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ABSTRACT 
Elisabet Tina (2010): Biological markers in breast cancer and acute leukaemia with 
focus on drug resistance. Örebro studies in Medicine 43, 68 pp. 
Drug resistance is a major problem in the treatment of breast cancer and acute 
leukaemia but so far no marker has been capable of accurately predicting which patient 
will respond to treatment.  

In the first part of this thesis the aim was to study the expression of topoisomerase 
(topo) IIα, the target for several cytostatic drugs, in breast cancer and acute leukaemia 
(PAPER I, II and III). In contrast to what is seen in non-malignant cells we found a 
significant expression of the topo IIα protein in cells also in the G0/G1 phase. These 
findings of an altered topo IIα expression in the G0/G1 phase may be an explanation for 
the selective effect of cytostatic drugs on malignant cells. The topo IIα mRNA and 
protein expression was not correlated to clinical response or survival for patients with 
acute leukaemia. Nonetheless, high expression of topo IIα protein was correlated with 
higher sensitivity to daunorubicin and etoposide in vitro, which supports the hypothesis 
that the expression of topo IIα can be of importance for the clinical effect of 
chemotherapy. Exposure to increasing concentrations of daunorubicin in vitro resulted 
in decreased level of topo IIα protein in samples from patients with acute myeloid 
leukaemia. This finding, which can be explained either by selection or down-regulation, 
can be clinically important since it could affect the efficacy of second dose of 
daunorubicin.  

In PAPER IV the aim was to study the predictive value of the transport protein BCRP 
mRNA expression for treatment response in acute myeloid leukaemia. We found no 
correlation between BCRP expression and clinical response or survival. However, when 
responders were analysed, those with low expression had a significantly prolonged 
survival compared to responders with high expression. 

In the final study the aim was to find new genes involved in carcinogenesis in 
tumours with amplified HER2 receptor (PAPER V). Using a microarray assay we found 
a frequent deletion on Xq24 that harbours the SLC25A43 gene. The deletion was also 
found in HER2 negative breast cancer, cervical cancer and lung cancer. This solute 
carrier protein, SLC25A43, is found in the inner membrane of the mitochondria where it 
has a possible role in cell metabolism. SLC25A43 has not been studied in relation to 
cancer before but may have a potential role in cancer initiation and progression. 
 
Keywords: Breast cancer, acute leukaemia, drug resistance, topoisomerase IIα, BCRP, 
HER2, SLC25A43, flow cytometry, real time PCR and whole genome screening  
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SAMMANFATTNING 
Cytostatikaresistens är ett utbrett problem vid behandling av bröstcancer och akut 
leukemi. Flera olika cellulära mekanismer har kunnat kopplas till cytostatikaresistensen, 
men det finns idag inga generellt accepterade metoder för att förutsäga vilka patienter 
som troligen kommer att svara på behandlingen. Ett minskat uttryck av topoisomeras 
(topo) IIα, vilket är målproteinet för flertalet cytostatika, har diskuterats som en 
mekanism vid cytostatikaresistens. En annan mekanism är överuttryck av 
transportproteiner, till exempel breast cancer resistance protein (BCRP), som minskar 
ackumuleringen av cytostatika i tumörcellerna vilket resulterar i nedsatt effekt av given 
behandling.   

I första delen av arbetet var syftet att studera topo IIα uttrycket i bröstcancer och akut 
leukemi (PAPER I, II och III). Där fann vi att topo IIα proteinet uttrycktes till stor del i 
celler som var i G0/G1 fas till skillnad mot vad som ses i icke maligna celler. Ett ökat 
uttryck av topo IIα i G0/G1 skulle kunna förklara den selektiva effekten av cytostatika i 
maligna celler. Uttrycket av topo IIα på mRNA och proteinnivå kunde inte kopplas till 
behandlingsrespons eller skillnad i överlevnad hos patienter med akut leukemi. Däremot 
kunde vi påvisa att ett högt proteinutryck av topo IIα korrelerade till känslighet för 
daunorubicin och etoposide in vitro vilket stödjer hypotesen att uttrycket av topo IIα kan 
vara av betydelse för den kliniska effekten. Stigande koncentrationer av daunorubicin 
resulterade i lägre nivåer av topo IIα positiva celler in vitro i prover från patienter med 
akut myeloisk leukemi. Detta fynd, vilket kan förklaras av antingen selektion eller 
nedreglering, kan vara av betydelse för det kliniska behandlingssvaret då det kan 
påverka effekten av en andra dos daunorubicin.  

I PAPER IV var syftet att utvärdera det predektiva värdet för BCRP mRNA uttryck i 
akut myeloisk leukemi. Vi kunde inte påvisa någon korrelation mellan mRNA uttrycket 
och klinisk respons på behandling eller överlevnad.  För de patienter som svarat på 
behandling var dock ett lågt BCRP uttryck kopplat till längre överlevnad. 

I det avslutande arbetet var syftet att i brösttumörprover med HER2 amplifiering söka 
efter nya gener involverade i tumörutveckling (PAPER V). Med microarrayteknik fann vi 
en frekvent förekommande deletion i Xq24 vilken kodar för SLC25A43. Deletionen 
påvisades även i prover från HER2 negativ bröstcancer, cervixcancer och lungcancer. 
Detta protein uttrycks i mitokondriens innermembran där dess roll troligen är kopplat 
till energimetabolismen i cellen. SLC25A43 är inte tidigare studerat i samband med 
cancer men kan vara av betydelse för tumörutvecklingen. 
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AKT   RAC-alpha serine/threonine – protein kinase 
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INTRODUCTION 
Cytostatic drugs are extensively used in the treatment of malignant diseases. 
Unfortunately, intrinsic or acquired resistance to cytostatic drugs is a major problem 
which often leads to treatment failure. The resistance is not always related to a specific 
drug and multidrug resistance (MDR), where the tumour cells survive exposure to 
cytostatic drugs with structural and functional differences, is common. There is today 
no method that is generally accepted to predict which patient will respond to treatment. 
Therefore, treatment is almost always based on diagnosis of the disease and cannot be 
individualised. The development of targeted therapies is one step towards individualised 
treatment but is so far only available for a limited number of diseases.  

This thesis has focused on two malignant diseases, breast cancer and acute leukaemia.  

 

BREAST CANCER 

Breast cancer is the most common malignant disease among woman in Sweden, with 
about 7000 new cases every year1. The mean age at diagnosis is 60 years and less than 
5% are younger than 40 years at diagnosis. Breast cancer is a disease with relatively 
good prognosis with a survival rate after five years of 88%2. The prognostic factors that 
are recommended for clinical use in Sweden are staging of the tumour (i.e. size of the 
primary tumour, tumour grading, metastasis to lymph nodes), proliferation status 
(Synthesis (S) - phase) and status of the human epidermal growth factor receptor  
(HER) 23.  

There are several different strategies used in the treatment of breast cancer patients, 
such as surgery, radiotherapy and systemic treatment4. Adjuvant therapy is used to 
reduce the risk of recurrence of the disease. Once the disease has progressed and 
become a metastatic disease the patient is treatable but not curable. Adjuvant systemic 
treatment includes hormonal therapy, cytostatic drugs and, in a subgroup of patients, the 
targeting drug trastuzumab.  

Hormonal therapy with Tamoxifen or aromatase inhibitors is offered to patients with 
the presence of oestrogen and/or progesterone receptor positive breast cancer5, 6. The 
expression of oestrogen and progesterone receptors is determined with 
immunohistochemistry (IHC) and is used for prediction of endocrine responsiveness. 
The response rate achieved after hormonal therapy is higher when both receptors are 
expressed compared with cases where a single receptor is expressed7.  

Cytostatic drugs are used as adjuvant therapy in a large proportion of patients without 
knowing the actual benefit of the treatment for the individual patient4. It is highly 
probable that, in many cases, local treatment or hormonal therapy would have been 
sufficient for cure.  
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Trastuzumab is used as adjuvant therapy and, as the other treatment modalities, also 
in the treatment of patients with metastatic disease8-10. Since trastuzumab targets the 
HER2 receptor it is only a treatment option in the subgroup of breast cancer patients 
with the presence of HER2 overexpression and/or gene amplification11.  

 

HER2 

The HER2 receptor plays a significant role in breast cancer where it has a prognostic 
value but also a predictive value for responsiveness to trastuzumab.  

In 20 – 30% of all breast cancer cases, the HER2 receptor is overexpressed, which is 
associated with poorer prognosis and shortened survival for the patients12, 13. This 
overexpression is mostly a result of gene amplification at 17q21. In the clinic, 
overexpression of the HER2 receptor is evaluated using IHC while gene amplification is 
determined using fluorescence in situ hybridisation (FISH)14. The presence of HER2 
overexpression and/or gene amplification will be referred to as HER2 positive breast 
cancer in this thesis. 

HER2, together with three other family members HER1, HER3 and HER4, belongs 
to a subgroup of receptor tyrosine kinases (RTKs)15. They are transmembrane receptors 
with an extracellular and a cytoplasmic domain. Following binding of growth factors to 
the extracellular domain, the receptors interact to generate homo- or heterodimer 
formations. During the dimerisation, intracellular docking-sites are formed resulting in 
activation of intracellular signals. Currently, there is no known ligand for the HER2 
receptor but HER2 is a preferred dimerisation partner since it is a highly potent activator 
of several pathways. One important pathway activated via HER2 formation is the 
PI3K/AKT pathway which has been shown to promote tumour development and 
progression16. Activation of the PI3K/AKT pathway is illustrated in Figure 1.  

Upon receptor activation, phosphatidylinositol-3-kinase (PI3K) is recruited to the 
intracellular docking-site where it is activated followed by phosphorylation of 
membrane-bound phosphatidylinositol-3,4-biphosphate (PIP2) to phosphatidylinositol-
3,4,5-triphosphate (PIP3)17. In the presence of PIP3, AKT translocates to the inner 
plasma membrane where it is activated. Phosphorylated AKT has the capacity to 
activate a number of different downstream substrates that support cell proliferation, 
survival, growth and metabolism. The PI3K/AKT pathway is inhibited by the key 
negative regulator, phosphatase and tensin homolog (PTEN) that act by 
dephosphorylating of PIP3 into PIP2

18. 
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Figure 1. Dimerization with HER2 results in recruitment of PI3K to intracellular docking sites 
followed by phosphorylation of PIP2 into PIP3. In the presence of PIP3, AKT translocates to the 
inner cell membrane where it is activated. Phosporylated AKT activates downstream substrates, 
supporting several cellular functions. PTEN negatively regulates AKT activation by 
dephosphorylation of PIP3 into PIP2. 
 

The PI3K/AKT pathway is commonly dysregulated in solid tumours, which highlights 
its importance in HER2 positive breast cancer17.  Activating hot spot mutations in the 
PIK3CA gene are reported to increase PI3K activity independently of growth factors19. 
It has also been shown that PTEN is inactivated by mutations or deletion of the gene 
that leads to accumulation of PIP3 in tumour cells followed by increased activation of 
downstream signalling20. 

The altered cell signalling in HER2 positive breast cancer is associated with a more 
aggressive disease but has also been suggested to contribute to the efficacy of 
anthracycline-based therapy21, 22. 
 
