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Introduction

Cancer is a severe health threat, accounting for around 25 percent of all 
deaths in the western world1. The prognoses for many cancers have been 
improved, but the high mortality associated with cancer urgently calls for 
new and refined therapies and diagnostic methods. 

Cancer treatment can be roughly divided into the three categories; sur-
gery; radiation therapy; and chemotherapy. The different treatment modali-
ties are each associated with specific benefits and risks and they are used 
separately or in various combinations. The choice of treatment is dependent 
upon specific cancer characteristics including type, location, aggressiveness, 
stage, and the general health of the patient. Eradication of the cancer burden 
without inflicting damage to the rest of the body are obvious and ultimate 
goals for cancer treatment. However, metastasis or invasion into nearby tis-
sues can limit the effectiveness of local surgery and/or radiation. Systemi-
cally administrated chemotherapy on the other hand has the potential to 
reach distantly located cancer cells, but the exposure to normal cells in-
creases the risks of severe adverse effects. Chemotherapy is generally used 
as adjuvant therapy for treatment of solid tumors, whereas it is the primary 
choice for most hematological malignancies. The usefulness of chemother-
apy is often limited by drug resistant cancer cells or toxicity to normal tis-
sues.

 Intensive research in the areas of drug target identification, reversal of 
drug resistance, and drug development has already resulted in a number of 
cancer selective drugs2. Furthermore, successful cancer treatment is heavily 
dependent upon early and correct diagnosis. Given the importance of accu-
rate pathological evaluation and the need for new anti-cancer drugs, it is 
anticipated that new screening technologies will be invaluable for identifica-
tion of molecular targets to improve diagnostics and treatment3, 4. We have 
applied global mRNA expression analysis and high-throughput screening 
(HTS) with small molecules in a hypothesis generating approach to reveal 
molecular alterations of relevance for cancer treatment. The work presented 
in this thesis describes our efforts to identify new potential targets for treat-
ment, circumvention of drug resistance, and diagnostics. 
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Cancer
Cancer is a class of genetic diseases comprising more than two hundred 
more or less life-threatening conditions characterized by uncontrolled ab-
normal cell growth. It is by now widely accepted that cancer arises as a con-
sequence of deregulated growth-controlling pathways, due to mutations5 or 
epigenetic alterations6 affecting genes coding for the protein components of 
such pathways. Carcinogenesis can be compared to Darwinian evolution as 
some alterations can give a cell certain advantages compared to surrounding 
cells, i.e. clonal selection. Clonally selected cells must go through a se-
quence of genetic changes to become full-blown cancer cells7. The hallmarks 
in cancer transformation, summarized by Hanahan and Weinberg5, include: 
self-sufficiency in growth signals, evasion of apoptosis, limitless replicative 
potential, sustained angiogenesis, tissue invasion and metastasis. Critical 
mutations involved in carcinogenesis are inactivation of tumor suppressor 
genes and activation of oncogenes. Out of the approximately 22 000 genes 8

(Human Genome Project information, August 2006) in the human genome, 
mutations in as much as one percent of those genes have been causally im-
plicated in the formation of different cancers9.

The “cancer stem cell theory” represents a somewhat new view of car-
cinogenesis were progenitor cells termed cancer stem cells that have proper-
ties of normal stem cells persist in tumors as a small distinct population 
likely to cause disease relapse and metastasis10. According to this theory, 
several of the characteristics of a cancer cell, such as abilities for self-
renewal, anchorage independence and activation of anti-apoptotic pathways, 
may be present from the beginning of the cancer transformation as they are 
features of normal stem cells11. In this view the cancer stem cells exist as a 
minute and distinct population that causes metastases and relapses. More-
over, stem cells have a long lifespan, which would make them more suscep-
tible to accumulated mutations. This view may have implications for cancer 
treatment, since the cancer stem cells are proposed to have low rate of pro-
liferation while their descendents are highly proliferative and consequently 
represent the bulk of the tumor. As standard cytotoxic drugs preferentially 
targets highly proliferative cell, this theory implies that the cancer stem cells 
are responsible for tumor relapses10, 11.

