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ABSTRACT 
The long-term result of chemotherapy in acute myeloid leukemia (AML) is poor, even 
though a majority of AML patients initially respond to chemotherapy and achieve 
complete remission (CR). Initially resistant disease as well as relapse is a result of 
resistance to chemotherapy – drug resistance. The aim of this thesis was to further 
explore the relevance of three putative mechanisms of drug resistance in AML -  
regarding drug transport, drug target and apoptosis - as well as the immediate effect of 
drug exposure on the expression of three markers of drug resistance in leukemic cells in
vitro.

Topoisomerase II  (topo II ) is the target of topoisomerase poisons, which are widely 
used in AML treatment. We investigated topo II  at the protein level, in relation to cell 
cycle phases, as well as the mRNA level, in samples from patients with acute leukemia. 
We found that, in contrast to the situation with normal cells, topo II  was expressed not 
only in the S/G2/M cell cycle phases (mean 76% topo II  positive cells) but also in 
G0/G1 (mean 39% positive cells). Despite an association between low topo II  protein 
expression and drug resistance in vitro, we found no association between topo II
mRNA or protein expression and clinical outcome. 

The recently described efflux pump breast cancer resistance protein (BCRP) was 
determined in a material of 40 AML patients. The majority of samples showed lower 
BCRP mRNA expression than that seen in a drug sensitive reference cell line, MCF-7. 
Overall we found no significant association between BCRP mRNA and clinical 
outcome; however we did find an association between BCRP mRNA levels and 
survival in a subgroup of patients responding to intial chemotherapy (n=28, median 
survival 18 months in the high-BCRP group vs 52 months in the low- BCRP group, 
p=0.047), suggesting a predictive value for BCRP mRNA in AML. 

The initial effect of drug exposure on the expression of the efflux pumps P-
glycoprotein (Pgp) and BCRP as well as on the cytosolic enzyme glutathion-S-
transferase  (GST ) was investigated in vitro using HL-60 leukemic cell lines with 
different levels of drug resistance. After 10 min exposure to cytarabine, Pgp mRNA 
had increased (1.7-3.1-fold); and Pgp protein was detectable in the initially Pgp-
negative HL-60 S cell line after 8 hours exposure. Since cytarabine is administered 
simultaneously with the Pgp-substrate daunorubicin in standard treatment of AML, this 
finding may be of clinical importance but needs to be further studied in vivo.

P53 is a key protein regarding apoptotic response to cytostatic treatment. The protein 
p14ARF stabilizes p53 via the ARF-MDM2-p53 pathway and, in theory, high levels of 
p14ARF would make the cell more prone to apoptosis. High levels of p14ARF mRNA 
have been associated with longer survival in AML. We investigated p14ARF mRNA 
expression in 57 AML patients with normal karyotype and found an association with 
survival. In a multivariate Cox regression analysis, the hazard ratio for death for 
patients with low p14ARF mRNA expression was 3.83 (95% CI 1.13-9.44). In vitro,
patient samples with low expression of p14ARF mRNA tended to be more sensitive to 
the recently described compound PRIMA-1, suggesting a role for this compound for 
patients with altered regulation of the ARF-MDM2-p53 pathway.  
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INTRODUCTION
INCIDENCE 

Acute myeloid leukemia (AML) is a life-threatening malignant disease which affects 
both children and adults. The annual incidence is usually reported to be 3-4/100,0001,
but in truth is probably slightly higher due to undernotification in cancer registries2.
The incidence increases with age. In the United States, the incidence rate has been 
reported as 1.8/100,000 in people <65 years and 17/100,000 in people 65 years1.
Even if AML is a rare disease, due to its poor prognosis it has a great impact on 
cancer death among young adults3.

ETIOLOGY 

Several risk factors for developing AML have been identified, such as constitutional 
genetic defects, ionizing radiation and exposure to chemical compounds (e.g. 
benzene, or cytotoxic therapy)1. However, for most individual cases of AML the 
etiology is unknown, the exception being the 10-20 % of AML which arise in patients 
earlier treated with cytotoxic agents or radiotherapy1.

PATHOPHYSIOLOGY 

AML is characterized by a rapid proliferation of myeloid progenitor cells, blasts, in 
the bone marrow, leading to suppression of normal hematopoiesis. The symptoms are 
the result of deficiency of normal blood cells; that is, they are due to anemia, 
neutropenia and thrombocytopenia, which causes fatigue, infections and bleeding4.
Without treatment, patients with AML deteriorate rapidly and usually die within 
weeks or months after diagnosis, often due to infections. 

DIAGNOSIS 

Diagnosis of AML is based primarily on morphology, by demonstration of an 
accumulation of blast cells in the bone marrow. The FAB (French-American-British) 
classification5,6, originally proposed in 1976, requires 30% blasts in the bone 
marrow. The recently adopted WHO (World Health Organization) classification7,
proposed in 1999, requires 20% blast cells. Hence, patients who according to FAB 
would have been diagnosed with refractory anemia with excess blasts in 
transformation (RAEB-t), an entity with similar prognosis as patients with 30% blast 
cells, will be identified as AML cases. The AML diagnosis also requires that the 
blasts be of myeloid origin, demonstrated with cytochemical staining or 
immunophenotyping showing positivity for myeloid surface antigens such as CD13 
or CD33.  

CLASSIFICATION 

AML is not a homogeneous entity but a heterogeneous group of myeloid 
malignancies. This has long been the clinical experience and now the rapidly growing 
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knowledge of genetic aberrations in AML has had a great impact on understanding 
and classification of different clinical entities within the disease.  

The FAB classification, which is based mainly on morphology and cytochemical 
stainings, supported by immunophenotyping8, recognizes eight classes of AML with 
subgroups (AML M0-M7, Table I). The WHO classification incorporates cytogenetic 
data and, to some extent, etiology (Table II). With this approach, however, a large 
proportion of AML cases must be classified according to the FAB classification, 
since they do not display any distinct cytogenetic or etiologic features.  

Furthermore, the blast cell population from an individual patient is heterogeneous. 
Within the malignant clone there are cells of different phenotype, such as stem cell 
like cells and more mature cells9-11.