ACUTE LEUKAEMIA  

Acute leukaemia is a heterogeneous disease that originates from either myeloid or 
lymphoid precursors in the bone marrow. Adults mostly suffer acute myeloid leukaemia 
(AML) while acute lymphoid leukaemia (ALL) is more common among children23, 24.  

AML is a rare disease with 300 new cases per year in Sweden25. The median age at 
diagnosis among adults is 69 years26. Patients diagnosed with AML generally have poor 
prognosis and a survival rate after three years of 11-19%27, 28. 

The diagnosis of AML is primarily based on morphology of bone marrow and blood 
smears together with histology sections29. The presence of ≥ 30% blast cells in the bone 
marrow has been the criteria for AML diagnosis according to the French-American-
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British (FAB) classification which was proposed in 197630. Based on cytochemical 
staining and immunophenotyping the AML diagnosis is divided into subgroups M0 – 
M7, depending on differentiation and myeloid lineage. In 1999 a new classification was 
proposed by the World Health Organization (WHO) where ≥ 20% blast cells in the bone 
marrow are required for AML diagnosis and subgroups are based on cytogenetic 
aberration31. Since many of the AML patients don’t have any cytogenetic aberrations 
the FAB classification is still used for sub classification of the disease.  

Prognostic factors in AML are age, white blood cell count (WBC) and cytogenetic 
aberrations31. Grimwade et al have addressed the impact of cytogenetic classification on 
clinical outcome based on 1612 patients with AML32. The patients were divided into 
three different groups based on their cytogenetic profile (Table 1). This classification is 
continuously developed as new cytogenetic subgroups are evaluated and included.  

 

Table 1. Prognostic subgroups of AML patients based on cytogenetic aberrations according to 
the MRC AML Trial32.  

Favourable karyotype t(8;21), t(15;17) or inv(16)  

Intermediate karyotype Normal karyotype or other abnormalities 

Adverse karyotype Complex karyotype, -5/del(5q), -7, abnormal 3q  

 

AML is a disease with rapid progress and without treatment it is deadly. As induction 
therapy for AML, a combination of daunorubicin and 1-β-D-arabinofuranosylcytosine 
(ara-C) is most widely used25. With this combination about 55-75% of patients enter 
complete remission (CR) (< 5% blast cells in the bone marrow). In a Swedish 
population based study of 214 patients, it was found that patients achieving CR had a 
median survival at 21.6 months compared with 1.8 months for patients not achieving 
CR33. Even if the patient achieves CR the risk of relapse is very high during the first 
few years23, 28. After three years the risk declines to less than 10%. To reduce the risk of 
relapse post-remission therapy is given consisting of cytostatic drugs25. 

ALL is diagnosed according to the FAB or WHO classification with the same criteria 
of occurrence of blast cells as for AML diagnosis30, 31. Immunophenotyping of the 
tumour cells has an important role in classification of ALL in order to determine if the 
disease is of B-cell or T-cell linage34. Adults that suffer from ALL have similar survival 
rate as adult AML patients24.  
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CYTOSTATIC DRUGS AND TARGETING THERAPY 

In breast cancer the use of cytostatic drugs is one of several treatment strategies, while 
the use of cytostatic drugs is the only treatment option to achieve CR in acute 
leukaemia4, 25. To increase the efficiency of the treatment a combination of unrelated 
cytostatic drugs is used in the clinic. Furthermore, the targeting drug trastuzumab is 
used in combination with cytostatic drugs in order to improve the outcome. 

 

NUCLEOSIDE ANALOGUES 
Nucleoside analogues (NAs) are a group of drugs that include Ara-C, cladribine and 
fludarabine35, 36. All NAs have structural similarities and characteristics but their 
efficacies in different disorders vary37. Ara-C is widely used in the treatment of AML in 
combination with anthracyclines while cladribine and fludarabine are more effective in 
lymphoid disorders36, 37. The cellular uptake of NAs occurs via active transport by 
nucleoside-specific membrane transporters. To become an active drug intracellular 
phosphorylation of the compound is required. Their mechanisms of action are not fully 
understood but the compounds mimic physiological nucleosides in terms of uptake and 
metabolism37. The cytotoxic effect of NAs in proliferating cells is suggested to be a 
result of 1) incorporation into DNA during replication or repair synthesis, 2) inhibition 
of DNA polymerases and/or 3) inhibition of DNA repair35, 38.  

Ara-C, cladribine and fludarabine are henceforth referred as non-topo II inhibitors in 
this thesis. 

 

TOPOISOMERASE II INHIBITORS 
There are several different groups of cytostatic drugs that are considered to inhibit the 
enzymatic effect of topoisomerase (topo) II39.  

One of these groups is the anthracyclines which was discovered in the 1960s to have 
antitumour activity40. Daunorubicin and doxorubicin were the first two anthracyclines 
shown to have a cytotoxic effect on a wide spectrum of human malignant diseases and 
are still widely used in the treatment of solid tumours and acute leukaemia. Later on the 
chemical structures of daunorubicin and doxorubicin were altered to develop idarubicin 
and epirubicin41. The cytotoxic mechanisms of anthracyclines are not all together clear 
but in addition to the inhibition of topo II it is suggested that anthracyclines cause 
generation of reactive free radicals41, 42.  

Other cytostatic drugs that are considered to be topo II inhibitors are etoposide and 
amsacrine43. Etoposide is a semisynthetic derivate of podophyllotoxin while amsacrine 
is a synthetic aminoacridine derivative44, 45. Both have been shown to have effect in the 
treatment of AML patients45, 46. However, while anthracyclines have been demonstrated 
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to induce DNA breaks mediated by topo II that are permanent, etoposide and amsacrine 
induce DNA breaks that are reversible upon drug removal43. 

Mitoxantrone belongs to the group anthracenedione and is used in treatment of both 
breast cancer and acute leukaemia47. There are several mechanisms of action proposed 
for mitoxantrone with evidence for inhibition of DNA and RNA synthesis and 
intercalation with DNA48, 49. It has also been suggested that mitoxantrone is a topo II 
inhibitor50. Mitoxantrone exerts its effect in both non-proliferating and proliferating 
cells although dividing cells are more sensitive than quiescent cells48, 49.   

 

TRASTUZUMAB 
To be able to achieve an individualised treatment strategy the development of targeting 
therapy is necessary. In the 1990s trastuzumab was introduced in clinical trials as a 
possible therapy for patients with HER2 positive breast cancer and was approved for 
clinical use in 19988. 

Trastuzumab is a targeting monoclonal antibody against the HER2 receptor51. The 
antibody consists of two antigen-specific sites that bind to the extracellular domain of 
the receptor. There are several possible mechanisms of action suggested for trastuzumab 
including decreased intracellular signalling, increased endocytotic destruction of the 
receptor and immune activation51, 52. In response to trastuzumab it has been shown that 
the PI3K/AKT signalling is altered53-55. Nagata et al have determined that the negative 
regulator of the PI3K/AKT pathway, PTEN, is subsequently activated by trastuzumab 
resulting in inhibition of downstream signalling54. In addition, the PI3K/AKT pathway 
has been proposed to play a role in resistance to the drug54, 55. 

Despite the use of HER2 as a predictor for treatment responsiveness to trastuzumab 
the response rate is relatively low. When administered as a single drug the response rate 
has been reported to be 35%11, 56. The low response rate has resulted in trastuzumab 
being predominantly administered in combination with cytostatic drugs51. Another 
drawback is that a large proportion of the patients who achieve the drug acquire 
resistance within a year8, 57.  
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DRUG RESISTANCE    

Intrinsic or acquired resistance to cytostatic drugs is a major problem in the treatment of 
patients that suffer from breast cancer or acute leukaemia28, 58. Apart from the problem 
with resistance there is also the problem of side effects caused by the cytostatic drugs59. 
Some of the side effects are reversible but others are permanent. It is therefore an 
obvious need to develop methods that predict which patient is less likely to respond and 
which patient will benefit from treatment. Several mechanisms have been investigated 
in relation to resistance over the years. In this thesis the focus has been on two proteins 
with a possible role in drug resistance, i.e. topo IIα and breast cancer resistance protein 
(BCRP).  

 

TOPO II 

Topo II is a nuclear enzyme that has been considered to be involved in drug resistance 
since it is the target for several cytostatic drugs. The gene coding for topo IIα is 
localised on chromosome 17q21-22, next to the HER2 gene, and encodes a 170 kDa 
protein60. Topo II plays an essential role during transcription and replication of DNA 
where the enzyme catalyzes changes in DNA topology61. The enzyme binds to double-
stranded DNA in a homodimer formation where it cuts both strands and thereby creates 
a transient double strand break where an intact double-strand helix can pass through 
(Figure 2)62. To maintain the integrity of the genetic material during this reaction the 
topo IIα homodimer forms covalent phosphodiester bonds between active sites and 
newly generated 5´- and 3´- terminals63. The covalent enzyme-cleaved DNA complex is 
named the cleavable complex. After passage of the intact DNA strand the double-strand 
break is religated. To complete the full reaction topo IIα is dependent on ATP binding 
and hydrolysis. Cytostatic drugs with mechanistic effect through topo II induce 
stabilisation of the cleavable complexes resulting in double strand breaks and therefore 
cell death64, 65.   
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Figure 2. Proposed structure and catalytic cycle of topo II. The enzyme is a homodimer 
consisting of three functional segments, an ATPase, a cleavage (B) and a C-terminal (A) part. 
One DNA strand G (Gate) is cleaved, allowing a passage of another intact DNA strand T 
(Transport). The topo II inhibitors act by stabilising stage 3 or 4, where the DNA strand is 
cleaved. Figure reprinted with permission from Kellner et al, Lancet Oncology 2002; 3:  

235-243. 

 

Topo IIα is considered to be a proliferation marker as its expression varies during the 
cell cycle with increasing expression in the late Gap (G) 1-phase and maximum 
expression in the G2/Mitosis (M) -phase66-69. There is no detectible level of topo IIα in 
normal non-proliferating cells (G0). However, studies suggest that topo IIα expression 
might be altered in malignant cells70, 71.   

Topo IIα has been investigated in both breast cancer and acute leukaemia as a 
predictive marker for clinical response. Studies performed on cancer and leukaemia cell 
lines have shown that low mRNA or protein expression of topo IIα and decreased 
enzyme activity are associated with drug resistance72-78. High expression of topo IIα 
analysed with immunohistochemistry (IHC) in breast cancer specimens has been shown 
to correlate with treatment response but incongruent results have been published by 
Järvinen et al79-83. In some cases, the altered topo IIα expression in tumours is a result of 
copy number variation of the gene82, 84-86.  

Coamplification of topo IIα and HER2, confirmed with FISH, is reported in 37 to 
75% of HER2 positive cases. Tanner et al have shown a positive prediction for 
treatment response to epirubicin in cases with coamplification of topo IIα and HER285.  

21 
 

Decreased level of topo IIα expression has been shown to be associated with drug 
resistance in vitro. One possible explanation for the altered expression could be deletion 
of the gene. This has been reported in 5 to 25% of breast tumour cases82, 84, 86.  