Several recent methodological breakthroughs and refinements have 
cleared the way for the -omics era including genomics, transcriptomics, pro-
teomics, pharmacogenomics, chemogenomics, metabolomics and other new 
sciences. Although -omic has become a somewhat populistic sufix, it repre-
sents the possibility and a scientific trend to reach for global understanding 
of biological systems. The new global approaches facilitate the important 
task to identify cancer specific molecular alterations that can be targeted for 
therapy and diagnostics.  
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Cancer chemotherapy 
The rationale for use of chemotherapeutic drugs against cancer is to apply 
compounds that show high toxicity to cancer cells while sparing the normal 
tissue. The era of successful chemotherapy took off in the 1940s with the 
first use of alkylating mustard gas analogues for treatment of lymphomas. 
This use was based on observations made during the first world war that 
related substances had a toxic effect on highly proliferative tissues such as 
bone marrow, hair follicles and epithelium of the gastro-intestinal tract12.
Since then hundreds of anti-cancer compounds have been developed and 
clinically used. Most of these substances can be categorized based on their 
mechanism of action. The majority of the standard cytotoxic drugs affect 
nucleic acids (DNA or RNA), either by inhibition of synthesis (e.g. antime-
tabolites and topoisomerase inhibitors), direct interaction (e.g. alkylating 
agents), or indirectly via disturbance of chromosome separation during mito-
sis (e.g. tubulin active substances)13. An important cause of cancer cell death 
upon treatment with the standard cytotoxic compounds is programmed cell 
death (apoptosis), resulting from extensive DNA damage14. These com-
pounds target cells undergoing cell division and explain both the anti-cancer 
effect and associated side effects such as affected normal proliferative cells 
(bone marrow depression, hair loss etc.). Consequently, there is often a lim-
ited therapeutic window where the cancer cells are affected without too se-
vere side effects. Intensive research has revealed a wide spectrum of new 
potential targets for cancer drug intervention. New treatment strategies can 
be exemplified by inhibition of deregulated tyrosine kinases; angiogenesis; 
histone deacetylases; proteasome activity and restoration of altered apoptotic 
machinery15, 16. Thus, we have entered the era of knowledge based drug de-
velopment aimed at the identification of substances with high cancer selec-
tivity. The ideal drug target can be defined as a macromolecule that is impor-
tant for the malignant cells but not to normal cells; that can be detected in 
patient samples; correlates with outcome; and when targeted result in a clini-
cal response16. Resistance against standard cancer treatment (discussed be-
low) is a limitation to treatment success, but targeted treatment may be even 
more vulnerable to resistance development since minute mutations may ren-
der the targeted drug inefficient. Thus it is likely that future treatment sched-
ules will include both targeted and standard cytotoxic drugs15.

Drug resistance in cancer 
Lack of efficiency of anti-cancer drugs is a major clinical problem. Many 
forms of cancer (e.g. cancer of the lung, and kidney) show limited response 
to cytotoxic drugs already from the start of treatment, whereas others re-
spond initially but acquire resistance during the course of treatment (e.g.
multiple myeloma). Furthermore, a property of acquired resistance is that the 
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tumors often gain resistance to other drugs than initially used i.e. multi-drug 
resistance (MDR). The underlying mechanisms that manifests as clinical 
resistance are probably multi-factorial, differing between various tumors and 
between patients with the same type of malignancy17. A general categoriza-
tion of mechanisms that can be involved in drug resistance includes: 

Limited bioavailability  
Increased repopulation rate 
Cellular drug resistance 

Sub-optimal drug concentration at the site of action, limited bioavailabil-
ity, can be caused by a number of factors including reduced systemic con-
centration following induced drug metabolizing enzymes and insufficient 
drug penetration into the tumor mass due to low vascularization and high 
interstitial pressure18. Increased repopulation rate refers to the observation 
that tumors responding to drugs may repopulate and do so with increased 
rate upon sequential administration of drugs19. This phenomenon has re-
cently been linked to the “cancer stem cell” theory10, 11, but is still recognized 
by a limited number of studies19. Cellular drug resistance denotes the ability 
of individual cancer cells to persist the effects of applied chemotherapeutics 
by analogy to antibiotic resistance in microorganisms.  

The different suggested mechanisms are not mutually exclusive and may 
each have different importance for different drugs, malignancies, and indi-
viduals. The relevance of cellular resistance is stressed by the fact that the 
clinical patterns of drug responses are reflected in the laboratory when ex-
posing the patient tumor cells to anti-cancer drugs in vitro17, 20, 21. Further-
more, many of the resistance mechanisms identified in cell lines in vitro
have shown clinical correlates22.

Cellular drug resistance 
An assortment of different resistance mechanisms to anti-cancer drugs is 
believed to result in unsatisfactory clinical outcome for many types of tu-
mors. De novo and acquired resistance can be mediated by a number of 
mechanisms (Figure 1) including drug efflux, decreased drug uptake, altera-
tion of target proteins, increased detoxification, enhanced DNA repair, or 
activation of pro-survival signaling. Several of these mechanisms can lead to 
MDR, which often is related to shared; transport mechanism; intracellular 
targets; or metabolism. Although, MDR can also be a consequence of for 
example impaired apoptotic machinery22.
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Figure 1. Principal mechanisms in cellular drug resistance 

Efflux of drugs by membrane associated energy-dependent protein pumps is 
perhaps the most well-characterized resistance mechanisms. The genes cod-
ing for efflux pumps are members of the ABC (ATP Binding Cassette) su-
perfamily, where 12 out of 48 ABC transporters can mediate some sort of 
drug resistance23. The first efflux pump to be discovered24 and cloned25 was 
P-glycoprotein (MDR1, p-gp) coded by the ABCB1 gene, which also has the 
broadest substrate specificity23. High ABCB1 expression can mediate resis-
tance to a large number of structurally and mechanistically unrelated com-
pounds including anthracyclines, vinca-alkaloids and taxanes to name a 
few18.

 Cole et al. identified26 another drug transporting member of the ABC 
family in a MDR lung cancer cell line, known as MRP1 (multidrug resis-
tance associated protein 1, ABCC1). This transporter can efflux a variety of 
compounds and particularly those that have undergone intracellular glu-
tathionylation18. Other members of the ABC family described to confer drug 
resistance include ABCC2, ABCC4, ABCC6, ABCG223. Approaches to 
inhibit the efflux capacity by pharmacological means works very well in
vitro, but their value has still to be clinically proven23.
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Some hydrophilic drugs (e.g. antimetabolites), unable to cross cellular 
membranes, have to rely on transport mechanisms supplied by the cancer 
cell. For example, methotrexate resistance can be mediated by decreased 
expression and inactivating mutations in the high-affinity folate transport 
system27, as well as via a reduced folate carrier28.