Table I. FAB classification of AML 

Myeloblastic leukemia minimally differentiated                               M0 
Myeloblastic leukemia without maturation                                        M1 
Myeloblastic leukemia with maturation                                             M2 
Promyelocytic leukemia                                                                     M3 
Myelomonocytic leukemia                                                                 M4 
Monocytic leukemia                                                                           M5 
Erythroleukemia                                                                                  M6 
Megakaryoblastic leukemia                                                                M7 

      

Table II. WHO classification of AML  
AML with recurrent cytogenetic translocations 
     t(8;21)(q22;q22) 
     t(15;17)(q22;q11-12) and variants 
     inv(16)(p13q22) or t(16;16)(p13;q11) 
     11q23 abnormalities 

AML with multilineage dysplasia 
     with prior myelodysplastic syndrome 
     without prior myelodysplastic syndrome 

AML and myelodysplastic syndrome, therapy related 
     Alkylating agent related 
     Topoisomerase II inhibitor related  
     Other types 

AML not otherwise categorized 
     Classification basically according to FAB classification
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PROGNOSIS 

The overall prognosis in AML is poor. For example, the 5-year overall survival (OS) 
in AML in the United States was reported to be 34.4% in patients <65 years and 4.3% 
in patients 65 years1. In a Swedish population-based study, the median survival time 
was 24.8 months for patients <60 years and 3.1 months for patients 60 years12.

There are several prognostic factors among which age is a well-known and important 
one, as illustrated above. Other previously established prognostic factors are high 
white cell count and prior hematological malignancy13. However, cytogenetic and 
molecular genetic features have been shown to be of very strong prognostic 
importance, and this field is currently under rapid development14. It has been possible 
to differentiate prognostic groups based on cytogenetics (for example15, see Table 
III), and these groups also have an impact on the therapeutic strategy for individual 
patients. Regarding molecular genetics, studies have identified an internal tandem 
duplication in the FLT3 gene, which has been associated with poor prognosis in the 
heterogeneous group of patients with normal karyotype16. In the absence of FLT3
mutation, a mutated NPM1 gene is associated with relatively favourable prognosis in 
the same group of patients with normal karyotype17. In addition, gene expression 
profiling has also recently been used to identify different prognostic groups18,19.

Table III. Cytogenetic risk groups according to the MRC AML 
10 trial15

Risk group                      Abnormality              Comment 
Favorable                         t(8;21)                          Whether alone or in con- 
                                         t(15;17)                         junction with other ab- 
                                         inv(16)                          normalities 

Intermediate                     All other abnor-           Normal karyotype or 
                                         malities                         abnormalities not  
                                                                               classified as favorable 
                                                                               or adverse 

Adverse                            -5                                  Whether alone or in con- 
                                         -7                                  junction with inter- 
                                         del(5q)                          mediate-risk or other  
                                         Abnormal 3q                adverse-risk abnor- 
                                         Complex                       malities 

TREATMENT 

AML treatment with curative potential consists of intensive chemotherapy, given as 
induction therapy and post-remission therapy. The goal of induction therapy is to 
achieve complete remission (CR), which is basically defined by a bone marrow smear 
with less than 5% blasts at the time of hematological recovery after induction 
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therapy20. CR is a prerequisite for cure, but not equivalent to it, since relapse after 
achieving CR is very common. The risk of relapse is most pronounced during the first 
years after achievement of CR; after three years the risk of relapse has declined to 
below 10%21. Post-remission therapy is given to reduce the risk of relapse, and 
consists of further cytostatic courses, sometimes followed by allogeneic stem cell 
transplantation.  

The possibility of curing AML with cytostatic drugs is based on the difference in 
susceptibility to drug toxicity between malignant and normal cells. Without this 
difference, which has no obvious explanation, normal bone marrow cells would not 
recover but would instead deteriorate along with the malignant clone. On the other 
hand, if the malignant clone proves to be resistant to conventional drug doses, 
increased dosage is limited by toxicity to normal tissues including bone marrow.  

Induction therapy 

Although there have been numerous attempts to develop better treatment by different 
scheduling and combinations of cytostatic drugs, no induction regimen has 
consistently proved better than the combination of an anthracycline, basically 
daunorubicin (45-60 mg/m2 days 1-3), and the antimetabolite cytarabine (100 mg /m2

per day, given as continuous infusion days 1-7)22,23. Attempts to give more dose-
intensive regimens, often by adding a third drug, have usually resulted in worse 
toxicity without gain in terms of survival. Patients aged 18-60 years treated with 
induction therapy will achieve CR at a rate of 65-75%4. However, a majority of these 
patients will relapse and eventually die of their disease24.

Post-remission therapy 

Post-remission therapy traditionally consists of repeated cytostatic courses including 
anthracyclines or anthracycline analogues, cytarabine and sometimes a third drug 
such as etoposide. Dose intensification has generally failed to improve survival, but 
data indicate that high-dose cytarabine (3 g/m2 per dose) instead of conventional 
doses is beneficial for younger patients with core-binding-factor AML (AML with 
t(8;21), inv(16) or t(16;16)25,26. Further consolidation therapy using allogeneic stem 
cell transplantation may also be given, with the decision being based on individual 
risk factors, mainly the cytogenetic and molecular genetic features mentioned above. 

Stem cell transplantation 

Allogeneic stem cell transplantation reduces the risk of relapse. This is believed to be 
due to the graft-versus-leukemia effect rather than to intensive conditioning 
regimens27. However, the lower relapse rate has not consistently improved survival 
since treatment related mortality due to infections and graft-versus-host disease is a 
major problem. There are on-going attempts to minimize treatment-related mortality 
by reduced-intensity-conditioning regimens, taking advantage of the graft-versus-
leukemia effect; this may make allogeneic transplantation a feasible and effective 
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option for elderly patients, too28. As for other treatment options, results of allogeneic 
transplantation have been evaluated in different cytogenetic and molecular genetic 
risk groups in the hope of  identifying groups that will benefit from this treatment.  

However, the role of allogeneic stem cell transplantation in AML treatment is 
controversial22,29. It is an established post-remission treatment for patients with a 
karyotype indicating intermediate risk and with an available sibling donor, but no 
truly randomized comparison to standard treatment has been performed. Patients with 
adverse cytogenetic profile have a very poor prognosis if treated with chemotherapy 
alone. Allogeneic stem cell transplantation is currently used as an option to improve 
outcome for these patients, and there are data supporting this strategy30. On the other 
hand, patients with favourable karyotype do not benefit from allogeneic stem cell 
transplantation in first CR29.

Autologous stem cell transplantation has not proved better than cytostatic treatment 
or allogeneic transplantation in terms of survival and is currently not widely used in 
AML29.

Elderly patients 

Most data on treatment of AML are derived from younger patients (in this context 
<60-65 years), while a majority of AML patients are elderly. For example, Swedish 
adult patients diagnosed with AML (AML M3 excluded) during 1997-2001 had a 
median age of 71 years31. The therapeutic principles are also applicable to these 
patients, but the possibility of giving intensive treatment decreases with age due to 
higher treatment morbidity and mortality, which also strongly limit the use of 
allogeneic stem cell transplantation. Cytogenetic aberrations have a major prognostic 
importance in the elderly, among whom there is a higher proportion of patients with 
unfavourable karyotype as compared to younger patients32-36. It is often possible to 
perform standard induction therapy in patients aged up to 75-80, but the result in 
terms of survival is generally poor37. Patients not eligible for standard induction 
therapy receive investigational therapy or palliative therapy, which can include low-
dose chemotherapy. 

