional level of regulation.

The decrease in Rad51 protein level detected in p53 wt cells post irradiation could be
an effect of p53 dependent suppression of Rad51 transcription, increased Rad51
degradation or both. Our data indicated that nucleolar localization of Rad51 is coupled
to Rad51 degradation. Rad51 has been suggested as a target of sumoylation *****' and
ubiquitination ***, both examples of modifications regulating protein localization and
degradation. The exact mechanism of Rad51 degradation and the potential role of
nucleoli remain to be discovered.

We did not detect any differences in DNA repair as measured by PFGE, indicating
that whatever functions p53 may have in regulation of HR or other repair pathways,
p53 has no marked impact on the rejoining of DNA double strand breaks (DSBs) in
response to ionizing radiation. The reason for this could be that the alternative route to
DSB repair, NHEJ, is dominating in repair of IR induced DSBs **, and that NHEIJ is
independent on p53 status.

Studying the literature, no clear correlation can be made between p53 status and
cellular sensitivity to DNA damaging agents as shown for IR ***** and DNA
damaging drugs **°. This is somewhat surprising given the central role of p53 in
regulation of apoptosis, cell cycle and DNA repair. One possible explanation for this is
redundancy in cellular signaling, where other proteins (e.g. p73 **") cover up for loss of
p53 in induction of apoptosis ***. Another explanation could be that p53 negative cells

die from mitotic catastrophe due to defective cell cycle checkpoints instead of apoptosis
329,330
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2.3.2 Paperll

The evolution of our labs and research focus towards proteomics opened new and
exciting possibilities of unbiased exploratory research. Once again we turned to the cell
line pair used in paper I, this time to search for novel p53 dependent changes in the
cellular proteome in response to IR. HCT116 p53 wt and -/- cells were irradiated and
sampled at several timepoints after treatment, and the resulting cell lysates were
profiled using top-down proteomics. Using mass spectrometry based proteomics
(SELDI-TOF-MS) we were able to monitor up to 500 protein peaks in the sub 30 kDa
mass area. The most striking change in protein profile was an irradiation and p53
dependent increase of a 10.2 kDa protein. Chromatographic isolation of the protein,
followed by trypsination and LC-MS/MS based peptide sequencing resulted in the
identification of the protein as S100A6. A detailed analysis of the proteomics data
revealed that in addition to S100A6 upregulation in response to irradiation, the post
translational modification pattern of SIO0A6 was altered in a p53 dependent manner. In
untreated p53 wt cells unmodified and glutathionylated S100A6 were the
predominating forms, whereas in irradiated cells glutathionylated S100A6 decreased
and cysteinylated S100A6 increased. This change in modification pattern was not seen
in p53-/- cells. The p53 dependence in SI00A6 expression and modification pattern in
response to IR was confirmed using a lung cancer (LC) cell line panel. In the LC cell
lines we discovered that another S100 protein, S100A4, also was expressed in a p53
dependent manner, and that S100A4 showed similar changes as S100A6 in post
translational modification pattern post irradiation. The p53 dependency in expression of
S100A6 and S100A4 was further confirmed through p53 silencing in the p53 wt lung
cancer cell line A549. Since earlier reports described calcium dependent translocation
of S100A6 **'**, we decided to study the effect of irradiation on S100A6 subcellular
localization. Using immunofluorescence microscopy we could show that S100A6
translocated from the nucleus to the cytoplasm in A549 cells post irradiation, and that
S100A6 colocalized in the cytoplasm with tropomyosin, a component of the
cytoskeleton previously shown to interact with S100A6 .