Cancer cells can circumvent the action of a drug by altering the drug tar-
get itself or its expression level. For example, leukemic cells harboring the 
BCR/ABL oncoprotein can be effectively treated with the kinase inhibitor 
imatinib (Gleevec®), but specific mutations in the BCR/ABL oncogene re-
sults in small alterations in the encoded protein and imatinib resistance29, 30.
Other examples include decreased expression of target protein, as in the 
cases with decreased expression of topoisomerase II31, or tubulin32 which can 
result in resistance to doxorubicin and paclitaxel respectively .  

Increased detoxification is a process where the cancer cells utilize me-
tabolizing enzymes to render the drug less toxic and/or facilitate drug efflux. 
A well-characterized system for drug detoxification is the glutathione sys-
tem. Glutathione can react with some drugs (e.g. alkylating agents), resulting 
in less potent and more water-soluble conjugates, which can be extruded 
from the cell by transporter proteins (e.g. MRP1)33. High levels of glu-
tathione and the enzymes (e.g. glutathione-S-transferases) that catalyzes its 
conjugation to drugs (e.g. melphalan and cisplatin) bring forth resistance34, 35

The possibility for cancer cells to repair their DNA upon treatment can 
determine their fate, since too extensive DNA damage is prone to induce 
apoptosis. Cancer cells may gain resistance to DNA damaging treatment by 
enhanced DNA repair systems. This mechanism can be exemplified by Nu-
cleotide excision repair (NER), which is an important pathway for removal 
of platinum-DNA has been shown to confer resistance36.

Impaired apoptosis machinery and pro-survival signaling are yet other 
mechanisms to circumvent the action of anti-cancer drugs. As many drugs 
elicit apoptosis as consequence of their cellular damage, it is not surprising 
that their effect can be diminished by non-functional apoptotic machinery. 
Mutated p5337 or activation of PI3K/AKT pathway38 are examples of im-
paired apoptotic machinery and pro-survival signals that override the apop-
totic response respectively. 

Popular approaches to identify such genes are to analyze cells lines estab-
lished after drug selection39, or to compare gene expression profiles in clini-
cal specimens from drug responding and non-responding patients40.

Cell line model systems for screening 
Human tumor cell line panels combined with rapid high-throughput cytotox-
icity testing have proven to be valuable tools for drug screening and early 
drug evaluation and investigation of drug resistance mechanisms. The Na-
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tional Cancer Institute (NCI) pioneered the utilization of large human tumor 
cell line panels for drug screens, after phasing out their previously used ani-
mal models. The disease-oriented cell line panel used by NCI consists of 60 
different cell lines, which consists of seven sub panels representing common 
solid tumors, leukemias and lymphomas41, 42. To date, more than 100 000 
compounds and a large number of natural product extracts have been tested 
in their short-term growth inhibition assay41, 43. Typically, compounds are 
applied to the cell lines in a wide concentration range, and concentrations 
that inhibit/kill e.g. 50 % of the cells (GI50 or IC50) are determined. The IC50 
concentrations for a drug in many cell lines provide a drug specific profile, 
which can be compared to profiles from other drugs. This approach has suc-
cessfully been used for drug mechanism classification of standard drugs, and 
assignment of drug action to investigational drugs and discovery of new 
classes of chemotherapeutic compounds44-46.

Molecular characterization of cell line panels by means of global analysis 
methods such as microarray technology and 2-D gel electrophoresis have 
further increased the knowledge about target and drug associations as well as 
mechanisms involved in drug response47-49.

Chemical genetics for drug discovery
The combination of genetics and medical chemistry has resulted in chemical 
genetics, which is an approach anticipated to be fruitful for both drug dis-
covery and improved biological knowledge50, 51. Genetics offer different 
means to study biology by the modulation of gene function through muta-
tions inferred at the DNA level. To determine the cellular function of a pro-
tein generally requires a mean to alter its function. A common way to infer 
such alterations is the use of inactivating or activating mutations in the genes 
encoding the proteins of interest. Chemical genetics, which is a complemen-
tary approach, seeks to study biology by modulating protein function with 
chemical substances52, 53.

In essence, chemical genetics refers to the usage of small molecules, ap-
plied on cellular systems to provoke specific phenotypical changes. Like 
classical genetics, this approach seeks to reveal specific macromolecules 
acting as critical regulators of cellular processes whose functions are subse-
quently defined51. Small molecules generally denote a diverse group of low 
molecular weight molecules, synthesized by organic chemistry or isolated 
from natural sources such as plants, fungi, or microbes. Such molecules are 
also valuable for treating everything from pain to cancer since most medi-
cines are small molecule compounds. The utility of small molecules and the 
ability to screen large quantities of substances have been boosted by the ad-
vents of combinatorial chemistry and HTS respectively52.
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Depending on the assay used and biological activity assessed, the infor-
mation about affected proteins and pathways will vary. When a compound 
library is applied in a specific cellular assay that is aimed to report perturba-
tion of a particular protein or pathway, small molecules with activity on the 
predefined target can be identified. If the readout of the assay is of a less 
specific nature, e.g. total cell kill or growth inhibition assay, the evaluation 
of the compound-target interaction can be more cumbersome. A short-cut to 
identify which protein or pathway that has been affected by “hit” compounds  
is to use a well annotated compound library (ACL) consisting of substances 
with documented mechanisms of action54.