In practice, a decision on treatment intensity must be based on several factors which 
have an impact on total mortality rate37. Adverse outcome in AML can be due to 
either treatment-related death or resistance to therapy. Theoretically, treatment related 
death is predicted mainly by poor performance status and comorbidity, while the 
above-mentioned adverse cytogenetic and molecular genetic prognostic factors 
indicate resistance to therapy; that is drug resistance.  

CYTOSTATIC DRUGS 

Topoisomerase poisons 

Anthracyclines are cytostatic drugs with various possible mechanisms of action, such 
as intercalation into DNA, free radical formation, DNA cross-linking and interaction 
with chromatin38,39. However, they are mainly considered as topoisomerase II 
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poisons, that is they are believed to exert their effect primarily by interfering with 
topoisomerase II, thereby causing damage to DNA and subsequent apoptosis38,40,41.
The drugs most widely used in AML treatment are daunorubicin and idarubicin. 
Daunorubicin is given in doses of 45-60 mg/m2 for three days but the optimal dosage 
is not known. In addition, uncertainty about optimal dosing has made comparisons 
between daunorubicin and its analogue idarubicin difficult to interpret, although 
randomized trials have shown a tendency toward better results for idarubicin42. Apart 
from immediate toxicity, an important cumulative dose-limiting factor regarding 
anthracyclines is cardiotoxicity43.

The anthracene mitoxantrone also interacts with topoisomerase II and has been shown 
to be effective in induction treatment and as salvage therapy44,45, but has not proved 
to be superior to standard regimens22,23.

Amecrine is another topoisomerase II poison. It is used as an alternative to 
anthracylines for patients at increased risk for cardiotoxicity or as part of salvage 
regimens in case of primarily refractory disease or at relapse46,47.

Etoposide is a derivative of epipodophyllotoxins and acts as a topoisomerase II 
poison. It has been used as a third drug in combination with anthracyclines and 
cytarabine in induction therapy, but these regimens have not proved to be beneficial 
in comparison to standard therapy22,23. It is also frequently a part of salvage 
regimens48.

Nucleoside analogues 

The pyrimidine analogue arabinosylcytosine (cytarabine, Ara-C) is an antimetabolite. 
Cytarabine is intracellularly phosphorylated to cytarabine triphosphate (Ara-CTP), 
which is incorporated into DNA in competition with deoxycytidine triphosphate 
(dCTP) thereby causing strand termination and subsequent cell death49,50. Ara-CTP is 
also an inhibitor of DNA polymerase51. The phosphorylation of cytarabine to Ara-
CTP is catalyzed by deoxycytidine kinase (dCK) and decreased activity of this 
enzyme is considered one of several likely mechanisms of resistance to cytarabine52.
Another such mechanism might be increased metabolism to inactive uracil 
arabinoside (ara-U) catalyzed by cytidine deaminase53.

Cytarabine has been included in every induction and post remission therapy protocol 
for more than 30 years. Standard dosage is 100-200 mg/m2 as continuous infusion for 
seven days23. The dose-limiting factor is bone marrow toxicity. High-dose cytarabine, 
3g/m2 intravenously twice daily, has as previously mentioned been indicated to be 
beneficial in post-remission therapy of younger patients25, especially for patients with 
favorable cytogenetics26. With higher doses, there is an increased risk of cerebellar 
toxicity54.

Fludarabine and cladribine are both purine analogues resistant to deamination. 
Intracellularly, like cytarabine, they are phosphorylated by dCK and incorporated into 
DNA. In the context of AML, they are used in salvage regimens in combination with 
cytarabine with or without topoisomerase II poisons55. Promising effects of 
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combinations of fludarabine or cladribine with cytarabine and anthracyclines in 
primary induction chemotherapy of AML have been demonstrated, although no 
randomized controlled studies have been performed to show its superiority over 
standard treatment56,57.   

The more recently investigated compound clofarabine has shown promising results in 
AML58-60, but its clinical importance needs to be validated in controlled trials61.

DRUG RESISTANCE 

A majority (65-75%) of younger AML patients who receive induction treatment will 
achieve CR4, while the CR rate among the elderly is lower (40-50%)31,37. Most patients 
who achieve CR will relapse, usually within three years21. Patients who do not respond 
to induction treatment display resistance to chemotherapy, and resistance is also 
common at relapse62. Relapse itself could be interpreted as a result of resistance to 
treatment in a subgroup of leukemic cells, which survive initial induction treatment 
despite CR. Thus, drug resistance is a major problem in treatment of patients with 
AML. 

Figure 1. Overview of the putative mechanisms of drug resistance discussed in this thesis. Once the 
cytostatic drug has entered the cytoplasm (light blue), enhanced drug efflux or drug metabolism can 
prevent the drug from reaching the target in the cell nucleus (dark blue). In the nucleus, alteration of drug 
target could interfere with drug action, thereby limiting DNA damage and subsequent apoptosis. 
Disposition to apoptosis could also be altered per se. The specific proteins that are discussed in this thesis 
are indicated by bold letters. 

Drug target 
Topo II

DNA damage 

Apoptosis 
ARF-HDM2-p53

Cytostatic 
drugs 

Drug efflux 
Pgp 
BCRP

Drug 
metabolism 
GST
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Drug resistance in AML can be caused by several mechanisms, often in combination. 
The mechanisms may be located in different parts of the leukemic cell and include for 
example altered drug transport, drug metabolism, drug target or, less specifically, 
disposition to apoptosis63,64. An overview of the putative mechanisms discussed in this 
thesis is shown in Figure 1.  

Drug resistance can be investigated in vitro, using cell lines or patient samples or in 
vivo, by investigating whether the patient enters CR after one or more induction courses 
and whether relapse occurs. Since drug resistance is a major cause of treatment failure 
in AML, survival may also be used as a surrogate endpoint of drug resistance.  

DRUG TRANSPORT 

ATP-binding cassette (ABC-) proteins 

ABC transporter proteins are a large family of evolutionary highly preserved 
transmembrane proteins65. They are present in virtually every cell type and are 
located in the plasma membrane or in intracellular membranes, exerting 
transmembrane transport of drugs, peptides, ions and xenobiotics. Energy for this 
efflux is generated by hydrolysis of ATP (adenosine triphosphate)66. The ABC 
transporters can be subdivided into seven subfamilies, ABCA-ABCG. They have 
distinct substrate profiles, but several are able to extrude substrates of very 
heterogeneous structures. In the context of AML, the most extensively-studied ABC-
transporters are ABCB1 (originally designated P-glycoprotein, Pgp), ABCC1 (multi-
drug resistance associated protein, MRP1) and ABCG2 (breast cancer resistance 
protein, BCRP)67. MRP1 has been associated with drug resistance in AML67 and so 
has MRP3 (ABCC3), as recently reported68,69. In terms of  drug transport, this thesis 
focuses on Pgp and BCRP. 