Several studies measuring mRNA levels of topo IIα in acute leukaemia have not 
shown any correlation between expression and clinical response or outcome87-90 but 
contradictory results have been published71. There are few studies measuring the 
expression of topo IIα protein in clinical samples70, 91, 92. Lodge et al used IHC to 
measure the protein expression of topo IIα in 177 cases of ALL without finding any 
association with prognostic factors or clinical outcome92.  
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triphosphate (ATP) – dependent membrane proteins which have been extensively 
investigated for their involvement in drug resistance94. The ATP-transporters use the 
energy from ATP to translocate a wide variety of molecules across extra- and 
intracellular membranes95. There are 48 characterised human genes coding for the ATP-
binding cassette (ABC) transporter superfamily. Overexpression of ABC-transporter 
proteins have been correlated to drug resistance as a result of reduction in the 
intracellular accumulation of cytostatic drugs. Permeability-glycoprotein (P-gp) is the 
most extensively studied transport protein in relation to drug resistance96, 97. 
Overexpression of P-gp is associated with MDR as a result of its unique ability to carry 
out active transport of compounds with a variety of structural differences.  

Chen et al isolated an adriamycin resistant breast cancer cell line (MCF-7/AdrVp) 
which was shown to overexpress a membrane protein with a molecular mass of 95 
kDa98. A few years later, Doyle et al showed that low accumulation of daunorubicin in 
leukaemia blast cells was associated with the expression of the same 95 kDa membrane 
protein99. By RNA fingerprinting Doyle et al showed that the 95 kDa protein was a 
member of the ABC - transporter superfamily (ABCG2) and named it breast cancer 
resistance protein (BCRP)100.  

The gene coding for BCRP is located at 4q21-22 and the protein is normally 
expressed in liver, placenta, brain and in hematopoetic stem cells101-103. BCRP is a half-
transporter and is therefore non-functional unless it forms a homodimer or heterodimer. 
Overexpression of BCRP has been shown to result in resistance to several drugs 
including mitoxantrone, doxorubicin, daunorubicin and epirubicin104. There are several 
studies that have not found any association between BCRP mRNA expression and 
treatment response or clinical outcome in acute leukaemia105-108. Benderra et al have 
presented conflicting results, suggesting that BCRP mRNA levels could be a predictor 
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Figure 2. Proposed structure and catalytic cycle of topo II. The enzyme is a homodimer 
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cleaved. Figure reprinted with permission from Kellner et al, Lancet Oncology 2002; 3:  

235-243. 
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for responsiveness to daunorubicin and mitoxantrone but not idarubicin109. However, 
there are studies showing that the protein expression of BCRP is heterogeneous with 
detectable levels in immature subpopulations of the leukaemia cells105, 107, 110. Damiani 
et al used a flow cytometry assay to measure BCRP protein expression and found no 
correlation to treatment response but that high expression was significantly correlated 
with recurrence of the disease when compared with BCRP negative cases111.   

 

FLOW CYTOMETRY 

Flow cytometry (FCM) is a technique which enables measurement of several 
parameters simultaneously in a single cell suspension. The first fluorescence-based 
FCM device was developed in 1968 and commercial FCM instruments became 
available in 1974. Today the instruments are usually equipped with multiple lasers and 
fluorescence detectors and are used in clinical diagnostic and for research purposes112.  

The standard laser in commercial FCM instruments is a 488 nm argon laser112. When 
the cell passes through the laser beam it will cause a light scatter measured by a 
Forward scatter sensor (FS) and by a Side scatter detector (SS). FS gives a relative 
measurement of cell size while SS reflects the cell complexity. 

Using FCM makes it possible to analyse extracellular, intracellular or nuclear 
expression of proteins112. For detection, fluorochrome-conjugated antibodies or 
fluorochromes that bind directly to the protein of interest are used. There are several 
fluorochromes available for antibody conjugation which makes it possible to combine 
different antibodies within the same assay. One of the first fluorochromes used for 
conjugation was fluorescein isothiocyanate (FITC), which emits light at 525 nm when 
excited by an argon laser. Later on phycoerytrine (PE) was introduced as a 
fluorochrome for antibody conjugation. PE gives a stronger fluorescence signal than 
FITC and emits light at 575 nm when excited by an argon laser. To increase the number 
of potential fluorochromes excited by 488 nm, the fluorescence resonance energy 
transfer (FRET) phenomenon was used to combine two fluorochromes excited by 
different wavelengths (Figure 3). 
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Figure 3. The FRET phenomenon in tandem conjugates. PE and Cyanine-5 (Cy5) are excited 
by different wavelength but when they are combined the energy from the excited PE molecule 
will be transferred to the Cy5 molecule which emits detectable light. 

 

In FCM assays for cell viability or DNA content propidium iodide (PI) or 7-amino-
actinomycin D (7-AAD) are commonly used112. PI has a broader emission spectra 
compared to 7-AAD resulting in an overlap of signals into different fluorescence 
detectors while 7-AAD is detected in one detector. Both fluorochromes enter cells with 
permeable cell membrane and are therefore possible to use for discrimination between 
intact viable cells and dead cells. To measure DNA content in cells using FCM the 
nuclei are generally isolated. PI and 7-AAD intercalate into DNA and give a 
proportional measurement of the DNA content.  
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BIOLUMINESCENCE 

Bioluminescence is an indirect measurement of viable cells as the ATP level in the cells 
is analysed113, 114. Viable cells have a relatively constant level of ATP but when the 
respiratory cycle is disturbed ATP will degrade rapidly. Bioluminescence is a two step 
reaction where ATP in the sample is consumed and firefly luciferase works as a catalyst 
leading to the emission of light (Figure 4). 

 

 
Figure 4. Two reactions (R1 and R2) occur during ATP measurement with the bioluminescence 
assay where R1 is reversible and R2 is essentially irreversible. The emitting light is proportional 
to the ATP level in the sample. 

 

This method can be used to determine chemosensitivity in vitro where resistant cells 
have higher ATP levels after culture with cytostatic drugs than sensitive cells. 

 

ASSAYS WITHIN MOLECULAR BIOLOGY 

The development of techniques for analysis on molecular level has given a tremendous 
opportunity to increase knowledge of tumour development and progression. Kary 
Mullis conceived the idea for the polymerase chain reaction (PCR) in the 1980s and 
later on received the Nobel Prize in chemistry in 1993.  

 

PCR 

PCR makes it possible to amplify a specific area of interest of the DNA molecule115, 116. 
The method is sensitive and therefore suitable for samples with a small amount of the 
target. With the development of the ability to synthesise cDNA from RNA samples, it 
was then possible to use the PCR technique to analyse mRNA expression as well. In the 
mid 1990s the first commercial instruments for real time PCR were introduced117, 118. 
These instruments made it possible to quantify mRNA expression in real time but are 
also used for detection of DNA. For quantification of the PCR product SYBR Green or 
fluorescent probes are used. Fluorescent probes have the advantage of being specific for 
the intended product while SYBR Green intercalates in all double stranded products.  
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MICROARRAY 

Microarray is a technique allowing simultaneous measurement of a high number of 
gene transcripts or genetic variations within a sample119. The use of microarray is a 
strategy to increase knowledge of various diseases. Tumour progression is generally a 
result of multiple genetic alterations caused by mutations, deletions or amplifications 
that may affect the gene expression and/or function120. The invention of array assays 
based on the single nucleotide polymorphism (SNP) has led to the possibility of 
studying genetic imbalance in tumours119-121. SNPs are the most common type of 
genetic variation in humans and are defined by two alternative bases in a position that 
occur at a frequency of > 1% in the human population121.  

A method termed whole-genome sampling analysis has been developed for SNP 
genotyping in DNA samples122, 123. This method is also suitable for analysis of DNA 
copy number changes120. The assay includes several preparation steps (Figure 5). Using 
a restriction enzyme, for instance Nsp I, genomic DNA is cleaved to fragments. These 
are amplified in a one primer PCR during conditions that allow amplification of 
fragments in the 200 to 1,100 bp size range. The PCR products are then fragmented, 
labelled, and hybridized to an array chip. Hybridization to SNP probes will generate 
signals, which are used to distinguish between homozygous and heterozygous cases but 
also to study allelic imbalance. In the analysis of SNP array data from tumour samples 
the results are compared with healthy individuals to find significant gene copy number 
variations, i.e. deletions and amplifications, or loss of heterozygosity (LOH)120.  

 
Figure 5. A schematic figure for the preparation step included in SNP genotyping with the 
Affymetrix GeneChip® Mapping Assay. The DNA is initially cleaved with the Nsp I restriction 
enzyme followed by a general PCR reaction. The PCR products undergo enzymatic 
fragmentation and then labelling. After hybridisation of the sample to the array chip a wash step 
including staining is performed. SNP signals are determined as homozygous (AA or BB) or 
heterozygous (AB).     
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AIMS OF THE STUDY 
The general aim of this thesis was to evaluate possible predictors for drug resistance in 
breast cancer and acute leukaemia.  
 

The specific aims were 

 To elucidate the importance of topo IIα in drug resistance by 

o analysing the distribution of topo II protein expression in different cell 
cycle phases in fresh breast cancer cells by flow cytometry. 

o determine whether topo II mRNA and protein expression correlates 
with treatment outcome and chemosensitivity in vitro in acute leukaemia. 

o investigating the presence of topo IIα negative subpopulations after 
exposure to increasing concentrations of cytostatic drugs. 

 To evaluate BCRP mRNA expression in leukaemia cells as a predictor for 
treatment response and prognosis. 

 To identify new genes implicated in HER2 positive breast cancer using a whole 
genome assay. 
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MATERIALS  
ETHICS 

All five studies included in present thesis were conducted with the approval of the 
relevant ethics committees. 
 
PATIENTS 

In PAPER I, 50 fresh tumour samples from 49 patients with breast cancer were included. 
The age of the patients ranged from 33 to 94 years, with a median age of 61 years. All 
patients were diagnosed and treated at Örebro University Hospital and none of the 
patients had received treatment before surgery. 

In PAPER II, bone marrow (n = 70) and peripheral blood (n = 24) samples from 94 
patients with acute leukaemia were included. The patients had a mean age of 58 years 
(range 18 - 84 years). The diagnoses were 76 cases of de novo AML, 12 cases of 
secondary AML, three cases of B-ALL and three cases of T-ALL. Seventy-four of these 
cases were clinically evaluable where 54 cases were defined as responders and 20 cases 
as non-responders. Patients defined as responders had entered complete remission (CR) 
after one or two induction courses. CR was defined as ≤ 5% blast cells in the bone 
marrow. Those 20 patients who were not clinically evaluable received only palliative 
treatment due to poor performance status or, in a few cases, died early during induction 
treatment. 

In PAPER III, bone marrow or blood samples from 12 adult patients with AML were 
included at the time of diagnosis. 

In PAPER IV, samples from 40 patients newly diagnosed with de novo AML (n = 37) 
or secondary AML (n = 3) were included. Their mean age was 57 years (range 22 - 79 
years). All patients were clinically evaluable, of which 28 patients were defined as 
responders and 12 as non-responders, using the same definition as in PAPER II.  