Annotated compound libraries 
An ACL represents a large collection of compounds with diverse structures 
and experimentally confirmed biological mechanisms and effects. Typically, 
an ACL includes natural compounds, drugs no longer under patent, drugs 
dropped during development and other organic substances with biological 
activity. Annotated compound libraries have proven useful for identification 
of new lead compounds against various diseases including cancer54, 55. Sev-
eral potential benefits using ACL screens can be recognized such as: 

Increased number of hits as only biologically active substances are used 
Facilitated biological interpretation based on mechanistic documentation 
Toxicological profiles as well as reports on bioavailability and metabo-
lism can in many cases be retrieved  

Taken together, ACLs have the potential to become a short cut for target 
identification and might speed up the drug developmental process.  

The concept of finding new applications for drugs is not new but HTS has 
made it possible to test thousands of such substances in a systematic fashion. 
There are numerous examples of drugs developed for a specific indication, 
proving in clinical trials to have side effects beneficial for treatment of com-
pletely different diseases. Sildenafil (Viagra®) and minoxidil (Rogaine®) 
both originally failed as antihypertensives, but have subsequently been mar-
keted as treatments of erectile dysfunction and alopecia respectively 56. Tha-
lidomide, which currently is used for treatment of multiple myeloma 57, was 
marketed forty years ago as a sedative and antiemetic, but was banned due to 
it fatal teratogenic effects. Yet another example is the anti alcoholism drug 
disulfiram which recently has shown anti-cancer activity58.
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Microarray expression analysis
As briefly described, human tumors develop as a result of the accumulation 
of genetic and epigenetic alterations at the DNA level. These alterations 
influence gene expression, which in turn translates into a wide range of spe-
cific alterations in the morphology, structure, and function (i.e. phenotype) 
of the cancer cell. Since gene expression of cells influence their phenotype, 
measurements of gene expression profiles have the potential to provide valu-
able clues about many important aspects of cancer, including regulatory 
mechanisms, altered biological pathways, diagnostic markers and factors of 
importance for treatment outcome.  

The past decade has witnessed a revolution in the field of expression pro-
filing in cancer. The microarray technology has dramatically changed both 
the view of cancer and how research in molecular oncology can be con-
ducted59.

The sequencing of the human genome60, 61 and technological refinements 
allows for interrogation of the whole transcriptome (all expressed genes) in a 
single experiment. The challenge is to use the generated information to de-
velop new diagnostic and prognostic indicators, and to identify new targets 
for therapeutic intervention. 

Microarray background 
Microarrays can be fabricated either by mechanical deposition of DNA or by 
de novo synthesis of oligonucleotides on a solid support62, 63. Measuring 
mRNA expression levels using microarray technology relies on selective and 
parallel hybridization of labeled nucleic acids (targets) derived from the 
sample of interest to known gene sequences (probes) attached to a solid sur-
face such as a glass slide. In spotted arrays, the probes are either pre-
synthesized oligonucleotides or PCR products generated from cDNA clones. 
Spotted arrays are typically hybridized with cDNA from a sample and a ref-
erence (e.g. from patient and healthy control) labeled with two different 
fluorophores. After hybridization and washes the microarray is scanned us-
ing dedicated microarray instruments, generating an image that subsequently 
allows for ratio based quantification (Figure 2).
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Figure 2. Schematic illustration of cDNA microarray based expression analysis.  

Oligonucleotide expression arrays from commercial sources, (e.g. Affy-
metrix, Agilent and GE Healthcare), are typically one color systems. In one 
color systems only one sample is interrogated at a time (i.e. without refer-
ence). Thus, these microarrays give estimations of the absolute values of 
gene expression rather than ratios as in the case with spotted arrays. Image 
processing and subsequent data analysis are crucial for extraction of useful 
information from microarray experiments. The raw data generated from 
scanning has to be filtered and normalized to remove noise and systematic 
variation respectively. The goal with pre-processing is to exclude unreliable 
data and enable comparisons between individual experiments (recently re-
viewed in64) .

Microarray data analysis and applications 
Microarrays gained early recognition for their potential to redefine cancer 
taxonomy, i.e. identify new tumor subclasses, and to spot new tumor mark-
ers for cancer classification. Supervised and unsupervised analyses are two 
commonly used but conceptually different approaches to gain information 
from microarray experiments65.
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In supervised analyses, information about tumor class belonging is used 
to identify gene combinations for cancer subtype differentiation. The term 
class refers to a characteristic shared by a group of samples but not the other 
samples, for example benign versus malignant, responders to cancer treat-
ment versus non-responders etc. A training dataset is used to identify a com-
bination of genes (a classifier) that can separate the tumor classes. The clas-
sifier is subsequently evaluated on samples not used in the training proce-
dure. This approach was pioneered by Golub et al66 when they performed 
supervised classification of leukemias. Another well-known example is the 
classification of breast cancers by van´t Veer et. al. and their establishment 
of a 70-gene prognostic profile67, 68. Their results have now translated a mi-
croarray based clinical test which currently is under evaluation in a prospec-
tive randomized trial for treatment direction69.