P-glycoprotein 

In cell lines selected for resistance to colchicin and vinblastin, a 170-kDa cell 
membrane glycoprotein was found to be overexpressed in comparison to drug- 
sensitive parental cell lines. Since this glycoprotein was believed to alter cell 
membrane permeability, it was designated P-glycoprotein, Pgp70-72. Pgp, which is 
encoded by the MDR1 (multidrug resistance) gene, located on chromosome 7q2173,
was later shown to exert ATP-dependent drug transport74. Although Pgp is expressed 
in many tissues, its physiological role, besides protection against toxic compounds, is 
not fully understood. In a study of mdr1-deficient mice, no biological defects could 
be demonstrated75. A wide range of cytotoxic compounds are substrates of Pgp; in 
this context, the most important to mention are anthracyclines, anthracenes and 
epipodophyllotoxins76. However, in terms of cellular uptake and retention, Pgp might 
have lesser impact on the the anthracycline idarubicin than on daunorubicin77.
Expression of Pgp has been associated with drug resistance in cell lines71, and 
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transfection of the MDR1 gene results in a multidrug-resistant phenotype in 
transfected cells78.

Expression of MDR1 or Pgp has also been associated with clinical drug resistance and 
prognosis in AML34,79-83. There exist a number of compounds with inhibitory effect 
on Pgp, such as verapamil, cyclosporine and the cyclosporine analogue PSC-833, and 
attempts to improve cytostatic effect by modulating Pgp activity have been made in 
several studies; however, these have yielded conflicting but mainly disappointing 
results84-91. One problem has been adequate dosage of cytostatic drugs, since these 
drugs are also pharmocokinetically influenced  by the modulators, aside from the Pgp 
effect92. At relapse, AML patients often display increased drug resistance62, probably 
as a result of selection of resistant AML cell subpopulations and/or clonal 
development during chemotherapy. However, Pgp has not been proven to be up-
regulated at relapse93. In vitro, long-term drug exposure of leukemic cell lines can 
induce a drug-resistant phenotype with increased Pgp expression94.

The short-term effect of exposure to cytostatic drugs on Pgp expression has been 
studied in different malignant cells including leukemic cells. It has been shown that 
Pgp substrates as well as non-Pgp substrates can induce Pgp mRNA and Pgp protein 
expression in human leukemic cell lines95, and that Pgp mRNA expression can be 
induced within only four hours of exposure to anthracyclines96-98. In samples from 
patients with myeloid leukemia, Hu et al. demonstrated that Pgp protein expression 
and function was induced in vitro 16 hours after the start of exposure to daunorubicin 
or cytarabine99; the latter is not considered to be a substrate of Pgp78,100. Hu et al.99

also found that concomitant treatment of one patient with daunorubicin and 
cytarabine in vivo was followed by Pgp expression after four hours. 

Regulation of MDR1 gene in AML has been associated with the methylation status of 
CpG islands in the promoter region, insofar as hypomethylation has been associated 
with increased Pgp mRNA expression101. A recent study using leukemic cell lines 
indicated that induction of Pgp mRNA by cytostatic drugs requires a hypomethylated 
status of the promoter region and is associated with increased histone acetylation98.

Breast cancer resistance protein 

Another member of the ABC superfamily is ABCG2, or breast cancer resistance 
protein (BCRP). BCRP is a 655-amino acid transmembrane protein coded on 
chromosome 4q21-22102. It was originally isolated from a breast cancer cell line, 
MCF-7AdrVp, which was developed by culturing the drug-sensitive cell line MCF-7 
with doxorubicin in the presence of verapamil in order to identify mechanisms of 
drug resistance other than Pgp. A 95 kDa protein (P-95) was found to be increased in 
the resistant cell line compared to the parental cell line103. Later, P-95 was found in 
AML blasts with reduced daunorubicin accumulation. These cells were Pgp-negative 
according to Western blot and cyclosporine did not reverse the decreased 
accumulation of daunorubicin104. MCF-7 cells transfected with BCRP cDNA acquired 
a drug-resistant phenotype resembling that of MCF-7AdrVp. The amino acid 
sequence displayed a high degree of homology to members of the ABC super family 
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and it was also demonstrated that drug efflux due to BCRP could be attained by ATP 
depletion105.

BCRP probably functions as a homodimer or a homotetramer106. It is highly 
expressed by normal stem cells107, including hematopoietic cells108, but its 
physiological role is not fully understood. Its abundant expression in human 
placenta109 implies a role in fetal protection and its importance in protection against 
dietary compounds has been demonstrated in bcrp-deficient mice110. In normal 
hematopoietic cells, the expression of BCRP decreases during differentiation. BCRP 
is also expressed by the so-called “leukemic stem cells” in AML, resulting in lower 
drug accumulation in these cells compared to more differentiated leukemic cells111.

Mitoxantrone, like doxorubicin and daunorubicin105,112, was initially shown to be a 
substrate of BCRP in cell lines, while idarubicin was not77,113. However, the BCRP
gene in the MCF-7AdrVp cell line (and also in the colon carcinoma cell line S1-M1-
80) was later shown to be mutated in comparison to wild-type BCRP, which is found 
for example in human placenta114. The gene from the drug-selected cell lines contains 
a single-nucleotide mutation at position 482 (coding for arginine in wild type cells, 
threonine in MCF-7AdrVp cells and glycine in S1-M1-80 cells). The mutated forms 
of BCRP differ from the wild type regarding substrates. Most important in this 
context is the ability to extrude anthracyclines and mitoxantrone. Doxorubicin, and 
possibly other anthracyclines, is believed not to be a substrate of wild-type BCRP but 
of the mutated forms, while mitoxantrone is a substrate of both wild-type BCRP and 
the mutated forms115.

Inhibitors of BCRP have been identified. The first to be described was fumitremorgin 
C, a compound extracted from Aspergillus fumigatus116,117. However, this fungal 
toxin has proved to be neurotoxic. More recently described is KO143, an analogue to 
fumitremorgin C, which is highly potent and specific118. Despite the above mentioned 
findings of Doyle et al.104, there are data indicating that cyclosporine could also be an 
inhibitor of BCRP, although only a weak one at clinical concentrations119,  while 
PSC-833 probably is not120.