In PAPER V, 85 tumour samples from patients with HER2 positive breast cancer were 
collected at Linköping University Hospital and Örebro University Hospital. The patients 
had a median age of 59 years (range 25 – 90 years). For comparison with other 
malignant diseases samples from 52 HER2 negative breast cancer cases but positive for 
oestrogen receptor, 65 cervical cancer cases and 34 lung cancer cases were included in 
the study. 
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CELL LINES 

For preparation of standard curves used in real time PCR the cell lines CCRF-CEM and 
MCF-7 were used (PAPER II and IV). CCRF-CEM originates from an acute lymphoid 
leukaemia of T-cell type and was used to create standard curves for topo II and -
actin. In the analysis of BCRP expression MCF-7, which originates from a breast 
adenocarcinoma, was used. mRNA from both cell lines were isolated from 
cryopreserved cells. 
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METHODS 
ISOLATION OF MONONUCLEAR CELLS 

Mononuclear cells were isolated from fresh bone marrow or blood samples with 
gradient centrifugation using Histopaque-1077 (PAPER II, III and IV). For FCM analysis 
or cell culture the cells were used fresh, while cells were cryopreserved for mRNA 
expression assays. 

 

DISAGGREGATION OF BREAST TUMOUR CELLS 

Breast tumour samples were disaggregated to enable FCM analysis by using a 
Medimachine device with 35 µm Medicon (PAPER I). The cell concentration was 
adjusted to 106 cells/ml with phosphate buffered saline (PBS). 

 

CELL CULTURE 

In PAPER II mononuclear cells were exposed to different drugs in a chemosensitivity 
assay and evaluated for cell survival after 4 days of culture. Cells (105 cells/ml) were 
incubated in medium consisting of 1.8 ml RPMI 1640 supplemented with 1% L-
glutamine and 10% foetal calf serum. Cytostatic drug was added to a total volume of 2 
ml, the final concentration of which is presented in Table 2. The different drug 
concentrations were chosen to mimic intracellular concentrations reached in vivo124-127. 
As a drug free control 0.2 ml PBS was added. 

 

Table 2. Concentrations of cytostatic drug and incubation times used in chemosensitivity assay.  
Cytostatic drug Concentration (µM) Incubation time 

Amsacrine  1.0  Continuously 

Daunorubicin  0.2 1 hour 

Etoposide  20  1 hour 

Idarubicin  0.05  1 hour 

Mitoxantrone  0.05  1 hour 

Ara-C  0.5  Continuously 

Cladribine  0.05 Continuously 

Fludarabine  2  Continuously 
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To study topo II expression after drug exposure in PAPER III, mononuclear cells were 
cultured with increasing concentrations of daunorubicin or ara-C for 24 hours. Drug 
exposure was performed in 25 cm2 cell culture flasks with 105 cells/ml and final drug 
concentrations of 0.1, 0.5, 2 and 5 µM in 10 ml medium (87% RPMI 1640, 2.5% 1 M 
Hepes and 10% FBS). As a drug free control, cells were cultured with only medium.  

 

FLOW CYTOMETRY ASSAYS 

FCM was used for analysis of topo II protein expression (PAPER I, II and III), cell 
cycle phase distribution (PAPER I) and to determine viable cells (PAPER III). 

 

TOPO II ASSAY 

To determine the topo II expression in different cell cycle phases a two-colour FCM 
method was used. In PAPER III the staining procedure was modified compared to the 
method used in PAPER I and II. Due to the appearance of nonspecific staining using the 
anti-topo IIα clone SWT3D, the antibody was exchanged for the clone Ki-S1 in PAPER 
III. At the same time the method was optimised with respect to incubation times and 
lysing reagent, and an isotypic control was introduced. The staining was performed on 
ice in two parallel tubes, one tube for determination of topo II expression and one tube 
as negative control.  

Staining procedure in PAPER I and II; 

For isolation of cell nuclei a lysing solution containing Triton X-100 was used. 
Thereafter the nuclei were fixed with ice cold methanol and then washed.  To one of the 
tubes the primary antibody against topo II (clone SWT3D) was added. After 
incubation a fluorescein isothiocyanate (FITC) conjugated rabbit-anti-mouse antibody 
was added to both tubes. Finally, a 10 µg/ml PI solution was used for DNA staining. 

Staining procedure in PAPER III; 

In PAPER III a lysing solution containing Igepal CA-630 was used for isolation of cell 
nuclei. The nuclei were then washed once before adding the primary antibody against 
topo II (clone Ki-S1) to one tube and an isotypic control IgG2a to the other tube. After 
incubation a FITC-conjugated goat-anti-mouse antibody was added to both tubes and 
thereafter 100 µg/ml PI solution to stain DNA. 
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CELL CYCLE PHASE ASSAY 

Parallel with the staining for topo II determination in PAPER I a method for S-phase 
and ploidy determination was performed using DNAcon3 tubes. DNAcon3 contains a 
lyophilised buffer mixture with RNase and chromatin stabiliser. A PI solution was used 
to reconstitute the buffer mixture. To be able to calculate the ploidy status of the 
tumours two different control cells, chicken and salmon, were added to the DNA 
staining tube together with the tumour cell suspension. Tubes were incubated on ice for 
1 hour before FCM analysis. 

 

DETERMINATION OF VIABLE CELLS 

To determine the fraction of viable cells after drug exposure in PAPER III 7-AAD was 
used. 0.25 µg 7-AAD in solution was used per test to stain dead cells. After 10 minutes 
of incubation at room temperature, PBS was added and the cells then immediately 
analysed with FCM. 

 

ACQUISITION AND ANALYSIS OF DATA  

The FCM analysis in PAPER I and II was performed using a FACScan (Becton 
Dickinson) while an EPICS ALTRA (Beckman Coulter) was used in PAPER III. Both 
instruments were equipped with a 488 nm argon laser. Acquisition of cell nuclei 
measurements for topo II expression were based on the collection of 5000 events 
(PAPER I and II) or 10,000 events (PAPER III). To analyse the expression of topo II the 
negative control in each respective case was used to determine the cut-off for positivity 
(Figure 6). The expression was determined as a percentage of positive cells. We 
analysed the expression including all cell cycle phases, i.e. total population, as well as 
in different cell cycle phases. Since the S-phase fraction was relatively small in many 
cases it was analysed together with the G2/M phase. In non-diploid tumours, expression 
in diploid G0/G1, non-diploid G0/G1 and non-diploid S/G2/M was analysed.  
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CELL CYCLE PHASE ASSAY 

Parallel with the staining for topo II determination in PAPER I a method for S-phase 
and ploidy determination was performed using DNAcon3 tubes. DNAcon3 contains a 
lyophilised buffer mixture with RNase and chromatin stabiliser. A PI solution was used 
to reconstitute the buffer mixture. To be able to calculate the ploidy status of the 
tumours two different control cells, chicken and salmon, were added to the DNA 
staining tube together with the tumour cell suspension. Tubes were incubated on ice for 
1 hour before FCM analysis. 

 

DETERMINATION OF VIABLE CELLS 

To determine the fraction of viable cells after drug exposure in PAPER III 7-AAD was 
used. 0.25 µg 7-AAD in solution was used per test to stain dead cells. After 10 minutes 
of incubation at room temperature, PBS was added and the cells then immediately 
analysed with FCM. 

 

ACQUISITION AND ANALYSIS OF DATA  

The FCM analysis in PAPER I and II was performed using a FACScan (Becton 
Dickinson) while an EPICS ALTRA (Beckman Coulter) was used in PAPER III. Both 
instruments were equipped with a 488 nm argon laser. Acquisition of cell nuclei 
measurements for topo II expression were based on the collection of 5000 events 
(PAPER I and II) or 10,000 events (PAPER III). To analyse the expression of topo II the 
negative control in each respective case was used to determine the cut-off for positivity 
(Figure 6). The expression was determined as a percentage of positive cells. We 
analysed the expression including all cell cycle phases, i.e. total population, as well as 
in different cell cycle phases. Since the S-phase fraction was relatively small in many 
cases it was analysed together with the G2/M phase. In non-diploid tumours, expression 
in diploid G0/G1, non-diploid G0/G1 and non-diploid S/G2/M was analysed.  
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Figure 6. The negative control for each case was used to determine the cut-off point for topo IIα 
positivity. Nuclei above the line were considered to be topo IIα positive.   

 

For S-phase and ploidy determination and viability assay with 7-AAD 15,000 events 
and 10,000 events were acquired, respectively.  

 

BIOLUMINESCENCE ASSAY 
A bioluminescence assay was used to determine differences in viability of mononuclear 
cells after exposure to cytostatic drugs (PAPER II).  

After cell culture, ATP was extracted by mixing equal volumes of cell suspension 
and 2.5% trichloracetic acid. The extracts were analysed immediately or stored at -20C 
until analysis.  

The bioluminescence assay was performed automatically using a Bio Orbit 
photometer (Bio Orbit, Turku, Finland). Reagents used in the assay together with ATP 
standard were supplied from Bio Orbit. To measure the ATP concentration the sample 
together with TRIS-EDTA buffer was added to a cuvette which then was placed in the 
photometer. ATP monitoring reagent was automatically dispensed and the resulting 
light emission measured. In the next step, ATP standard was automatically added and 
the emitting light was remeasured. The amount of ATP was calculated with correction 
for the background and the results were given as nmol ATP/sample. The effect of the 
cytostatic drug was expressed as a ratio of the amount of ATP in the drug-exposed 
sample to the amount of ATP in the drug-free control. 
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REAL-TIME PCR 
mRNA expression of topo IIα and BCRP was analysed with a TaqMan®-based real 
time RT-PCR (Applied Biosystems) in PAPER II and IV. RNA was isolated from 
cryopreserved mononuclear cells using a QIAamp RNA Blood mini kit following the 
manufacturer’s instruction. The quality and quantity of the RNA was determined with a 
Bioanalyzer. cDNA was then synthesised from 400 ng RNA using Oligo-dT primers. 
The PCR reaction included 2 µl cDNA together with TaqMan® universal PCR master 
mix, primers and probe conjugated to FAM™ and TAMRA™. Relative quantification 
of mRNA levels in patient samples was determined from standard curves, β-actin was 
used to normalise the expression of topo IIα or BCRP in the samples.  

 

WHOLE GENOME SCREENING ASSAY 

In PAPER V a whole genome screening of copy number variation (CNV) was performed 
using a GeneChip Mapping 250K Assay Kit (Affymetrix, Inc Santa Clara, CA USA) 
according to manufacturer’s protocol. Briefly, 250 ng of DNA was digested with Nsp 
restriction enzyme. The DNA fragments were thereafter ligated with an adaptor which 
made it possible to use general primers for PCR amplification. The PCR product was 
purified, quantified and then cleaved to shorter fragments, followed by labeling. The 
sample was then allowed to hybridise to the array chip at 49C for 16 to 18 hours at 60 
rpm. Thereafter the chip was washed and stained with a solution containing 
streptavidin-biotin. GeneChip Scanner 3000 7G (Affymetrix) was used to scan the chip. 

The initial data analysis was performed using Genotyping Consol 3.1 (Affymetrix). 
This tool was applied to generate a segment report, which is a table where each row 
corresponds to a segment with copy number change that deviates from the expected 
normal. Array data from forty-six female individuals, available from the HapMap 
project, were used as controls for known CNV regions. To generate the segment report, 
three different criteria were applied by setting different values of the parameters 
provided by the application. One of the parameters is defined as the number of SNPs 
within the segment. By setting the value of this parameter to five, we introduce 
constraints to only identify segments with a minimum of five SNPs within the segment. 
The other parameter defined the size of the reported segment to a minimum size of 100 
kbp. Finally, a parameter for CNV overlap was set to report all segments with up to 
50% overlap with known CNV regions. For each segment, there is an indication of loss 
or gain, depending on whether the copy number change correspond to a decrease or 
increase from what is normally expected. 