Both S100A6 and S100A4 seem to be connected with development of cancer as both
proteins have been shown upregulated in a number of different malignancies (discussed
above). While the functions of S100A4 have been suggested to be regulation of p53
and cellular processes coupled to metastasis >, the biological functions of S100A6
have remained largely unknown. Our studies reported in paper II were the first ever to
implicate SI00AG6 in the cellular response to DNA damaging agents. This finding in it
self did not assign SI00A6 a specific biological function as multiple major cellular
systems are affected by irradiation such as proliferation, DNA repair and apoptosis. The
connection with p53 suggested that SI0O0A6 may be involved in processes related to
apoptosis, however the timing of the upregulation indicated that SIO0A6 was at least
not part of initiation of apoptosis. Increase in S1I00A6 protein level as well as SI00A6
subcellular localization and post-translational modification in response to IR were all
late events most pronounced at the 48h timepoint and later. Also no evidence exist of
p53 being a transcription factor for S100A6 indicating the involvement of other
transcription factors which in turn are affected by p53.

It is generally accepted that the functions of S100 proteins are dependent on
interactions with other proteins as S100 proteins themselves have no catalytic activities.
A literature search on S100A6 interacting proteins and our findings of cytoplasmic
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S100A6 localisation post irradiation directed our interest to tropomyosin, a component
of the cytoskeleton involved in the formation of stress fibers and cytoskeleton
rearrangements. As we were able to show colocalisation of SI00A6 and tropomyosin in
irradiated cells we suggested that S100A6 is involved in regulation of actin-
tropomyosin dependent cytoskeleton organization.

The interaction between S100 proteins and their targets are in most cases calcium
dependent '*. Calcium binding to EF-hands on S100 proteins induces conformational
changes resulting in the exposure of hydrophobic binding surfaces suggested to be the
primary interaction sites of other proteins. The activities of S100 proteins are also
believed to be dependent of homo and heterodimerization between different S100
family members. /n vitro studies have suggested an additional level of regulation as the
calcium affinity of S100 proteins was shown affected by redox modifications of
conserved cysteine residues located in N- or C- terminal extensions of S100 proteins
134266 " Oyr findings of cysteinylation and glutathionylation of S100A6 and S100A4,
together with the radiation dependency in the pattern of these post translational
modifications, indicate that redox modification is a relevant regulatory mechanism for
S100 proteins in vivo. Treatment of cells with DNA damaging agents results in release
of calcium from intracellular depots, changes in redox milieu and alteration of
cytoplasmic glutathione and cystein content. These variations in the intracellular
environment provide means for regulation of interaction between S100 proteins and
their targets.
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2.3.3 Paperlll

As we in paper II detected large differences in SI00A6 and S100A4 protein levels
between lung cancer cell lines, and also a p5S3 dependency in the expression pattern of
S100A6 and S100A4 we set out to explore the situation in clinical non small cell lung
cancer (NSCLC) and reported the results in paper III. The expression and prognostic
role of SI00A6 in NSCLC have previously not been assessed. The study is based
primarily on two separate cohorts. In cohort 1, a biobank material consisting of
enriched tumor cell lysates from 39 patients with resected NSCLC was analyzed using
a mass spectrometry based proteomics method (SELDI-TOF-MS) for detection of
S100A6. Cohort 2, containing 103 surgically resected stage I NSCLC cases and 14
normal lung parenchyma specimens arrayed in tissue microarrays (TMA), was
analyzed using immunohistochemistry for detection of S100A6, S100A4 and p53
expression.

Using SELDI-TOF-MS we were able to detect the same S100A6 post translational
modifications (i.e. cysteinylation and glutathionylation) in clinical material that were
detected in cell lines in paper II. As these modifications are redox sensitive and
therefore possibly affected by e.g. long time storage, we assessed the presence of
modifications also in freshly prepared NSCLC samples confirming the pattern in cohort
1. We were unable to correlate the SI00A6 modification pattern to tumor type or
patient survival, and concluded that cysteinylated SI00A6 was the predominating form
detected in cohort 1. High SI00A6 peak intensity (cysteinylated form) was associated
with longer median survival time (35 vs 18 months for high and low peak intensity,
respectively), but without reaching statistical significance. We were also able to detect
S100A6 in plasma and pleural effusion samples for the first time indicating a potential
extracellular role of S100A®6.