The expression and clinical importance of BCRP in AML have been studied in recent 
years. Ross et al. reported that 20 out of 21 acute leukemia samples expressed less 
BCRP mRNA than the drug-sensitive cell line MCF-7121. In another study of adult 
AML, the BCRP mRNA expression in patient samples was of the same level as the 
BCRP mRNA expression in a drug sensitive cell line and well below that of a 
resistant cell line113. In the same study, flow cytometry data suggested that the BCRP 
expression was heterogeneous, with only a small minority of BCRP-positive cells. A 
study of 31 AML patients demonstrated small subpopulations of leukemic cells 
expressing BCRP at mRNA and protein level, while another study of 25 AML 
patients found no evidence for subpopulations with different BCRP protein 
expression or function122. Two additional studies showed that BCRP mRNA was 
solely of wild type sequence at codon 482 in 17 and 31 cases of AML, 
respectively123,124.
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BCRP mRNA has been shown to be up-regulated at relapse in comparison to 
diagnosis125,126. In contrast, in two studies on BCRP protein in AML, there was no 
evidence of increased expression at relapse/refractory disease as compared to 
diagnosis122,127.

In clinical studies, the BCRP mRNA and protein expression have been associated 
with both drug resistance (resistance to induction treatment) and prognosis. The 
available data are summarized in Table IV. 

Table IV. Studies on BCRP expression and clinical outcome in AML 
Authors Number 

of 
patients 

Method Age CR 
rate 
(%) 

De novo/ 
secondary 
(%) 

Results 

Van den 
Heuvel-
Eibrink128

(2007) 

154 RT-PCR 67 (mean) 52 80/20 BCRP/MDR1 mRNA 
coexpression associated with 
low CR rate 

Benderra129

(2004) 
149 RT-PCR 52 (mean) 66 100/0 BCRP mRNA positivity 

associated with RD and 
shorter 4-year EFS and OS 

Damiani130

(2006) 
72 Flow 

cytometry 
53 (median) 75 100/0 BCRP positivity associated 

with shorter DSF in AML 
with normal karyotype 

Benderra68

(2005) 
85 Flow 

cytometry 
<55 53% 

55 47% 
66 100/0 High BCRP activity 

associated with RD and 
shorter EFS/OS 

Wilson19

(2006)
170 Gene 

expression 
profiling 

65 (median) 43 61/19* Overexpression of ABCG2
and MDR1 associated with 
RD and short OS 

*not all cases were categorized  

DRUG METABOLISM 

Glutathione S-transferase 

Glutathione S-transferases are a family of enzymes with the ability to catalyze the 
conjugation of glutathione to a variety of compounds, including cytostatic drugs; this 
conjugation is the first step in elimination of toxines131. High levels of glutathione S-
transferase  (GST ), a subclass of cytosolic glutathion S-transferases, have been 
associated with unfavorable clinical outcome in AML132.

DRUG TARGET 

Topoisomerase II

Topoisomerases are a group of nuclear enzymes with the ability to induce transient 
breakage of single (topoisomerase I) or double (topoisomerase II) DNA strands, 
followed by religation. Single-strand breaks allow relaxation of supercoiled double 
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helices, while double-strand breaks allow separation of intertwined double helices. 
Relaxation and disentangling of DNA is essential for important cellular functions 
such as replication, transcription and mitosis133. The transient cleavage of double-
stranded DNA by topoisomerase II is illustrated in Figure 2. 

Figure 2. Proposed structure and catalytic cycle of topoisomerase II. One DNA double helix (grey) is 
cleaved, allowing the passage of another intact DNA double helix (green). The enzyme is a homodimer 
consisting of three functional segments: an ATPase (top), a cleavage (B´), and a C-terminal (A´) part. 
The topoisomerase II poisons act by stabilizing stage 3 or 4 (cleavable complex), where the DNA double 
helix is cleaved. Figure reprinted with permission from Berger et al, Nature 379 (1996), pp. 225–232. 

Topoisomerase II has two isozymes; topoisomerase II  (topo II ) and topoisomerase 
II  (topo II )134. Topo II  is a 170 kDa protein135 coded on chromosome 17q21-22136.
The expression of topo II  is cell cycle dependent in normal cells with expression 
predominantly occurring in the S/G2/M phases, while topo II  expression is not cell 
cycle dependent137. Data indicate that topo II  expression in malignant cells could be 
less dependent on the cell cycle and that the enzyme may also be significantly 
expressed in the G0/G1 phases138-140.
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Topo II  is believed to be the main target for anthracyclines and 
epipodophyllotoxins40. Anthracyclines and epipodophyllotoxins are designated as 
topoisomerase poisons, since they do not inhibit but instead interact with the enzyme. 
The drugs stabilize the reversible double-strand break, the “cleavable complex” 
(Figure 2)41, and this persistent DNA damage, if extensive enough, is believed to be 
the main mechanism inducing apoptosis38. The double-strand breaks also make the 
cells vulnerable to mutations by unsuccessful DNA repair, which could cause 
secondary leukemias in patients treated with topoisomerase poisons. Data from mice 
suggest that topo II  is primarily responsible for the carcinogenic drug effect, while 
the tumor cell toxicity is primarily dependent on topo II 141.

The effect of topoisomerase poisons is thus dependent on the presence of topo II ;
and down-regulation of topo II  is considered a possible mechanism of drug 
resistance142. Low topo II  mRNA, protein or activity has been associated with drug 
resistance in a number of different tumor cell lines, including leukemic cells143-148.
Previous reports on topo II  expression and clinical outcome in AML have been 
negative regarding both mRNA149-151 and protein levels152, with one exception153.
There are data indicating that the effect of topoisomerase poisons - DNA damage or 
cell killing - is predominantly evident in, but not limited to, the S/G2/M cell cycle 
phases154-156. In addition to down-regulation or mutation of the topo II  gene, post-
translational modification of topo II  may also be of importance for its activity and 
possibly for the effect of topoisomerase poisons157-160.

DNA DAMAGE AND APOPTOSIS 

Cytostatic drugs are believed to exert their effect mainly by inducing programmed 
cell death, or apoptosis. The complicated chain of events that eventually leads to 
phagocytosis of an apoptotic cell is triggered by DNA damage caused by the drugs. A 
key protein in this process is p53. 