Further bioinformatics analysis consisted of selecting the most frequent aberrations 
and applying clustering tools to find common patterns of genetic changes among 
different patients. We first applied hierarchical clustering analysis, carried out with 
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Bioanalyzer. cDNA was then synthesised from 400 ng RNA using Oligo-dT primers. 
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used to normalise the expression of topo IIα or BCRP in the samples.  

 

WHOLE GENOME SCREENING ASSAY 
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restriction enzyme. The DNA fragments were thereafter ligated with an adaptor which 
made it possible to use general primers for PCR amplification. The PCR product was 
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This tool was applied to generate a segment report, which is a table where each row 
corresponds to a segment with copy number change that deviates from the expected 
normal. Array data from forty-six female individuals, available from the HapMap 
project, were used as controls for known CNV regions. To generate the segment report, 
three different criteria were applied by setting different values of the parameters 
provided by the application. One of the parameters is defined as the number of SNPs 
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constraints to only identify segments with a minimum of five SNPs within the segment. 
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and applying clustering tools to find common patterns of genetic changes among 
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PermutMatrix clustering tool 128. Only the aberrations present in a minimum of 10 
patients were considered for further analysis. Euclidean Distance was used as a measure 
of similarity between the cases. Then a Single linkage rule was applied for hierarchical 
clustering of similarities between loci containing amplifications or deletions.  
 
LOSS OF HETEROZYGOSITY ASSAY 
To confirm our findings from the whole genome screening we used a PCR-RFLP 
(restriction fragment length polymorphism) based method to study the LOH frequency 
in different tumour types (PAPER V) (Figure 7). A polymorphic site in the SLC25A43 
gene (SNP ID: rs.217978), positioned in the region between exon 1 and 2, was chosen. 
The initial PCR amplification included 25-50 ng of DNA in a final reaction volume of 
20 µl PCR mix containing TopTaq™ Polymerase kit reagent (Qiagen) and 1 µM of 
forward primer and HEX labelled reverse primer. The 101 bp PCR product was then 
cleaved at the polymorphic site using Acc1 at 37ºC for 8 hours followed by heat 
inactivation at 80ºC for 20 minutes. Cases with a heterozygous pattern for rs.217978 
were selected and the fragments were capillary electrophoresized in an ABI Prism® 
3130 Genetic Analyzer (Applied Biosystems).  
 

 
Figure 7. Schematic illustration of the LOH assay. An initial PCR was conducted using a 
HEX™ labelled reverse primer to tag the PCR product. For restriction enzyme cleavage at the 
SNP site, Acc1 was used followed by fragment analysis in the heterozygous cases. The area 
under the peak was used for calculation of the allelic ratio, A1/A2, for each sample. Control 
samples were used to determine a range (median allelic ratio ± SD). Tumour samples within the 
range were defined as retention of heterozygosity (ROH) while samples with a ratio lower or 
higher than the range were defined as loss of heterozygosity (LOH). 
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GeneMapper v 4.0 software was used for the analysis where the area under the peak 
represents the amount of each allele. For each sample, allelic ratio (AR) was given by 
peak area of allele 1 / peak area of allele 2. To determine a range which shows retention 
of heterozygosity (ROH), median AR ± SD was calculated in 29 heterozygous female 
blood donor samples. Tumour samples with an AR within the range were defined as 
ROH while cases with an AR value lower or higher than the normalised range were 
defined as LOH.  
 

MUTATION ANALYSIS  

To search for mutations in the SLC25A43 gene we screened all six exons using single-
strand conformation polymorphism (SSCP) in PAPER V. Fragments showing mobility 
shifts were reamplified for sequence analysis. 
 
SSCP 
An initial PCR amplification was performed with 25-50ng of DNA in a final reaction 
volume of 20 µl PCR mix containing TopTaq™ Polymerase kit reagent (Qiagen) and 1 
µM of each primer. Radiolabelling for SSCP was performed in a secondary PCR, where 
2 µl of the primary PCR product was amplified for 12 cycles in the presence of 
deoxyadenosine 5’-triphosphate, α-33P. Fragments were then run both on a non-
denaturing 6% polyacrylamide gel at 6 W (3000 V, 300 mA) for 16-18 hours and on a 
MDE™ gel for 8 hours at room temperature. The gel was then dried and auto exposed 
to X-ray film (35 x 45 cm, Kodak BMS-1) in an exposure cassette using a Trans Screen 
LE intensifier at -80ºC for 1-2 days. The DNA fragments with mobility shifts were 
excised and reamplified by PCR. The PCR product was then cleaned using a PCR-M 
clean up system (VIOGENE) before proceeding to sequence analysis. 
 
SEQUENCE ANALYSIS 
Cycle sequencing was performed using a BigDye® Terminator kit (Applied 
Biosystems) with 1 µl of clean PCR product in a final volume of 10 µl. The extension 
products were then purified using an ethanol (95%) - sodium acetate (3M, pH 4.6) 
precipitation technique followed by capillary electrophoresis in an ABI Prism® 3130 
Genetic Analyzer (Applied Biosystems). A partial sequence of pGEM-3Zf(+) was used 
as control sequence.  
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STATISTICS 

In order to test differences in the proportion of topo IIα positive cells between diploid 
and non-diploid tumours the Mann-Whitney test was used (PAPER I). This test was also 
used for the comparison of topo IIα mRNA and protein expression in groups defined by 
clinical response, cytogenetic risk, and de novo/secondary AML (PAPER II). The 
significance of BCRP mRNA expression between patients, sorted by clinical response, 
was also tested using the Mann-Whitney test (PAPER IV).  

Wilcoxon matched pairs test was used to assess difference in topo IIα expression 
between the G0/G1 phase and the S/G2/M phase in diploid tumours and to test 
differences in the proportion of topo IIα negative cells when treated with different drug 
concentrations (PAPER I and III). The comparison of topo IIα expression in the three 
groups of cell cycle phases (dip G0/G1, non-dip G0/G1 and non-dip S/G2/M) in non-
diploid breast tumours was performed using a Friedman ANOVA test and posthoc 
testing with Wilcoxon signed rank sum test with Bonferroni correction (PAPER I).  

For comparison in chemosensitivity in vitro between two groups defined by low or 
high expression of topo IIα Student’s t-test for independent groups was used (PAPER II).  
The correlation between the percentage of topo IIα positive cells and the S-phase 
fraction was tested with Spearman’s rank correlation (PAPER I). To analyse the effect of 
increasing drug concentrations on the proportion of topo IIα negative cells an extended 
regression model was used (PAPER III). This model was formulated to handle 
correlations between consecutive observations of the same sample and allow for 
substantial inter-individual variation with respect to baseline values. 

Calculation of survival curves was performed according to Kaplan-Meier and for 
comparison of survival between high and low expression a Log-rank test was used 
(PAPER II and IV). To estimate the hazard ratio for death dependent on BCRP mRNA 
expression a multivariate Cox regression method was used with BCRP mRNA 
expression, age and WBC as explanatory variables (PAPER IV).  

A level of p less than 0.05 was accepted as statistically significant. 
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RESULTS 
TOPO II EXPRESSION AND CLINICAL OUTCOME 

TOPO IIα IN BREAST CANCER (PAPER I) 

The expression of topo IIα in different cell cycle phases was analysed in 50 breast 
tumour samples. When including all cell cycle phases in the analysis the median 
proportion of topo IIα positive cells was 25%. In the analysis of the expression in 
different cell cycle phases, diploid tumours (n = 21) showed a median fraction topo IIα 
positive cells of 26% in the G0/G1 phase compared and 41% in the S/G2/M phase 
(Figure 8). In non-diploid tumours (n = 29) the median fraction of topo IIα positive cells 
was 9% in the diploid G0/G1 phase, 34% in non-diploid the G0/G1 phase and 60% in 
the S/G2/M phase (Figure 8).  

 

 
Figure 8. Percentage of topo IIα positive cells in different cell cycle phases; A. 21 diploid 
breast tumours and B. 29 non-diploid breast tumours. The upper and lower quartiles and the 
median values are depicted as box plots. Whiskers indicate maximum and minimum values. 

 

Diploid G0/G1 cells in non-diploid tumours showed a significantly lower fraction of 
topo IIα positive cells in comparison with G0/G1 cells in diploid tumours, p = 0.003. 
The mean distribution of topo IIα positive cells in different cell cycle phases is 
illustrated in Figure 9. In 18 diploid tumours and 25 non-diploid tumours, > 50% of the 
positive cells were in the G0/G1 phase. 
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A level of p less than 0.05 was accepted as statistically significant. 
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RESULTS 
TOPO II EXPRESSION AND CLINICAL OUTCOME 

TOPO IIα IN BREAST CANCER (PAPER I) 

The expression of topo IIα in different cell cycle phases was analysed in 50 breast 
tumour samples. When including all cell cycle phases in the analysis the median 
proportion of topo IIα positive cells was 25%. In the analysis of the expression in 
different cell cycle phases, diploid tumours (n = 21) showed a median fraction topo IIα 
positive cells of 26% in the G0/G1 phase compared and 41% in the S/G2/M phase 
(Figure 8). In non-diploid tumours (n = 29) the median fraction of topo IIα positive cells 
was 9% in the diploid G0/G1 phase, 34% in non-diploid the G0/G1 phase and 60% in 
the S/G2/M phase (Figure 8).  

 

 
Figure 8. Percentage of topo IIα positive cells in different cell cycle phases; A. 21 diploid 
breast tumours and B. 29 non-diploid breast tumours. The upper and lower quartiles and the 
median values are depicted as box plots. Whiskers indicate maximum and minimum values. 

 

Diploid G0/G1 cells in non-diploid tumours showed a significantly lower fraction of 
topo IIα positive cells in comparison with G0/G1 cells in diploid tumours, p = 0.003. 
The mean distribution of topo IIα positive cells in different cell cycle phases is 
illustrated in Figure 9. In 18 diploid tumours and 25 non-diploid tumours, > 50% of the 
positive cells were in the G0/G1 phase. 
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Figure 9. Mean distribution of the topo IIα positive cells in different cell cycle phases in 21 
diploid and 29 non-diploid breast tumours. 

 

There was no correlation between the proportion of topo IIα positive cells and the 
proportion of cells in the S-phase fraction (p = 0.1). 

 

TOPO IIα IN ACUTE LEUKAEMIA (PAPER II) 

To elucidate the predictive value of topo IIα mRNA and protein expression for 
treatment response and clinical outcome in acute leukaemia samples, 95 patients were 
analysed in total. 