As cohort 1 indicated a potential correlation between S100A6 expression and patient
survival, we decided to investigate this further in a larger cohort. In addition paper 11
showed p53 dependence in SI00A6 expression, and suggested that SI00A4 expression
was also correlated with S100A6 levels. Therefore the expression of both p53 and
S100A4 was assessed as well. TMA slides with duplicate samples from each tumor
were stained with appropriate antibodies and scored by an experienced pathologist,
blind to clinical data. Each antibody was used to stain two TMA slides, and each case
was scored by combining the evaluation from the resulting 4 samples. On the basis of
previous reports, immunoreactivity was scored as either positive or negative for
S100A6 S100A4 and pS3, being positive in 26/103, 22/102 and 31/103 cases
respectively. S100A6 positivity correlated directly with S100A4 positivity and
inversely with p53 positivity. All normal specimens were negative in staining of
S100A6 and S100A4. The inverse correlation with p53 is in agreement with the results
in paper II showing a correlation between wt p53 and S100A6, as
immunohistochemical staining of p53 is a sign of a missense mutation leading to
accumulation of p53, while wt p53 expression is typically below the detection limit ***.
In the overall population a trend was detected (p=0.07) for longer survival time in
S100A6 positive cases than in negative cases with a median survival time (MST) of
92.6 and 61.5 months respectively. This trend reached statistic significance (p=0.02)
when selecting only p53 negative cases (72 pts) showing MST for S100A6 positive and
negative cases of 112 and 61.5 months respectively. A significant difference in MST
was also detected when examining prognostic impact of SI00A6 in S100A4 positive
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cases. Double positive cases showed improved survival compared to cases positive for
only S100A4 (MST 132 and 63 months respectively). Expression and prognostic value
of SIO0A6 have been studied in other tumor forms with conflicting results. Most
reports show increased expression of SI00A6 in cancer cells compared to normal, but
in some cases increased expression of SI00A6 correlated with poor prognosis (e.g.
pancreatic cancer) while in others correlating with improved survival (osteosarcoma).
These differences could be due to tissue specific functions of SI00A6 or an effect of
stage distribution and sample size differences between studies. Our results also indicate
that expression of other proteins affects the prognostic impact of SIO0A6. As discussed
in paper II, and will be discussed below (paper IV), S100A6 is regulated by, and is
involved in regulation of several different cancer related signaling pathways. To fully
evaluate the prognostic value of S100A6 in subgroups of stage I NSCLC a larger
cohort should be used.

S100A4 positivity has been correlated with bad prognosis, tumor stage, invasion and
development of metastasis in a number of different tumor forms. We could not
demonstrate a prognostic value of SI00A4 expression in stage I NSCLC. Earlier
reports have shown a correlation between S100A4 expression and poor survival in
NSCLC "', However, these studies consisted mainly of adenocarcinomas and did
not examine stage I tumors exclusively, suggesting that S100A4 is involved in the
metastatic phenotype at later stages or histology specifically.

pS3 expression could also not be correlated with prognosis in cohort 2, supporting
some previous reports >>>~-°, while not supporting others **"**. Studying p53 in cancer
with immunohistochemistry has its limitations. p53 is mutated in more than 50% of
NSCLC and in many, but not all cases p53 mutations results in nuclear accumulation of
p53 that can be detected with immunohistochemistry. The subgroup with negative p53
staining is therefore a heterogeneous group consisting of both p53 wt and p53 mutated
cases. To fully validate the impact of wt p53 on survival, mutation analysis should be
done.
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2.3.4 PaperlVv