Unsupervised clustering are exploratory methods useful for identification 
of previously not recognized sub groups in tumor material, solely based on 
the global expression profile. Unsupervised clustering methods are also ap-
plied to uncover co-expressed genes in a data set. One underlying idea for 
putting interest in co-expressed genes is that they might belong to the same 
pathway, be regulated by the same transcription factors and therefore be 
involved in the same biological process70.
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Present investigations 

The overall goal of this thesis has been to use global screening methods to 
identify and explore cancer targets for treatment and diagnostics, with spe-
cial emphasis on drug resistance.  
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Paper I – Molecular mechanisms for cellular drug resistance 

Aim
To identify gene expression patterns associated with drug resistance and 
drug sensitivity in cancer. 

Background
As previously described, resistance to anti-cancer drugs constitutes a clinical 
problem and has been estimated to account for 90 % of clinical failures for 
patients with metastatic cancer22.

Correlation between gene expression levels and drug response patterns 
(i.e. IC50-values) in large cell line panels have been used for identification of 
genes associated with drug resistance/sensitivity47, 48. We undertook the same 
approach but in a smaller cell line panel consisting of ten human tumor cell 
lines. A difference in our study compared to the previous47, 48 is that our cell 
line panel included both parental cell lines and sub lines selected for resis-
tance (table 1), which possibly facilitate the identification of relevant 
mechanisms. It has been previously reported that drug activity profiles from 
this panel of cell lines can be used for accurate classification of anti-cancer 
drugs according to mechanism of action45. Expression cDNA microarrays 
containing more than 7000 genes were used and the expression profiles were 
correlated to the activity profiles from 66 standard and investigational drugs. 
Drug activity was measured using Fluorometric Microculture Cytotoxicity 
Assay (FMCA). 

Table 1. Human tumor cell line panel representing defined types of drug resistance 

Parental line Resistant line Origin Selecting agent
RPMI 8226/S RPMI 8226/Dox40 Myeloma Doxorubicin 
RPMI 8226/S RPMI 8226/LR5 Myeloma Melphalan
CCRF-CEM CEM/VM-1 T-cell leukemia Tenposide
NCI-H69 H69AR Small cell lung 

cancer
Doxorubicin

U-937-GTB U-937-Vcr Lymphoma Vincristine
ACHN - Renal adeno-

carcinoma
-

Results and discussion  
By expression profiling and pharmacological interrogation of the cell line 
panel, we identified candidate genes. Among the genes found to be associ-
ated with general drug resistance were several ABC transporters, nucleoside 
transporters and inactivating enzymes such as glutathione transferases, all 
which previously have been considered potentially important molecules in 
mediating anti-cancer drug resistance. Clustering based on drug activity and 
gene expression roughly grouped drugs according to mechanistic classes. 
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The genes and mechanistic pathways identified as associated to general drug 
resistance paradoxically included a substantial number of both pro-apoptotic 
and anti-apoptotic genes. The pro-apoptotic genes caspase 3 and 6, (CASP3, 
CASP6) calpain and Jun were identified together with survival genes such as 
retinoblastoma 1 (RB1), calpastatin (CAST), focal adhesion kinase/protein 
tyrosine kinase 2 (PTK2/FAK), mitogen activated protein kinase 1 
(MAPK1) and signal transducer and activator 1 (STAT1). The identified 
gene-drug correlations suggest relationships between drugs and gene expres-
sion, but their relevance has to be validated in subsequent experiments.  

Conclusion
Correlation analysis between drug activities and gene expression in a cell 
line panel revealed several candidate genes and mechanisms with possible 
involvement in drug resistance/sensitivity. 
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Paper II - STAT1 associated cross-resistance 

Aim
To characterize STAT1 association to acquired resistance to doxorubicin and 
radiation.

Background
Since cellular resistance to cancer treatment (i.e. drugs and radiation) consti-
tutes a significant clinical problem, further understanding of the underlying 
mechanisms is urgently awaited. Given the results from paper I, where we 
observed a correlation between doxorubicin and STAT1, we hypothesized 
that STAT1 could be involved in drug resistance. Moreover, Khodarev et al.
convincingly showed that STAT1 can mediate resistance to radiation71. With 
these new results in mind we also hypothesized that STAT1 can mediate 
cross-resistance between radiation and doxorubicin. We evaluated these 
hypotheses in the myeloma cell lines RPMI 8226 and the doxorubicin resis-
tant sub line 8226/Dox40. The choice of cell lines was based on observations 
in paper 1 where STAT1 was over-expressed in the resistant sub line. The 
8226/Dox40 cell line was originally established after continuous doxorubicin 
exposure and is known to express high levels of the MDR efflux gene 
ABCB1. However, ABCB1 cannot completely explain the resistance to 
doxorubicin72.