The topo IIα mRNA expression analysed in 58 leukaemia samples varied widely, 
with relative values ranging from 0.04 to 15.32 arbitrary units and a skewed 
distribution. There were no statistically significant differences found between mRNA 
expression in samples from patients in different cytogenetic risk groups or from patients 
with de novo or secondary AML. Samples with low mRNA expression showed a 
tendency to be less sensitive to topo II inhibitors in vitro (Figure 10). This tendency of 
chemosensitivity in vitro was not seen for drugs that do not exert their activity through 
topo II.  
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Figure 10. In vitro chemosensitivity assay where patient samples were exposed to different 
cytostatic drugs. Based on topo IIα mRNA expression the patients were divided into two groups 
with the median value as a cut-off, < median value grey bars and > median value black bars. 
Sensitivity is expressed as % surviving cells (mean value of the group) where a relatively low 
value indicates higher sensitivity to the specific drug. Vertical lines indicate standard deviation 
for each sample. Numbers of patient samples cultured with respective drug; Amsacrine (AMSA) 
n = 44, Daunorubicin (Dauno) n = 46, Etoposide (Etopos) n = 3, Idarubicin (Ida) n = 44, 
Mitoxantrone (Mitox) n = 43, AraC n = 37, Cladribine (CdA) n = 31  

and Fludarabine (Flu) n = 25. 

 

Forty-nine out of 58 samples were evaluable for clinical outcome where 37 were 
defined as responders and 12 as non-responders. There was no significant difference in 
mRNA expression between responders (median 1.26; range 0.04-15.32) and non-
responders (median 1.08; range 0.24-6.13).  

To investigate the predictive value of topo IIα mRNA expression on survival, the 
patients were divided into two groups with median topo IIα mRNA expression used as a 
cut-off. In the group with low mRNA expression the median survival was 21 months 
(95% CI: 3-39) while the group with high mRNA expression had a median survival of 
15 months (95% CI: 6-25), which was not statistically significant.  

FCM analysis of topo IIα protein expression was performed on 60 leukaemia 
samples. The analysis showed a higher percentage of positive cells in the S/G2/M phase 
compared with the G0/G1 phase; median 70.5% (range 0-98%) and 20.5% (range 0-
99%), respectively. When the AML cases were divided into subgroups based on 
karyotype, the median fraction of topo IIα positive cells in the G0/G1 phase appeared to 
be lower with poorer karyotype (Figure 11).  
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Figure 11. Comparison of the median fraction of topo IIα positive cells in total, the G0/G1phase 
and the S/G2/M phase between the groups Favourable karyotype (n = 5), Intermediate 
karyotype (n = 35) and Adverse karyotype (n = 9). 

 

In the in vitro chemosensitivity assay low expression of topo IIα tended to result in low 
sensitivity to topo II inhibitors and a statistically significant correlation between 
daunorubicin and etoposide (Figure 12). There was no such tendency for non-topo II 
inhibitors. 

 
Figure 12. In vitro chemosensitivity assay where patient samples were exposed to different 
cytostatic drugs. Based on topo IIα protein expression the patients were divided into two groups 
with the median value as a cut-off, < median value grey bars and > median value black bars. 
Sensitivity is expressed as % surviving cells (mean value of the group) where a relatively low 
value indicates higher sensitivity to the specific drug. Vertical lines indicate standard deviation 
for each sample. The difference in sensitivity was statistically significant for daunorubicin and 
etoposide (p = 0.02 and p = 0.04, respectively).Numbers of patient samples cultured with 
respective drug; Amsacrine (AMSA) n = 44, Daunorubicin (Dauno) n = 46, Etoposide (Etopos) 
n = 3, Idarubicin (Ida) n = 44, Mitoxantrone (Mitox) n = 43, AraC n = 37, Cladribine (CdA) n = 
31 and Fludarabine (Flu) n = 25. 
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Among the patients analysed for topo IIα protein expression 40 were clinically 
evaluable, 30 patients were defined as responders and 10 patients as non-responders. 
The percentage of topo IIα positive cells did not significantly differ between responders 
and non-responders, median 35% and 25% positive cells, respectively. Moreover, there 
was no significant difference between responders and non-responders when comparing 
positive cells in the G0/G1 (29% and 18.5%) and S/G2/M (67.5% and 71.5%) phases.  

The predictive value of topo IIα protein expression on survival were analysed by 
dividing the patients into two groups with median expression as a cut-off (23% positive 
cells). In the group with < 23% topo IIα positive cells the median survival was 7 months 
(95% CI:0-16) compared with 10 months (95% CI:6-14) in the group with > 23% topo 
IIα positive cells, which was not significantly different.  
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TOPO IIα IN ACUTE LEUKAEMIA AFTER DRUG EXPOSURE (PAPER III) 

Leukaemia cells from 12 AML patients were exposed to increasing concentrations of 
the topo II inhibitor, daunorubicin, with the purpose of selecting a topo IIα negative 
population that could play a role in resistance. For comparison, the samples were in 
parallel exposed to increasing concentrations of ara-C which does not exert its effect 
through topo II.  

One sample was excluded from further analysis due to poor viability after culturing, 
i.e. 31% viability in the drug free control. The mean value for cell viability after 24 
hours of culture in the control was 76% compared to 31% and 69% with the highest 
concentration of daunorubicin and ara-C, respectively.  

Exposure to increasing concentrations of daunorubicin resulted in an increased 
proportion of topo IIα negative cells, p = 0.0023 (Figure 13).There was no difference in 
topo IIα expression after 24 hours of culture where a mean fraction of 25% topo IIα 
negative cells was observed  in freshly prepared cells compared with 29% in the drug 
free control.  

 

 
Figure 13. The proportion of topo II negative human leukaemia cells in the surviving cell 
population after exposure to daunorubicin in cell culture. The regression line shows a 
significantly increased proportion of topo II negative cells (Y = 37.7048 + 3.0620 X, p = 
0.0023). 
 

Exposure to increasing concentrations of ara-C did not result in a significantly increased 
fraction of topo IIα negative cells, p = 0.21. In contrast, there was a significant 
difference in the fraction of topo IIα negative cells between untreated control cells and 
cells treated with 5 µM ara-C, p 0.0059. 
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BCRP EXPRESSION AND CLINICAL OUTCOME (PAPER IV) 
To elucidate the predictive value of drug transport mediated by BCRP we studied 
mRNA expression in 40 AML samples in relation to the expression in the drug sensitive 
cell line MCF-7. Ten samples showed a significantly higher expression than MCF-7, i.e. 
2.3 – 76.2 times higher, while seven samples showed expression at the same level as 
MCF-7, i.e. 0.5 – 1.5.  The expression was lower in 23 samples compared with MCF-7 
and one case showed no detectable level of BCRP mRNA expression.  

All patients were clinically evaluable whereof 28 were defined as responders and 12 
as non-responders. The median mRNA expression was higher in the samples from 
patients in the responder group (0.3; range 0.00 – 76.2) than in the samples from non-
responding patients (0.12; range 0.00 – 2.3), which was not significantly different 
(Figure 14).  

 

 
Figure 14. BCRP mRNA expression in responders (n = 28) and non-responders (n = 12). The 
expression is presented as 10Log and related to BCRP mRNA expression in MCF-7, indicated 
by the horizontal line. 

 

To evaluate BCRP mRNA expression as predictor for overall survival the patients were 
divided into two groups with median expression as a cut-off. In the group with low 
expression the mean survival was 60 months (SEM 14 months) compared with 45 
months (SEM 14 months) in the group with high expression, p = 0.2.  
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Patients defined as responders (n = 28) were analysed separately. There was a 
significantly longer survival for patients with low expression (mean 74 months, SEM 16 
months) compared with patients with high expression (mean 38 months, SEM 15 
months), p = 0.047 (Figure 15).  

 

 
Figure 15. Difference in survival in the group of patients defined as responders (n = 28). 
Patients with BCRP mRNA expression lower than the median value (continuous line) had a 
significantly longer survival compared with patients with expression higher than the median 
value (dotted line), p = 0.047.  

 

The responder group was further analysed with a Cox regression analysis where the 
patients were categorized into groups based on median values of BCRP expression 
(median 0.3; range 0.00-0.76.2), age (median 66 years; range 22-79 years) and WBC 
(median 18 x 106/ml; range 0 – 108 x 106/ml). High BCRP mRNA expression was 
associated with a hazard ratio for death of 3 (95% CI: 1.1 - 8.8) while age and WBC did 
not significantly influence the risk of death. 
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RESULTS FROM WHOLE GENOME SCREENING (PAPER V) 

In the search for new genes implicated in HER2 positive breast cancer we used a 
microarray-based SNP assay to screen for CNV in 25 breast tumour samples 
overexpressing HER2. Analysis of data with Genotyping Consol 3.1 showed CNV, 
amplification and deletion, in all chromosomes. We then focused on the most common 
CNV events by performing a cluster analysis in which amplifications and deletions had 
to occur in at least ten of the tumour samples. Using this approach we obtained CNV in 
40 different loci whereof 16 were amplifications and 24 were deletions. Most of the loci 
with amplifications were seen in chromosome 1q but there were also amplifications 
present in specific loci in 3q, 8q, 12q, 17q and in both arms of chromosome X. 
Deletions were mostly presented in chromosomes 11q and 17p.  However, a distinct 
deletion of approximately 100kbp at Xq24 was observed in 20 of the 25 analyzed cases. 
This locus encodes merely for the solute carrier (SLC) family member 25A43 and the 
protein is localised in the inner mitochondria membrane. Knowledge of SLC25A43 is 
limited and it has not been studied in relation to cancer before but the observed deletion 
of the gene could indicate that SLC25A43 is a putative tumour suppressor gene 
involved in cancer progression.  

To verify occurrence of the deletion in the SLC25A43 gene we used a LOH assay 
where cases heterozygous for the intra genetic SNP (rs.217978) were analysed. In this 
analysis samples from HER2 negative breast cancer, cervical cancer and lung cancer 
were added to evaluate if the deletion is present in other types of cancer. HER2 positive 
breast cancer showed a deletion frequency of 70% while HER2 negative breast cancer, 
cervical cancer and lung cancer showed deletion frequencies of 45%, 62% and 67%, 
respectively.  
We screened for mutations in the SLC25A43 gene in 29 HER2 positive breast tumour 
samples using SSCP. In 28 of the samples there were no mutations detected in 
fragments with mobility shift when using cycle sequencing. However, in one of the 
samples we found one possible substitution (ATG to AGG) in the start codon of exon 1. 
In this particular case there was no deletion detected with the whole genome assay and 
it was homozygous with respect to SNP rs.217978.  
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DISCUSSION  
TOPO IIα IN BREAST CANCER AND ACUTE LEUKAEMIA (PAPER I-III) 
TOPO IIα EXPRESSION IN RELATION TO THE CELL CYCLE (PAPER I-III) 
Topo IIα is the target for several cytostatic drugs used in the treatment of malignant 
diseases and altered expression or activity of topo IIα has been shown to result in drug 
resistance in vitro74, 76, 129-131. In non-malignant cells topo IIα is expressed in the S, G2, 
and M phases and is thought to correlate with proliferation80, 130, 132-134. We have 
developed a two-colour FCM assay to analyse topo IIα expression in the different cell 
cycle phases. Since the method is based on DNA content we were not able to 
distinguish between cells in the G0 and G1 phases or between cells in the G2 and M 
phases. As expected, a high percentage of topo IIα positive cells were seen in the 
S/G2/M phase in both breast cancer and acute leukaemia. We could also see a 
significant expression of topo IIα in the G0/G1 phase in both breast tumour and acute 
leukaemia samples. In both diseases most of the cells were recovered in the G0/G1 
phase (data not shown). Thus, the number of cells expressing topo IIα was high even if 
the percentage of positive cells in G0/G1 were lower compared to the S/G2/M fraction. 
This finding indicates that malignant cells have an altered expression of topo IIα. The 
non-diploid breast tumour samples showed the presence of a diploid cell population, 
which can be considered to be a benign population. This diploid population had a 
significantly lower expression of topo IIα in the G0/G1 phase in comparison with the 
G0/G1 fraction in diploid tumours, which supports the theory that malignant cells 
exhibit altered expression of topo IIα. This observation, is in accordance with findings 
reported by Järvinen et al who determined that non-malignant breast epithelium cells 
had undetectable expression of topo IIα when evaluated with IHC80. Yabuki et al have 
also reported altered expression of topo IIα in malignant cells. By using FCM they 
showed that a cell line expressed topo IIα throughout the whole cell cycle but cells from 
normal lymph node did not132. Another study has investigated the expression of topo IIα 
mRNA in mononuclear cells isolated from blood or bone marrow from healthy donors 
in comparison with samples from 57 patients with AML. They showed low mRNA 
levels in blood samples and increased levels in bone marrow samples while the 
expression varied widely in AML71. In support of these findings, when we compared the 
expression of topo IIα in G0/G1 between different karyotypes of AML cases we found 
lower expression in cases with adverse karyotype compared with favourable karyotype, 
although the number of cases was small.  