After our findings in papers II and III, we were more curious then ever to elucidate
the biological functions of S100A6 in normal physiology, stress response and
carcinogenesis. As discussed earlier, the functions of S100 proteins are mainly thought
to be through interaction and regulation of other proteins since S100 proteins have no
shown catalytic activity of their own. We therefore decided to search for novel SI00A6
interacting proteins using our well suited in-house proteomics methods and A549 lung
cancer cells. SI00A6 interacting proteins were retrieved using an immunoprecipitation
protocol where the antibody was covalently coupled to the gel support allowing elution
of bound proteins without antibody (Ab) contamination. Eluted immunoprecipitates (o-
control Ab (untreated), a-control Ab (IR), a-S100A6 Ab (untreated) and a-S100A6 Ab
(IR)) were then digested and labeled using four different isobaric tags. The labeled
peptides were pooled, fractionated using HPLC and automatically spotted onto a
MALDI-target. MALDI-MS/MS was then used to identify the proteins in the
precipitate by peptide sequencing and the relative quantity of the peptide in the four
different precipitates was given by relative quantification of the four different reporter
ions. Out of 177 identified proteins in the precipitates, where the vast majority were not
S100A6 specific, ubiquilin-1 was the highest ranking S100A6 interacting protein. The
interaction between S100A6 and ubiquilin-1 was validated using western blotting and
additional immunoprecipitation with a-ubiquilin antibody.

Ubiquilins (1 and 2, also called PLIC-1 and -2) are proteins suggested to be involved
in regulation of proteasomal degradation of ubiquitinated proteins. Initially it was
suggested that ubiquilin acted as a shuttle to transport ubiquitinated proteins to
proteasomes for destruction, as ubiquilin interacts with both polyubiquitinated proteins
and subunits of the proteasome > ~*. Surprisingly it was shown that ubiquilin
overexpression resulted in stabilization of ubiquitinated proteins normally degraded by
proteasomes (p53 and IxBa). It has also been shown that the Kaposi’'s sarcoma
associated herpesvirus (KSHV) K7 protein inhibits apoptosis and stimulates
proliferation through an interaction with ubiquilin-1, resulting in disruption of the
interaction between ubiquilin-1 and polyubiquitinated proteins and ultimately in rapid
degradation of p53 and IxBa **'. An alternative to the shuttle theory, where ubiquilin-1
promotes degradation of ubiquitinated proteins, is therefore another theory where
ubiquilin-1 protects ubiquitinated proteins from degradation through interaction with
the polyubiquitin tail, possibly inhibiting a direct interaction between polyubiquitinated
proteins and proteasomes.

To test the effect of SI00A6 expression on degradation of proteins known to be
affected by ubiquilin we constructed stable SI00A6 siRNA expressing A549 cells.
Measuring both mRNA and protein levels of p53 and IkBa we were able to conclude
that S100A6 silencing resulted in accumulation of both p53 and IkBa protein without
notably altering mRNA expression. Our results indicate that SI00A6 can inhibit the
role of ubiquilin-1 in stabilization of p53 and IkBa in analogy to KSHV K7.

IxBa is an inhibitor of NF«B transcription factors, acting through interaction with and
sequestration of NFkB transcription factors in the cytoplasm. In response to a wide
variety of signals IxBa is phosphorylated and ubiquitinated resulting in its degradation
and the release of NF«kB transcription factors that enters the nucleus and promote
transcription of target genes. General effects of NFkB transcription factors are
inhibition of apoptosis (through transcription of e.g. Bcl-2 and IAPs) and stimulation of
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proliferation (through transcription of Myc and Cyclin D). NFxBa has also been shown
to promote transcription of SI00A6 *"’. Studying the time course pattern of protein
expression in A549 cells post irradiation in paper IV, degradation of IxBa precedes
S100A6 upregulation suggesting that NFxBa activation is the cause of S100A6
upregulation in response to IR. As S100A6 silencing resulted in stabilization of IxBa,
our data further indicate that SI00A6 could be part of a stimulatory feedback loop for
NF«B signaling through promotion of [xBa degradation.