Results and discussion 
The 8226/Dox40 cell line was significantly more resistant to the given doses 
of four and eight gray of radiation when evaluated with a short-term survival 
assay. We performed global expression analysis using microarrays contain-
ing more than 20 000 genes, to further characterize differences between the 
parental and the resistant cell line. STAT1 and many genes known to be 
regulated by STAT1 were differentially expressed (17 out of the top 50 most 
over-expressed genes), indicating that this pathway was activated in the re-
sistant cell line. We also confirmed that STAT1 protein was over-expressed, 
activated (phosphorylated at Tyr-701) and translocated to the nucleus. These 
characteristics of the STAT1 protein agree with the observed induction of 
downstream target genes. To interfere with the induced STAT1 signaling we 
used the clinically used drug fludarabine, which is known to suppress 
STAT1 signaling73, 74. We showed that a two-hour fludarabine exposure 
caused down-regulation of STAT1 and reduced resistance to both doxorubi-
cin and radiation in the 8226/Dox40 cell line, while no difference was ob-
served for the parental cell line. Thus, we observed STAT1 associated resis-
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tance to both doxorubicin and radiation, and that the resistance could be 
reduced by fludarabine.  

The function of STAT1 in cancer is complex and controversial, since it 
has been reported to suppress tumorigenesis75 but is still over-expressed in a 
variety of tumors76. STAT1 was recently shown to enhance p53-mediated 
apoptosis which in turn was abolished by p53 mutations77. As p53 is mutated 
in approximately 50 % of all tumors78, I speculate that this could explain 
some of the conflicting results. The cell lines used in this paper harbor mu-
tated p5379, and STAT1 can thus be active and induce expression of its 
downstream genes without causing p53-mediated apoptosis. Recently, sev-
eral studies have shown resistance associated with high STAT1 transcrip-
tional activities towards many different drugs, e.g. cisplatin resistance in 
ovarian cancer cells80, docetaxcel resistance in prostate cancer cells81. Taken 
together, these data suggest that STAT1 may indeed mediate treatment resis-
tance to both drugs and radiation. 

Conclusion
STAT1 is associated with cross-resistance to doxorubicin and radiation in 
the myeloma cell line 8226/Dox40, and thus constitutes a possible target for 
drug intervention. 
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Paper III - Drug targets in a human squamous cell carcinoma

Aim
To identify drugs and targets associated with selective cytotoxic activity in a 
squamous cell carcinoma cell line, using an annotated compound library and 
mRNA expression analysis.  

Background
Squamous cell carcinoma is a common histological type in head and neck 
cancer, cervical carcinoma, certain lung cancers and various forms of skin 
cancers. Medical treatment of this type of cancer in the metastatic setting 
with standard or investigational cytotoxic drugs yields poor results and im-
proved pharmacological treatment principles are needed. 
     In the present study we used the squamous cell carcinoma cell line HeLa 
and an epithelial cell line hTERT-RPE with a non-malignant phenotype to 
find drugs with carcinoma selectivity in response to compounds in an anno-
tated drug library representing 56 classes of drugs. The results from the HTS 
were combined with microarray based expression analysis to identify drug 
targets. Hit compounds were investigated for their mechanism of inhibition 
in a multi parametric cytotoxicity assay. 

Results and discussion 
The HeLa and hTERT-RPE cell lines were tested for cyto-
toxic/antiproliferative activity in response to 1267 compounds with known 
and annotated mechanisms of action. FMCA was used for evaluation of cy-
totoxic/inhibitory effects and compounds were defined as active if they 
caused more than 50 % inhibition compared to untreated controls. Out of 
interrogated compounds in the library, 14 drugs were active only in HeLa 
cells compared to the hTERT-RPE cells. Among the drugs that preferentially 
inhibited HeLa cells, there was a striking enrichment of phosphodiesterase 
(PDE) inhibitors. Structural similarity analyses of the hit compounds re-
vealed high degree of diversity, suggesting that target specificity rather than 
chemical similarity was underlying the enrichment of PDE inhibitors. The 
annotated targets for the PDE inhibitors were either PDE2 (Imazodan), 
PDE3 (Enoximone and Quazinone) PDE3/PDE4 (Zardaverine) or a more 
general PDE inhibition (Papaverine and Ro 20-1724). Thus, a tendency to-
wards PDE2 and PDE3 selectivity was observed among the inhibitors. Mi-
croarray based expression analysis revealed that PDE2A and PDE3A were 
over-expressed in the HeLa cell line suggesting a molecular correlate for the 
differential sensitivity. The three most potent PDE inhibitors (Imazodan, 
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Zardaverine, and Quazinone) were evaluated for apoptosis inducing capacity 
in HeLa cells. Multiparametric analysis revealed time and dose dependent 
effects with respect to decreased cell density, increased caspase-3 activity, 
increased membrane permeability and DNA fragmentation. The increase in 
DNA fragmentation and caspase activation preceded the increase in cell 
membrane permeability compatible with classical apoptosis. The software 
PathwayAssist was then used to explore the interactions between the mole-
cules in the list. The resulting network consisted of major parts of the 
cAMP-pKA pathway and was linked to other signaling molecules such as 
ERK, P38 and AKT. Biological interaction networks can be useful for gen-
eration of testable hypotheses regarding the underlying biological mecha-
nisms.  

Whether the increased PDE sensitivity of the HeLa model is a general 
phenomenon for malignant tumors derived from squamous epithelium is not 
clear. However, high PDE3 activity has previously been connected to a 
model of squamous cell head and neck cancer, and a PDE3 specific inhibitor 
inhibited cell growth in this model82.