P53

The p53 protein is encoded by the TP53 gene located on chromosome 17p13161. It is a 
transcription factor which is activated by cellular stress, for example DNA damage162.
Its activation is followed by transcription of  cell cycle inhibitors and pro-apoptotic 
proteins, leading to differentiation, cell cycle arrest or apoptosis163,164. During normal 
cellular conditions, p53 is constitutionally expressed but its activity is strictly 
controlled by a complicated regulatory network165. An important modulator of p53 is 
HDM-2, a protein which promotes ubiquitination and degradation of p53166.
Mutations of TP53 are a common feature of many tumours and are associated with 
loss of apoptotic function and hence with drug resistance167. In AML, p53 mutations 
are found in about 10% of newly diagnosed cases168-170. Inactivation of p53 is usually 
caused by loss of one p53 allele and a point mutation in the remaining allele168,171.
TP53 mutations and abnormalities of chromosome 17 have been associated with poor 
prognosis in AML170,172. The function of mutated p53 can be restored by a recently 
identified compound known as PRIMA-1 (p53-dependent reactivation and induction 
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of massive apoptosis)173,174. Leukemic cells with mutated p53 and drug-resistant 
phenotype have been shown to be sensitive to PRIMA-1 in vitro175.

P14ARF 

The protein p14ARF is encoded as an alternative reading frame with p16INK4a by the 
INK4a/ARF gene locus on chromosome 9p176. It is involved in regulation of p53 by 
binding and inhibiting HDM-2, thereby stabilizing p53177. There are data indicating 
that both HDM-2 and p14ARF genes are overexpressed in AML blasts and that low 
levels of p14ARF mRNA are associated with poor prognosis in AML178.

LEUKEMIC STEM CELLS 

Hematopoietic stem cells constitute a pool of rare immature cells with the capacity 
for self-renewal and differentiation; this is displayed by assymmetric cell division 
giving rise to both an identical stem cell and a more mature cell179. Similarly, human 
leukemic cells with the ability to  initiate AML in NOD/SCID mice and with self–
renewal, proliferative and differentiative capacities have been identified as 
CD34+CD38- cells9. These leukemic stem cells are believed to arise either from 
normal hematopoietic stem cells or from lineage-committed progenitors which have 
acquired self-renewal properties179. Hematopoietic cells with self-renewal properties 
have also been identified by their ability to efflux the fluorescent dye Hoechst 33342, 
forming a “side population” (SP) by dual wave-length flow cytometry180,181. Normal 
SP cells are CD34- and may represent even more immature cells than CD34+CD38- 
cells. SP cells have also been identified in AML samples, but seem less 
phenotypically distinct, and may be both CD34+ and positive for CD13 and CD33, 
both markers of further myeloid differentiation182. The ability to efflux Hoechst 
33342 is probably mediated by BCRP, which is highly expressed in the SP and 
CD34+CD38- cells but down-regulated in more mature progenitors108,183. The 
expression of Pgp in leukemic stem cells seems more complex. Data indicate that Pgp 
levels are higher in leukemic CD34+CD38- cells than in more mature CD34+ 
progenitors184, but that they may also be up-regulated again in mature CD34- 
leukemic cells183. It has recently been demonstrated that both BCRP and Pgp mRNA 
expression in CD34+CD38- cells are associated with resistance to chemotherapy in 
AML185. On the other hand, despite similar levels of Pgp protein, Pgp function in
vitro was found to be impaired in leukemic CD34+CD38- cells in comparison to their 
normal counterparts184. Thus, the leukemic clone includes small populations of cells 
which display distinctive patterns of drug resistance markers. If the cells with self 
renewal properties are able to escape apoptosis induced by cytostatic drugs, they may 
well be responsible for treatment failure.  
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AIMS OF THE STUDY 

The main objective of this thesis was to contribute to a better understanding of drug 
resistance in AML by exploring the clinical relevance of three putative mechanisms of 
drug resistance, involving topo II , BCRP or p14ARF, and by investigating the 
immediate effects of drug exposure on Pgp, BCRP and GST  expression in leukemic 
cells. The specific aims were to investigate 

- the topo II  protein expression in different parts of the cell cycle in leukemic 
cells (paper I) 

- the expression of topo II  mRNA and protein in leukemic cells in relation to 
drug sensitivity in vitro and to clinical outcome in AML (paper II) 

- the expression of BCRP mRNA in AML in relation to clinical outcome (paper 
III) 

- the initial response to drug exposure in vitro in leukemic cells regarding 
expression of Pgp, BCRP and GST  (paper IV) 

- the expression of p14ARF mRNA expression in relation to prognosis in AML 
with normal karyotype (paper V)  

- the expression of p14ARF mRNA in AML samples in relation to drug sensitivity 
in vitro with special reference to PRIMA-1 (paper V) 
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MATERIALS AND METHODS 
ETHICS  

The four studies involving patients and patient samples (papers I-III and V) were 
conducted with the approval of the ethics committees and after informed consent had 
been obtained. 

PATIENTS AND PATIENT SAMPLES (PAPERS I-III AND V) 

Blood or bone marrow samples were obtained from patients with acute leukemia, as a 
portion of the routine samples taken for diagnostic procedures. The samples were 
used in the different studies as indicated below (papers I-III and V). Separated 
mononuclear cells were used for flow cytometry and in vitro cytotoxicity assays or 
vitally frozen and stored at -150ºC for real-time RT-PCR. 

Paper I used samples from 25 consecutive patients (22 AML and 3 ALL). Fifteen of 
these patients had de novo AML, while the remaining seven had secondary or MDS-
AML. The patients were aged between 19 and 84 years, with a median age of 67 
years. Thirteen patients were evaluable for clinical response; that is they received 
remission-induction therapy and could be evaluated for response. Sixteen of the 
samples were from bone marrow aspirations and 9 were blood samples. Blood 
samples were also obtained from 10 voluntary blood donors.  

Paper II included samples from an additional 35 patients (32 AML and 3 ALL), 
giving a total of 60 samples for flow cytometry. Frozen samples were available from 
24 of these patients, and were supplemented with frozen samples from another 34 
patients (all AML), giving a total of 58 samples for real-time RT-PCR. Additional 
frozen material was available from 40 of these 58 patients, and these samples were 
used for real time RT-PCR in paper III. Hence, samples for flow cytometry were 
obtained from consecutive patients while inclusion of samples for real-time RT-PCR 
was based on availability of frozen samples. Of the 94 patients included in total in 
paper II, 76 patients had de novo AML and 12 had AML secondary to 
myelodysplastic syndrome (n=4), CML (n=3), Hodgkin’s lymphoma (n=1), essential 
thrombocythemia (n=1), or cytostatic treatment for other reasons (n=3). Three 
patients had pre-B-ALL and three patients had T-ALL, all de novo. Mean age was 58 
years (range 18-84); 61 were women and 33 were men. Cytogenetic analyses were 
routinely performed for 85 patients.  