The altered expression of topo IIα in malignant cells could be one possible 
explanation for the efficacy of topo II inhibitors in low proliferating tumours. 
Theoretically, tumour cells with a persistent expression of topo IIα throughout the cell 
cycle may be more sensitive to the topo II inhibition mechanism compared with tumour 

47 
 

cells with less topo IIα positive cells in G0/G1, which would be able to escape and 
repair DNA damage.  

In breast cancer the altered topo IIα expression can, to some extent, be explained by 
gene amplification or deletion82-86. This allelic imbalance may be one explanation for 
differences in sensitivity to topo IIα inhibitors84. However, in acute leukaemia there is 
limited knowledge about alteration in copy numbers of the topo IIα gene. There is one 
study reporting the presence of topo IIα gene amplification in childhood ALL135. 
Another possible explanation for the altered expression of topo IIα is changes in the 
stability of the topo IIα protein in malignant cells where the half-life of the protein is 
suggested to be shorter by a factor 4 in normal cells compared with transformed cells67.  

 

TOPO IIα EXPRESSION IN RELATION TO CLINICAL OUTCOME (PAPER II) 
The predictive value of topo IIα in breast cancer and acute leukaemia for responsiveness 
to topo II inhibitors is not clear. We have in a previous study, conducted on samples 
from patients with acute leukaemia, showed that low topo IIα protein expression in 
G0/G1 was associated with resistant disease but there were few clinically evaluable 
patients in the study136. This study was extended and presented as PAPER II. There we 
could demonstrate that high expression of topo IIα protein was associated with 
sensitivity in vitro to topo II inhibitors, particularly daunorubicin and etoposide, but not 
to non-topo II inhibitors. That is consistent with the theory that topo IIα is of predictive 
value. The same pattern was seen, although less evident, for topo IIα mRNA expression. 
This supports the hypothesis that down regulation of topo IIα is a resistance mechanism 
against these drugs, both in vitro and in the clinic. However, we could not in this 
extended study find any association between topo IIα mRNA or protein expression and 
clinical outcome for the patients.  

In accordance with our findings, other studies have also showed lack of correlation 
between topo IIα expression in acute leukaemia and clinical response70, 87, 89, 90, 92, 137. 
The measurement of topo IIα is mostly conducted on mRNA which does not indicate 
the expression or activity of the protein and could explain the lack of correlation. 
Contradictory results have been reported by Lohri et al71. They analysed the mRNA 
expression of topo IIα in 57 AML samples. To analyse the predictive value for clinical 
outcome they divided the material into two groups with median expression as a cut-off, 
similar to the approach used in our study. In their study low topo IIα expression 
correlated with poorer outcome. Kaufmann et al and Lodge et al have analysed topo IIα 
protein expression with western blot and IHC respectively, without finding any 
correlation to clinical response70, 92.  

In contrast to studies on patients with acute leukaemia, topo IIα analysis performed on 
DNA and protein level are reported in several studies to have a predictive value in 
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breast cancer79, 81, 83, 85. Tanner et al suggests that coamplification of topo IIα and HER2 
is predictive of a favourable response to anthracyclines85. In a newly published study by 
Schindlbeck et al, contradictory results were found, with lack of correlation observed 
with coamplification and clinical response but a correlation found with the absence of 
topo IIα protein expression and poor outcome82. It should be noticed that Tanner et al 
had more cases with coamplification compared to Schindlbeck et al, i.e. 53 and 14 
cases, respectively.  

There are several possible explanations for the failure to predict clinical outcome 
based on topo IIα expression. One explanation could be that patients are generally 
treated with a topo II inhibitor in combination with a non-topo II inhibitor and therefore 
the effect of topo IIα on clinical outcome could be obscured. In addition, topo II 
inhibitors exert their effect via several mechanisms and therefore it may not be 
sufficient to study topo IIα as a single marker to predict clinical response. In an effort to 
study coexpression of possible resistance markers, including topo IIα, with respect to 
clinical outcome Galimberti et al analysed mRNA expression in 35 patients with 
AML89. They were not able to show any association of a single expression or 
coexpression with clinical outcome. 

Another explanation could be the different mechanisms that regulate topo IIα 
activity, which were not taken into account in our study. In the presence of double 
strand breaks the p53 level is increased to promote apoptosis41. p53 also has a 
regulatory role on topo IIα, i.e. by binding to the promoter of topo IIα wild-type p53 
down-regulates the expression of topo IIα138, 139. However, mutant p53 loses its ability 
to inhibit the promoter activity resulting in unregulated expression of topo IIα in the 
presence of DNA damage. In many tumours p53 is commonly mutated but in newly 
diagnosed AML mutations are present in only 10% of cases and mostly in secondary 
AML and cases of complex karyotype140-143. The low frequency of p53 mutations in 
AML makes it less likely that p53 mutations could affect the results of the clinical 
outcome in our study. It has also been demonstrated that the enzymatic activity of topo 
IIα is regulated by phosphorylation at different sites by several kinases in vitro144, 145. 
This phosphorylation is suggested to be altered during the cell cycle with 
hyperphosphorylation in the G2 and/or M phases146, 147. Chikamori et al have shown 
that the occurrence of a mutation in at a specific phosphorylation site leads to 
hypophosphorylation resulting in less sensitivity to topo II inhibitors148. In a subline of 
HL-60 that harbours this mutation the authors demonstrated that the enzyme was 4-fold 
less active and that stabilisation of the cleavable complex was decreased 2 to 4-fold 
compared with unmutated HL-60.  

Absence of correlation between topo IIα and clinical outcome could also be a result of 
the presence of subpopulations in the tumour cell population. In our study we measured 

49 
 

the average mRNA expression or percentage topo IIα positive cells in a mononuclear 
cell suspension without taking into consideration that the expression is heterogeneous 
due to subpopulations.  

 

TOPO IIα NEGATIVE SUBPOPULATION (PAPER III) 

In an effort to study the presence of topo IIα negative subpopulations in acute myeloid 
leukaemia we exposed leukaemia cells to increasing concentrations of daunorubicin or 
ara-C for 24 hours. The analysis of cell cycle distribution revealed that most cells were 
in G0/G1 which is in accordance with our previous studies. We could demonstrate an 
increased fraction of topo IIα negative cells after exposure to increasing concentrations 
of daunorubicin compared with the untreated control while ara-C resulted in a less 
prominent increase. Cell culture with continuous exposure to ara-C is known to have a 
delayed effect on cell death in comparison with daunorubicin. However, exposure to 
daunorubicin and ara-C in vitro is likely to result in cell stress within 24 hours. In 
unfavourable conditions, p53 will cause cell cycle arrest and thereby inhibit cell 
proliferation. Cell cycle arrest would probably also result in a decreased level of topo 
IIα protein since the half-life time for topo IIα mRNA is shown to be 30 minutes in the 
G1 phase compared with 4 hours in the S phase68, 149. This could be one of the 
underlying mechanisms for the increased proportion of topo IIα negative cells, where 
cell cycle arrest in the G1-phase indirectly results in lower levels of topo IIα.  

Another possible explanation for the increased proportion of topo II negative cells 
is that the treatment resulted in the selection of topo II negative cells, since these cells 
should theoretically be more resistant to therapy. In our study this mechanism could 
have occurred following incubation with daunorubicin, which exerts its cytotoxic effect 
via topo II. With the design of our study it is not possible to differentiate such selection 
from a down-regulation of topo II caused by cell stress or cell cycle arrest. However, 
we also observed a small increase in topo II negative cells following exposure to ara-
C, which according to present knowledge cannot be explained by selection. 

 

BCRP EXPRESSION AND CLINICAL OUTCOME (PAPER IV) 
The impact of overexpression of ABC-transporters on clinical resistance has been 
extensively investigated over the years. However, BCRP is a relatively new transport 
protein investigated in relation to drug resistance in acute leukaemia. We were not able 
to find any association between mRNA expression and clinical outcome in 40 adult 
AML patients in our study. The detected mRNA expression was at the same level as the 
drug sensitive cell line MCF-7. This confirms earlier observations where the average 
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BCRP mRNA expression in AML samples was demonstrated to rarely reach levels that 
confer drug resistance in vitro105, 107, 150.  

In accordance with our findings other studies have not found any association between 
BCRP mRNA expression and clinical outcome105, 106, 108, 111, 151. Inconsistent results are 
reported by Benderra et al who analysed BCRP mRNA expression and P-gp function in 
149 samples from adult patients with AML and show an association between mRNA 
expression and clinical outcome109. When analysing the BCRP mRNA expression 
together with P-gp function they found that patients lacking both transporters had a 
better prognosis in comparison to patients where both transporters were present. Later 
they report that BCRP activity was correlated with clinical outcome in a study including 
85 adult patients with AML152.    

Studies conducing FCM measurement on BCRP protein expression describe a 
heterogeneous expression with the presence of subpopulations105, 107, 110, 153. In 26 AML 
samples BCRP was shown to be expressed in a stem cell population (CD34+ CD38- 

CD123+)110. The mean percentage of this subpopulation was 8.8% (range 0.1 - 64.5%) 
of the total mononuclear cell population. Normal bone marrow samples from eight 
individuals showed a corresponding fraction of 0.3% (range 0.08 - 0.7%). Raaijmakers 
et al elucidated the activity of BCRP in immature leukaemia cells (CD34+ CD38-) from 
22 patients with AML153. The efflux of mitoxantrone was significantly higher in the 
immature cell population compared with differentiated cells. However, blocking the 
BCRP mediated efflux was not enough to enhance the intracellular accumulation, 
suggesting that there are other transporters or mechanisms involved.   

Neither heterogeneous expression nor BCRP activity was taken into consideration in 
our study, which could be an explanation for the failure to predict treatment outcome. 