Conclusion
Combination of annotated compound libraries and expressional profiling 
seems to be an approach effective for target identification, here suggesting 
PDE2 and PDE3 as potential drugs for treatment of squamous cell carcino-
mas.
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Paper IV - Drug activity in a resistant myeloma cell line

Aim
To identify drugs and targets associated with selective cytotoxic activity in a 
drug resistant multiple myeloma cell line. 

Background
As previously summarized, insufficient effect of cytotoxic drugs is a fre-
quently observed phenomenon in chemotherapy based cancer treatment. 
Thus, therapeutic strategies to overcome drug resistance are an urgent re-
quirement. We used the combination of drug screening and mRNA expres-
sional profiling as described for paper III, but applied it on the on the mye-
loma cell lines described in paper II, to identify drugs and targets for treat-
ment of resistant cancer. 

Results and discussion 
We used the previously described annotated compound library to screen for 
activity in the multiple myeloma cell line RPMI 8226 and its drug resistant 
sub line 8226/Dox40. Again FMCA was used for evaluation of cyto-
toxic/inhibitory effects, and drug activity was defined as described for paper 
III. Thirty-three of the compounds showed selective activity (>50 % inhibi-
tion in 8226/Dox40 and <50 % inhibition in RPMI 8226) against the drug 
resistant sub line. These “hit” compounds represented 12 mechanistic 
classes, mainly dopaminergic, adrenergic and glucocorticoid substances. 
Structural analysis of the compounds with selective activity revealed high 
diversity, with the exception of six steroid compounds. Dose-response ex-
periments were performed for steroid, dopaminergic, and adrenergic com-
pounds. For the dopaminergic and adrenergic compounds, no difference in 
IC50-values between the cell lines was observed.  

The 8226/Dox40 cell line was significantly more sensitive towards the 
steroid compounds with the exception of hydrocortisone. The largest differ-
ence was observed for dexamethasone where 8226/Dox40 was 30.3 times 
more sensitive than RPMI 8226, followed by betamethasone (25.6), 
budesonide (13.2), beclomethasone (8.7), triamcinolone (3.1), and hydrocor-
tisone (2.5). The glucocorticoid inhibitor RU486 effectively abolished the 
increased glucocorticoid sensitivity in 8226/Dox40. The relative observed 
potency resembles the relative binding affinity to the glucocorticoid recep-
tor83. Expression analysis revealed that the glucocorticoid receptor was over-
expressed 2.5 fold in 8226/Dox40 compared to the parental cell line. To 
investigate if there were other resistant cell lines with increased glucocorti-
coid sensitivity, the compounds were also tested on the melphalan-resistant 
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8226/LR5 cell line, the leukemia cell lines CCRF-CEM and CEM/VM-1, 
and the small cell lung cancer cell lines NCI-H69 and H69AR. For 
8226/LR5, there was a difference in sensitivity to budesonide (p<0.05) com-
pared to the parental cell line and the teniposide-resistant CEM/VM-1 was 
more sensitive to all the tested glucocorticoids except hydrocortisone com-
pared to its parental cell line CCRF-CEM. In contrast, no differences in glu-
cocorticoid sensitivity were obtained for H69 and its doxorubicin-resistant 
sub line H69AR.  

Glucocorticoids bind to and thereby activate latent cytosolic glucocorti-
coid receptors. When activated, glucocorticoid receptors translocate to the 
nucleus, bind to DNA and initiate or inhibit transcription via binding to glu-
cocorticoid response elements associated with target genes. The induction of 
glucocorticoid hypersensitivity may not be limited to doxorubicin as a se-
lecting agent since the teniposide-resistant leukemia cell line CEM/VM-1 
also was more sensitive to the glucocorticoids compared to its parental cell 
line CCRF-CEM. However, there was no difference in sensitivity to any of 
the glucocorticoids in the lung cancer cell lines NCI-H69 and H69AR, even 
though the latter has been selected for doxorubicin-resistance. The difference 
in sensitivity can be related to the different cell origin where glucocorticoids 
are known to induce apoptosis in hematological malignancies but not in solid 
tumors84.

The expression level of the glucocorticoid has previously been connected 
to the response to glucocorticoids and we suggest that the increased sensitiv-
ity is partially dependent of the increased receptor expression in 
8226/Dox40. Since some of the resistant cell lines investigated showed col-
lateral sensitivity to glucocorticoids, they might represent interesting treat-
ment alternatives in drug resistant malignancies.  

Conclusion
This study again illustrated a fruitful combination of annotated compound 
libraries and expression analysis for identification of drug targets. As deter-
mined from these in vitro experiments, glucocorticoids might have relevance 
for treatment of drug resistant malignancies.  
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Paper V - Molecular markers for thyroid tumors  

Aim
To identify differentially expressed molecular markers for distinction be-
tween malignant follicular thyroid carcinomas and benign follicular thyroid 
adenomas.

Background
It has been estimated that more than five percent of the population will be 
affected with clinically detectable thyroid nodules during their lifetime. Most 
of these nodules are benign and the introduction of fine needle aspiration 
biopsies (FNA) for preoperative diagnosis has greatly reduced the number of 
unnecessary operations. Preoperative distinction between malignant follicu-
lar thyroid carcinomas (FTCs) and benign follicular thyroid adenomas 
(FTAs) is however not possible since the diagnosis is based on tumor tissue 
characteristics (capsular and/or vessel invasion) rather then morphology of 
individual cells. Consequently, patients are advised to undergo surgery to 
provide tissue for histological evaluation and subsequently a larger operation 
if cancer is detected85, 86. Thus, there is a need to develop objective molecular 
diagnostic tests for thyroid nodules, to direct subsequent treatment, and re-
duce unnecessary surgery. 