Paper III used samples from 40 patients as described above; 37 of these had de novo 
AML while three had AML secondary to myelodysplastic syndrome (MDS), 
Hodgkin’s lymphoma or essential thrombocythemia (ET). Their mean age was 57 
years (range 22–79).  

Among the patients with AML included in paper I-III, those who were evaluable for 
clinical response to induction treatment received at least one course of induction 
chemotherapy containing an anthracycline or mitoxantrone (a few patients received 
amsacrine instead of an anthracycline or mitoxantrone in the first or second induction 
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course) in combination with cytarabine. Patients with ALL received treatment 
according to the then-current Swedish Adult ALL Group protocol, which included 
daunorubicin in the first induction course and amsacrine in the second induction 
course. Three patients underwent allogeneic stem cell transplantation. 

Paper V used frozen bone marrow samples collected at diagnosis from 57 adult patients 
(six of whom were also included in papers II-III) with de novo AML and normal 
karyotype. Mean age of the patients was 63 years (range 20–84). All patients were 
treated according to a standard protocol, including cytarabine and an anthracycline, 
mainly daunorubicin, in a 7+3 treatment scheme with three or four consolidation 
courses. Four patients underwent allogeneic stem cell transplantation.  

Cytotoxocity testing in vitro was performed using fresh blood or bone marrow samples 
from consecutive patients. The results were available to a different extent for different 
drugs, partly because the number of drugs varied over the years and partly due to 
technical failure.  

CELL LINES, CULTURING AND  DRUG INCUBATIONS (PAPERS II, IV 

AND V) 

The lymphoblastic cell line CEM-CCRF (paper II), the breast cancer cell line MCF-7 
(paper III) and the cervical cancer cell line HeLA (paper V) were used for 
construction of standard curves. MCF-7 was also used as a reference for BCRP 
mRNA expression (paper III).  

In paper IV, the human leukemic HL-60 cell line (HL-60 S), which is highly sensitive 
to doxorubicin, and the sublines HL-60 R0.5 and HL-60 R5, which are resistant to 0.5 
µM and 5 µM doxorubicin respectively186, were grown in a culture medium 
consisting of RPMI 1640 (GIBCO, Paisley Scotland, UK) with 10% fetal calf serum 
and 1% L-glutamine. Resistant cells were maintained in the absence of the drug for 
two weeks before the experiments were performed. The sublines HL-60 R0.5 and R5 
have previously been shown to express high levels of Pgp, while HL-60 S has been 
shown to be Pgp-negative. Compared to HL-60 S, the degree of resistance to 
daunorubicin was measured at 80-fold in HL-60 R0.5 and 858-fold in HL-60 R5186.

Cells were suspended in pre-heated culture medium (37 C) in culturing tubes, at a 
concentration of 0.5 x 106 cells/ml. Each cell line was exposed to a final 
concentration of 0.2 µM daunorubicin or 0.5 µM cytarabine. These concentrations 
were chosen to achieve clinically relevant exposure187. Cells cultured in RPMI 1640 
without drugs were used as negative controls. From each of the three series, samples 
were collected before exposure and at 0, 10 and 30 minutes and 1, 2, 4, 8, 12, 16, 24 
and 36 hours, for real-time RT-PCR and Western blot analyses. The reaction was 
terminated with 10 ml of ice-cold RPMI 1640; samples were then pelleted at 400 g
for 5 min at 4 C and the supernatant was discarded. For flow cytometry, samples 
were collected from each series before exposure and after 4, 8, 12 and 24 hours of 
exposure to daunorubicin or cytarabine. The samples were immediately pelleted at 
400 g for 5 min at room temperature and the supernatant was discarded. 
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In paper II, separated mononuclear cells were washed and then incubated in culture 
medium, as described above, with the cytostatic drugs: amecrine 1 M continuously, 
daunorubicin 0.2 M for 1 hour, etoposide 20 M for 1 hour, idarubicin 0.05 M for 
1 hour, mitoxantrone 0.1 M for 1 hour and cytarabine 0.5 M, cladribine 50 M and 
fludarabine 2 M, all three continuously. In paper V, cells were incubated with 
daunorubicin, etoposide, mitoxantrone and cytarabine, in the same concentrations as 
in paper II, and also with PRIMA-1 (5, 10 and 20 M) continuously. After 
interruption of drug exposure in the short time cases, all samples were cultured for 4 
days. All incubations were performed in duplicate and with a drug-free control.  

   

TOPO II  PROTEIN EXPRESSION (PAPERS I-II)  

The samples were prepared within 24 hours. Separated mononuclear cells were 
washed and diluted to a concentration of 10 x 106/ml. One million cells were added to 
each of two tubes and incubated with lysing solution. After fixation and washing, the 
nuclei in one of the two tubes were incubated with a monoclonal antibody to topo II
(SWT3D1 IgG1 , DAKO, Glostrup, Denmark, 1:100). After incubation, a FITC-
conjugated rabbit anti-mouse antibody was added to both tubes. After a second 
incubation, propidium iodide with RNAse was added, followed by a third incubation.  

Figure 3. Example of DNA histogram used for separation of G0/G1 cells (*) from S/G2/M cells (**). 
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The stained nuclei were analyzed in a FACScan equipped with an argon laser (488 
nm) (Becton Dickinson, Immunocytometry Systems, CA, USA). CellQuest software 
(Becton Dickinson) was used to analyze 5000 events; non-cellular events as 
determined by the propidium iodide fluorescence were excluded by gating. The DNA 
histogram was used to separate G0/G1 cells from cells in S/G2/M (Figure 3). The cut- 
off limit for topo II -positivity was set for each population based on the negative 
controls, that is the cells incubated with the secondary antibody only (Figure 4). 

Granulocytes from healthy donors were used as negative control188. Separation was 
performed on Histopaque (Sigma) and the supernatant was removed. The pellet, 
containing granulocytes and red cells, was washed once in 0.05 M PBS pH 7.4, and 
then incubated with 8 ml Ortho-mune Lysing Reagent (Ortho Diagnostic Systems, 
Raritan, NJ, USA) for 10 minutes, in order to lyse the red cells; next it was 
centrifuged at 300 g for 5 minutes and washed once in 0.05M PBS. The remaining 
granulocytes were diluted to a concentration of 10 x 106 /ml in 0.05M PBS and 
further analyzed as described above for the mononuclear cells from patient samples. 
A microscopic control of these samples showed >99% granulocytes.  

Figure 4. Example of scattergrams: negative control with FITC-labeled rabbit anti-mouse  antibody 
(RAM) alone (left) and test sample with the addition of topo II  antibody (right). G0/G1 phase is 
indicated by * and S/G2/M by **. 