 
CNV IN HER2 POSITIVE BREAST CANCER (PAPER V) 
The HER2 receptor together with altered cell signalling via the PI3K/AKT pathway 
plays a significant role in breast cancer. In an effort to find new genes that contribute 
with information about the disease we used a whole genome assay based on SNPs. We 
found the presence of amplifications and deletions in all chromosomes in HER2 
amplified samples. However, the SNP array revealed HER2 amplification in less than 
10 samples (data not shown). The lack of correlation between the amplification 
determined by FISH and by SNP array could be explained, in part, by differences in 
how tumour heterogeneity was taken into account. Normally HER2 amplification 
determined by FISH is based on a limited number of cells in relation to the signal 
generated by the centromere of chromosome 17 and consequently only tumour cells are 
included in the calculation. In contrast, in the SNP array it is likely that the signal is 
diluted by the different cell populations within the sample. 
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We continued to focus our study on the deletion of the SLC25A43 gene which was 
found in a high proportion of the HER2 amplified cases. This deletion was confirmed 
using a LOH assay in an extended number of HER2 positive tumour samples and also in 
HER2 negative breast cancer, cervical cancer and lung cancer. All four cancers showed 
a high frequency of deletion, indicating a general role in cancer.  

In order to determine if SLC25A43 is a putative tumour suppressor gene we searched 
for mutations in all six exons in 29 HER2 positive cancers. Only one case showed a 
possible substitution in the start codon of exon 1, which may result in initiation of 
translation from a start codon (ATG) situated in exon 2 and therefore a different protein. 
The definition of a tumour suppressor gene, proposed by Knudson in 1971, is that both 
alleles must be affected, resulting in the lack of a functional protein154. Nevertheless, to 
assess if cellular outcome is affected, the gene dose of SLC25A43 has to be elucidated 
with in vitro assays.  

Even though we were not able to show that both alleles of SLC25A43 are affected, 
the deletion frequency is remarkably high. That could be compared with the tumour 
suppressor genes p53 and PTEN which are both found to be commonly altered in 
malignancies but not in the same level as SLC25A43. In breast cancer, mutated p53 is 
present in 20 to 35% of the cases and these alterations are frequently found in HER2 
amplified breast cancer155. Coexistence of p53 mutations and HER2 amplification has 
been suggested to be associated with poor survival156. The locus 17p13.1, which 
harbours p53, was found to be deleted in 80% of the cases in our study. Contradictory to 
p53, where mutations are commonly found, PTEN is mostly affected by deletion in 
breast cancer157-159. Furthermore, alteration of PTEN has been suggested to be less 
common in HER2 positive breast cancer compared with basal-like breast cancer158.      

SLC25A43 belongs to a family of mitochondrial transporters (SLC25) localized in 
the inner membranes of the mitochondria160. Their main function is to translocate 
molecules across the membrane and thereby provide a link between the mitochondria 
and the cytosol. The molecules transported by the SLC25 family include ADT/ATP, 
amino acids, malate, ornithine and citruline. They are all converted into energy via 
oxidation inside the mitochondria where the energy is used to maintain the proton 
gradient over the inner mitochondrial membrane. The preferred molecule for 
SLC25A43 is not known today. Haitina et al have shown that SLC25A16, which 
supports transport of coenzyme A, is the closest relative to SLC25A43 with 29% amino 
acid identity when comparing amino acid sequences for the two proteins161.  

A possible explanation for the high deletion frequency of SLC25A43 found in this 
study is that SLC25A43 plays a role in the metabolic switch to aerobic glycolysis. In 
rapidly growing tumour cells this metabolic switch has been proposed to be an 
underlying mechanism, since their ATP production through glycolysis increases and 
their mitochondrial activity slows down162. This altered metabolism in malignant cells 
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was recognized by Otto Warburg in the 1920s and has later been supported by other 
studies163, 164. The metabolic switch is dependent on the mitochondria but also on 
several substrates in the signalling pathways. The PI3K/AKT pathway is considered to 
directly regulate cell metabolism, in particular AKT which seems to play an important 
role in this regulation165. For instance it has been shown that activated AKT increases 
the expression of glucose transporters and also relocates the glucose transporter to the 
cell surface resulting in increased glucose uptake by the cell166. It has also been 
suggested that AKT regulates the transport of ATP out of the mitochondria by 
phosphorylation of Hexokinase II which promotes association with the mitochondrial 
anionic pore VDAC167. The complex formation between Hexokinase II and VDAC 
allows the use of mitochondrial ATP for phosphorylation in glycolysis. Another factor 
that stimulates glycolysis is hypoxia-inducible factor 1 (HIF1). HIF1 promotes 
upregulation of, for instance, the glucose transporters, hexokinases and lactate 
dehydrogenase, all of which play a significant role in glycolysis163. In addition, 
mutations in p53 have been shown to be part of the metabolic switch where inactivated 
p53 is associated with a decreased rate of mitochondrial respiration leading to increased 
glycolysis162. As a result of p53 mutations, the tumour cells have the capacity to escape 
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GENERAL CONCLUSIONS 
TOPO IIα 

  Topo IIα is significantly expressed in the G0/G1 phase in both breast tumours and 
acute leukaemia. These findings could partly explain the efficacy of topo IIα 
inhibitors, in particular in low proliferating tumours. 

  Low protein expression of topo IIα in acute leukaemia samples is associated with 
resistance to daunorubicin and etoposide in vitro.  

  There was no association between topo IIα mRNA or protein expression and 
treatment response or survival, which is in accordance with other studies. 

  Increasing concentrations of daunorubicin resulted in an increased fraction of topo 
IIα negative cells, which can theoretically contribute to a reduced effect of a 
second dose of daunorubicin. 

 
BCRP 

  The BCRP mRNA expression in AML samples were at the same level or lower 
than the drug sensitive cell line MCF-7. 

  There was no association between BCRP mRNA expression and treatment 
response or survival which is in accordance with other studies. 

  In the group of patients defined as responders, high expression of BCRP was 
significantly associated with shorter survival, indicating a predictive value of 
BCRP mRNA expression in AML.  

 
CNV IN HER2 POSITIVE BREAST CANCER 

  The high frequency of LOH in the locus of SLC25A43 indicates a significant 
implication in HER2 positive breast cancer. 

  Deletion of SLC25A43 is also present in other malignancies indicating a general 
role in carcinogenesis. 
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FUTURE PERSPECTIVES 
To reach a more individualized treatment for malignant diseases the cytostatic drugs 
used today should probably be replaced by new and more specific drugs. The 
introduction of the targeting drug trastuzumab in the treatment of HER2 positive breast 
cancer was one step towards an individualized treatment strategy. However, even if 
HER2 is used as predictive factor, the efficacy of trastuzumab treatment is limited and 
there is a high risk of acquired resistance during treatment. In the treatment of acute 
leukaemia there are today no effective targeting drugs available for clinical use. It is 
therefore an obvious need to find predictive factors regardless of whether the treatment 
is based on cytostatic drugs or targeting drugs.      

In our studies we failed to find any firm association between topo IIα or BCRP and 
clinical outcome. That could partly be explained by the fact that cytostatic drugs with 
different cytotoxic mechanisms are administered in combination during treatment. In 
the future we have to combine assays and biological markers to be able to predict 
responsiveness to treatment. Another explanation for the difficulties in finding 
predictive factors is the presence of subpopulations in the malignant cell population. 
Instead of studying the total population we have to identify subpopulations responsible 
for resistance and recurrence of the disease. The problem is how to identify these 
populations since there are no general markers. We also have to optimize methods for 
the isolation of these subpopulations, which is probably only a small fraction of the total 
cell population, in an effort to continue with further assays.  

In the final study of this thesis we focused on finding new genes involved in HER2 
positive breast cancer. Use of whole genome screening revealed a high number of 
alterations in gene copy number in the tumour samples. We selected the one of the most 
frequently observed alteration, deletion of SLC25A43, for further investigation in this 
study. The knowledge of SLC25A43 is limited and has not been studied in relation to 
cancer before. It is therefore of great interest to continue with in vitro studies to 
elucidate the impact of the SLC25A43 deletion in cancer. We must also further evaluate 
the other alterations in gene copy number found in this study. Finding new genes 
implicated in cancer could lead to new possible target molecules for treatment in the 
future.   
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TACK 
Det har varit en lång och krokig resa för att färdigställa mitt avhandlingsarbete och ni är 
många som på ett eller annat sätt har bidragit till att jag nu är klar. Jag är skyldig er alla 
ett stort tack. Vill också passa på att rikta ett speciellt stort tack till; 
 
Ulf Tidefelt, min huvudhandledare, för att du har satsat på mig och pushat mig till att 
fortsätta de gånger jag har velat kasta in handduken. Utan ditt engagemang och stöd, 
oavsett om det har gällt ”patientnära klinisk forskning” eller husbygge, hade jag inte 
kunnat nå det här målet.  
  
Mats G Karlsson, min bihandledare, för att du tog dig an mig redan som C-student och 
sedan släppte mig lös på flödescytometern. Det var en tuff tid men det gav mig otroligt 
mycket.  
 
Sten Wingren, min bihandledare, för att du vågade plocka in en okänd och trött 
småbarnsförälder i projektet. Din support under det sista arbetet och nu på sluttampen 
har betytt mycket för mig. 
 
Mina medförfattare som alla har bidragit med kunskap och trevliga diskussioner. Malin 
för att du introducerade mig i cellodling och för alla våra diskussioner om metoder, 
texter och sömnlösa småbarnsnätter. Bertil, det har varit ett nöje att samarbeta med dig i 
din roll som kliniker men även när du hängde med på lab. Kenneth för ditt engagemang 
som kliniker i mitt första arbete på brösttumörer. Pia, Breezy and Marike, for a really 
fun collaboration in the search for the unknown. Breezy and Marike, good luck with 
your dissertations. Just go with the flow….  
 
Christer Paul och Martin Höglund med medarbetare, för att ni har engagerat er i mina 
projekt och skickat patientprover från Huddinge och Uppsala. 
 
Lennart Bodin för din insats som statistiker men även för din roll som kursledare under 
statistikkursen (hade aldrig klarat den utan dig). 
 
Mina arbetskamrater vid KFC för trevliga stunder i fikarummet där mer eller mindre 
viktiga ämnen diskuteras. Maggan och Lena för ert stöd under dessa år. 
 
Medarbetarna vid Medicinska biblioteket för er otroligt höga servicenivå och er 
support till oss forskare.  
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Till sist vill jag tacka min familj som inte bidragit praktiskt till mina arbeten men utan 
ert stöd hade jag aldrig kunnat slutföra den här resan. 
 
Mamma Wiweca och pappa Kurt för all er support under tiden jag bodde hemma och 
för att ni har låtit mig gå min egen väg. 
 
Mina svärföräldrar, Kurt och Iréne, för ni alltid ställer upp för mig och för att ni har 
tagit hand om Anton och Ebba när jag har varit upptagen på lab med patientprover. 
 
Min fantastiska svägerska Mariette med familj för alla mysiga stunder tillsammans. 
   
Anton och Ebba för att ni varje dag påminner mig om vad som är viktigt här i livet.  
 
Magnus för att du alltid finns där för mig vad som än händer runt omkring oss.  
 
 

 
 
 
 
 
 
 
 
 
 
Mitt avhandlingsarbete har finansierats med anslag från Cancerfonden och 
Forskningskommittén vid Örebro läns landsting. 
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