Ten malignant FTCs and ten benign FTAs were selected for molecular 
analysis in order to identify molecular markers that could be used for classi-
fication. Total RNA was extracted from the tumor tissues and relative 
mRNA levels for more than 7000 genes were measured using cDNA mi-
croarray technology. 

Results and discussion 
We used a leave-one-out classification method based on Fisher's linear dis-
criminant to identify molecular markers. We demonstrated that good dis-
crimination of FTAs and FTCs could be achieved with a limited number of 
molecular markers. While varying the number of transcripts used for the 
discrimination we found that as few as ten genes could predict class belong-
ing with high accuracy. Permutation tests demonstrated that it was unlikely 
to achieve such results by chance. Nine out of 22 transcripts identified in this 
study have previously been suggested as molecular markers of thyroid ma-
lignancies. Since the previous microarray studies87-89 also have included 
relatively few samples, this study gives a much needed validation. Many of 
these candidate genes are markers that could potentially be used in a pre-
operative test. For example, the gene Four and a half LIM domains 1 (FHL1) 
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shows a decreased expression in the FTCs in good agreement with previous 
studies of thyroid cancer89-91. This gene was also validated in an independent 
sample set of 61 tumors, where FHL1 expression was decreased in malig-
nant tumors with invasive/metastatic potential. Moreover, Meta analysis 
performed in the data base Oncomine92 showed that the FHL1 gene is under-
expressed in a wide variety of cancers ranging from breast, prostate, colon 
and lung cancer. Recently, FHL1 was shown to be a tumor suppressor gene 
that specifically blocks anchorage-independent cell growth and migration93.

Conclusion
Our findings corroborate previous microarray based studies of thyroid ma-
lignancies, and we show that it seems possible to classify FTAs and FTCs 
with a limited number of markers. The integration of identified markers into 
a clinically useful test requires further work and evaluation. 
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Final comments 

We live in the exciting post genomic era were new biological information 
and knowledge are generated at an immense speed. Deep understanding in 
the mechanisms underlying malignancies clear the way for new treatments, 
and better diagnostics. In the work presented in this thesis, we took the ad-
vantage of new state-of-the art screening methods for identification targets in 
cancer that could be used for cancer management. 

As resistance to treatment with standard anti-cancer drugs is a major lim-
iting factor for successful treatment we directed much of our focus on gain-
ing new insights in this phenomenon. If we can understand how cancer cells 
circumvent the effects of anti-cancer agents, there are possibilities to develop 
new drugs that restore sensitivity. Microarray based expression analysis was 
performed to identify changes associated with resistance (Paper I, II an IV). 
Cell lines served as model systems, when we screened for specific changes 
associated with resistance. Drug responses (IC50-values) were correlated to 
gene expression patterns in paper I. This exercise revealed gene activities 
associated with drug resistance and drug sensitivity. We found correlation 
between the transcription factor STAT1 expression and doxorubicin resis-
tance, an interesting lead that we followed up in multiple myloma cell lines 
in Paper II. We demonstrated that STAT1 activity is associated with resis-
tance to both radiation and doxorubicin (cross-resistance) and that both 
STAT1 expression and resistance could be reduced after fludarabine treat-
ment. This phenomenon has been identified in similar studies of chemother-
apy and in radiation, but without interconnecting the resistance mechanism 
between the two. I believe that the observed cross-resistance is an important 
finding with possible clinical relevance that prompts further investigation. If 
our results prove to have clinical bearing, fludarabine or other drugs with 
STAT1 inhibitory effects have the potential to reduce resistance to both ra-
diation and drugs. In paper IV we took a conceptually different approach to 
counteract drug resistance. We screened for substances that were active 
against drug resistant cell lines, i.e. collateral sensitivity. The underlying 
idea is that cells gaining resistance to one drug might undergo molecular 
changes that sensitize them to other compounds. We found that drug resis-
tant myeloma cell lines gained collateral sensitivity to glucocorticoids. The 
increased sensitivity to steroids was accompanied by increased expression of 
the glucocorticoid receptor. I think that this is conceptually interesting, to 
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take advantage of the fact that the resistant cells are different from the non- 
resistant cells and target those alterations for successful treatment.      
     A goal in cancer therapy is to find drugs lethal to the cancer cells but 
harmless to the normal cells. In paper III we screened for drugs with cancer 
selectivity using a compound library in a model of squamous carcinoma. The 
identification of the potential drug targets PDE2 and PDE3 were the most 
interesting findings.

Knowledge about genes, proteins and their interplay opens new doors for 
personalized treatment, i.e. give patients treatment directed by specific tests. 
As patients with seemingly similar cancer may respond differently to treat-
ment, it is of importance to identify why. As previously described, microar-
rays are now moving into the clinic for treatment guidance69. We also de-
scribed a set of molecular markers for differentiation of thyroid tumors that 
may be of clinical importance but requires more evaluation.  

Given the new methodologies and insights in the field of oncological re-
search, I believe that we are well armed in the future battle against cancer.
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