Our results in papers II and III show a p53 dependency in the expression of
S100A6. p53 is not a known transcription factor of SI00A6, but it has been shown that
p53 induces NFxBa activity **?* which in turn could explain the p53 dependent
S100A6 expression. Silencing of SI00A6 in paper IV resulted in stabilisation of p53.
In addition, upregulation of SI00A6 in A549 cells post irradiation preceded a decrease
in p53 protein level. Our data indicate that in response to p53 upregulation S100A6 is
upregulated (through activation of NFkBa) and promotes degradation of p53. SI00A6
seems therefore to be part of a negative feedback loop for p53, although not as direct as
in the case of ubiquitin ligases Mdm-2 and Cop-1. A negative feedback loop for p53
has earlier been described involving another S100 family member, namely S100B >,
Downregulation of p53 signaling has been suggested an important part of a post stress
recovery period at later timepoints post treatment with DNA damaging agents .
During this period a relief in proapoptotic and cell cycle arrest signaling allows cells
with repaired DNA to re-enter the cell cycle. Both Mdm-2 and Cop-1 are strong
candidates in such post stress recovery through driving p53 degradation, and our data
suggest that S100A6 is an additional component through inhibition of ubiquilin
dependent p53 stabilisation.

Earlier studies have suggested that SI00A6 is involved in regulation of B-catenin
degradation as S100A6 interacts with CacyBP/SIP, a component of the protein
complex responsible for ubiquitination of B-catenin. Overexpression of CacyBP/SIP
has been shown to promote B-catenin degradation **°, but the role of SI00A6 has not
earlier been described. Using our stable SI00A6 siRNA cells we were able to conclude
that ST00A6 inhibits B-catenin degradation, possibly through inhibition of CacyBP/SIP.
This presents an additional role of SI00A6 in stimulation of proliferation through f3-
catenin stabilization.

To find additional proteins affected by S100A6 we performed a second proteomics
experiment. This time we used A549 S100A6 siRNA and control cell lysates from
irradiated and untreated cells. Digestion, labelling and pooling was performed as in the
first experiment and in addition peptide isoelectric focusing was added as a first line
fractionation step to increase the number of identified proteins. Over 2500 proteins
were identified with relative quantification. Interestingly, the highest ranking S100A6
dependent change was an increase of NFkB2 p100 in S100A6 siRNA cells. NFxB2
pl00 is activated through phosphorylation and ubiquitination dependent partial
degradation in proteasomes, resulting in the active transcription factor NFkB2 p52.
Measuring both mRNA and protein level of NFkB2 p100 we were able to conclude that
S100A6 silencing resulted in stabilization of the full length transcriptionally inactive
NFkB2 protein. These data indicate that in addition to stimulating NFkB signaling
through promoting IkBo degradation, SI00A6 stimulate this pathway through
increasing the processing of NFxB2 pl00 into NFxB2 p52. A proapoptotic
transcription independent role of NFkB2 p100 through activation of caspase-8 has also
been described ***, presenting another anti-apoptotic function of SI00AS6.
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As described above our data suggests that S100A6 stimulates proliferation and
inhibits apoptosis through regulation of degradation of key proteins in central cellular
pathways. In concordance with this role of SI00A6 we could also show that SI00A6
silencing resulted in increased sensitivity to ionizing radiation. Although we did detect
increased p21 in SI00A6 siRNA cells compared to control cells, we did not detect
differences in cell growth. Further studies should be performed including analysis of
cell cycle distribution in response to S100A6 silencing in order to fully understand the
impact of SI00A6 on proliferation and cell cycle progression.

Our data reported in paper IV indicate that overexpression of S100A6 in cancer
would be beneficial for tumor growth through stimulation of proliferation and
inhibition of apoptosis. We also suggest that SI00A6 is a potential target of cancer
therapy, and that inhibition of the cellular functions of S100A6 could stimulate
apoptosis and inhibit proliferation, thereby inhibiting tumor growth.
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2.3.5 General conclusions

The general aim of this thesis was to use omics methods to find novel therapy related
changes in the cellular proteome. The aim was further to investigate the potential of
affected proteins as biomarkers for prediction of prognosis and response to therapy, and
also as novel targets of cancer therapy. In addition, our aim was to identify p53
dependent effects of DNA damaging treatment. Both general effects, such as sensitivity
to treatment and DNA repair, and specific effects, such as p53 dependent alteration of
specific protein abundance were studied. SI00A6 was identified as a protein
upregulated in a p53 dependent manner post irradiation. The connection of S100A6
with cancer and the lack of knowledge on the cellular functions of S100A6 directed our
research towards this protein. The main findings were the following:

e p53isinvolved in the resolution of Rad51 foci 48h and later post exposure to
IR. The resolution of foci coincided with a decrease in Rad51 protein level
only detected in p53 wt cells. These findings support a role of p53 in negative
regulation of homologous recombination.

e S100AG6 is upregulated after treatment with DNA damaging agents such as IR
and doxorubicin, and also by agents evoking oxidative stress (H,0O,). IR also
alters the post translational modification pattern of S100A6 and the
subcellular localization. S100A6 upregulation, modification and translocation
are late events, most prominent 48h after irradiation and later. S100A6
silencing results in increased IR induced cell death.

e S100A6 expression is p53 dependent. The protein level of SI00A6 was
higher in p53 wt HCT116 colon cancer cells compared to p53 -/- HCT116
cells. SI00A6 level was also higher in A549 (p53 wt) lung cancer cells
compared to lung cancer cell lines with mutated p53, and p53 silencing in
A549 cells resulted in reduced S100A6 protein level. In stage I NSCLC
S100A6 expression correlated with negative p53 staining, indicating wt p53.

e The expression of S100A6 also correlated with S100A4 expression in
HCT116 wt/p53-/- cells, lung cancer cell lines and stage I NSCLC.

e S100A6 interacts with Ubiquilin-1, a protein involved in degradation of
ubiquitinated proteins such as p53 and IkBa. S100A6 silencing resulted in
reduced degradation of p53, IkBa and NFkB2/p100.

e S100AG6 silencing increased the degradation of B-catenin.

e S100A6 is upregulated in stage I NSCLC and correlates with the
differentiation grade. S100A6 is a positive prognostic factor in p53 negative
and also in S100A4 positive stage | NSCLC.

In normal physiology S100A6 is expressed in proliferating cells as has been described

earlier *°. This expression is likely at least in part a consequence of NFkB activation in
response to pro-growth signaling, as NFkB has been shown to promote transcription of
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S100A6 *”7. Our data indicate that ST00A6 act to further stimulate proliferation through
increasing IkBa degradation and decreasing B-catenin degradation.

We have also shown that cellular exposure to DNA damaging agents such as IR and
doxorubicin results in increased expression of S1I00A6. Based on the timing of this
increased expression and our data showing anti apoptotic and proliferation stimulating
activities of SI00A6, we suggest that SIO0A6 is involved in post stress recovery. It has
been suggested that a relief in apoptotic and cell cycle arrest signaling (post stress
recovery) is important to allow cells with repaired DNA damage to re-enter the cell
cycle and escape apoptosis ***.

S100A6 has been shown overexpressed in a number of different cancer types, and our
data indicate that such overexpression is stimulating cancer progression through
inhibition of apoptosis and stimulation of proliferation. In fact, high SI00A6 expression
has been correlated with poor prognosis in cancer types such as pancreatic cancer and
melanoma '®?%. However, we and others have shown opposite correlation where
S100A6 expression is correlated with improved prognosis. This contradiction could be
a result of tissue specific functions of SI00A6, but it may also be due to the expression
of other proteins. As an example we have shown that SI00A6 expression correlates
with the expression of wt p53, possibly masking specific effects of SI00A6.

Our data also show a correlation between the expression of SI00A6 and S100A4.
Heterodimerization between different members of the S100 family has been shown in
several papers %, and such interactions may modulate the biological functions of the
individual proteins. As an example it was shown that SI100A1 through
heterodimerization with S100A4 could inhibit S100A4 induced cellular motility in
vitro and S100A4 induced formation of metastases in vivo '>’. If SI00A6 and S100A4
forms heterodimers, and the consequences of such an interaction remain to be
determined.

Finally, our data suggests that inhibition of the cellular functions of S100A6 through
pharmacological intervention would sensitise cancer cells to apoptosis inducing
treatment. It is also possible that cancers overexpressing S100A6 are dependent of the
apoptosis protection and proliferation stimulation that is induced by S100A6. Thus our
data indicate the potential of SIO0A6 as a novel target for cancer therapy.
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