TOPO II  AND BCRP mRNA EXPRESSION (PAPERS II-III)  

RNA from thawed cells from patient samples and cultured cells was isolated using 
QIAamp RNA Blood Mini Kit (Qiagen) following the manufacturer’s instructions 
and then stored at -80ºC. The quality and quantity of RNA was determined using 
RNA chips with RNA 6000 Nano Reagents & Supplies (Agilent Technologies) in a 
Bioanalyzer (Agilent Technologies).  
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cDNA was synthesized from 400 ng RNA from each patient sample and from cell 
line samples to a volume of 40 µL, which was stored at –20 C. Omniscript RT Kit 
(Qiagen) with OligodT primer (Qiagen) was used for cDNA synthesis. To perform a 
real-time PCR, a mix containing Taqman Universal PCR Master Mix (Applied 
Biosystems), primer (1 M), probe (0.25 M), 2 µL cDNA and water to a total 
volume of 25 L was prepared and the samples were amplified in duplicate using 
ABI Prism 7700 (Applied Biosystems, Weiterstadt, Germany).  

Standard curves were constructed for -actin, topo II  and BCRP by serial dilutions 
of the purified (QIAquick Gel Extraction Kit, Qiagen) amplification products using 
cDNA from CEM and MCF-7, respectively. Patient samples were related to the 
standard curves, giving a relative quantification of the gene product. The mRNA 
expression (i.e. the mean value of the duplicates) of topo II  or BCRP was 
normalized by means of division by the -actin expression. This quotient was used 
for statistics and (for BCRP) for relating patient samples to the MCF-7 cell line. 

CYTOTOXICITY IN VITRO (PAPERS II AND V)  

The bioluminescence assay utilizes an ATP monitoring reagent (AMR, luciferin-
luciferase reagent from the firefly), which emits light proportionally to the ATP 
content of a cell. Since the amount of ATP in a certain cell type is relatively constant 
and since ATP is rapidly degraded if the respiratory cycle is disturbed in aerobic 
cells, the amount of ATP can be used as an indirect method of measuring cell growth 
and cell death189,190.

After incubation with drugs as described above, ATP was extracted from the cells by 
mixing equal volumes (100 L) of cell suspension and 2.5% trichloracetic acid. The 
bioluminescence assay was performed in a Bio Orbit photometer (Turku, Finland). 
Twenty L of a sample was added to 900 L Tris-EDTA buffer in a cuvette which 
was placed in the photometer. AMR 100 L was added and the resulting light 
emission was measured. The ATP standard (10 M) was then added and light 
emission measured again. In this way, the concentration of ATP in each sample could 
be determined and a percentage of ATP in every drug-exposed sample compared to 
the drug-free control was calculated. Thus, a relatively high percentage would 
indicate a relatively drug-resistant cell population.  

PGP, BCRP AND GST  mRNA EXPRESSION (PAPER IV) 

RNA was isolated with an RNeasy  mini kit (Qiagen, Hilden, Germany) according 
to the manufacturer’s protocol and stored at -80º C. The quality and quantity of RNA 
was determined using RNA chips with RNA 6000 Nano Reagents & Supplies 
(Agilent Technologies, Waldbronn, Germany) in a Bioanalyzer (Agilent 
Technologies).  

First-strand cDNA synthesis was achieved using Omniscript RT kit (Qiagen) 
according to the manufacturer’s instructions. Briefly, 1µg of total RNA was used to 
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produce first-strand cDNA with OligodT to a final volume of 40 µl in RNase free 
water and stored at -20º C. 

Real-time PCR was performed on a thermal cycler, the TaqMan 7500 Fast Real-Time 
PCR System (Applied Biosystems, Foster City, CA, USA) with 7500 Fast Sequence 
Detection software, Relative Quantification. Combined primers and probes were 
purchased from Applied Biosystems (Sweden); Hs00184491_m1 was used to detect 
Pgp, Hs00184979_m1 to detect BCRP and Hs02512067_s1 to detect GST , while 
18S (Hs99999901_s1) was used as house-keeping gene. Standard curves were 
obtained by serial dilutions ranging from 1:1 to 1:100. PCR reactions were performed 
in 20 µl using the TaqMan Universal PCR Master Mix (Applied Biosystems) primer 
and probe and 2 µl cDNA. Experiments were carried out in duplicate and the mean 
value was used as the result. 

PGP PROTEIN EXPRESSION (PAPER IV) 

Western blot 

Pelleted samples were lysed in 10 mM TRIS/HCl lysis buffer with 150 mM NaCl, 1 
% Nonidet P-40, 1 mM EDTA, 50 mM Sodium fluoride, 40 mM -glycerophosphate, 
1 mM sodium orthovanadate and protease inhibitors such as phenylmetylsulphonyl 
fluoride, leupeptin, pepstatin and aprotinin (all diluted to a final concentration of 
1µg/ml), at 4 C for 10 minutes and stored at -80 C in cryo-preservation tubes 
(Sarstedt AG & Co, Nümbrecht, Germany). Protein concentrations were determined 
with the DC Protein Assay Kit (Bio-Rad Laboratories, Hercules CA, USA) as 
absorbance at 750 nm on a Multiscan Ascent (Thermo Labsystems, Stockholm, 
Sweden). Protein lysate, 20 µg in urea buffer (8 M urea, 170 mM SDS, 0.5 mM 
bromphenol blue, 455 mM dithiotretiol and 50 mM Tris (pH 6.8 adjusted with HCl)) 
with 30 mM DTT (Sigma-Aldrich), in a lysate to buffer ratio of 2:1, as well as a 
molecular weight marker (Precision Plus Protein Standards Dual Color, Bio-Rad), 
was separated on 7 % SDS gel at 140V for 1 hour. After electrophoresis, proteins 
were transferred to a PVDF membrane at 30V over night. Nonspecific binding was 
blocked by 2 % bovine serum albumine (Roche Diagnostics GmbH, Indianapolis IN, 
USA) in TBS buffer. Membranes were incubated with P-glycoprotein specific 
primary mouse monoclonal antibody C219 (Abcam, Cambridge, UK), diluted 1:500 
in TBS containing 0.1% Tween (TBS-T, Sigma-Aldrich), at 4 C over-night. Blots 
were washed thoroughly in TBS-T and incubated in secondary horseradish peroxidase 
(HRP)-conjugated goat-anti-mouse IgG antibody C1607, dilution 1: 1000 (Santa Cruz 
Biotechnology, Santa Cruz CA, USA), at room temperature for 1 hour. After a final 
wash in TBS-T, horseradish peroxidase was detected using the Immun-Star HRP 
Substrate kit from Bio-Rad and Molecular Imager ® ChemiDoc™ XRS, as described 
in the manufacturer’s instructions. 
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Flow cytometry 

Pelleted cells were incubated with FITC-conjugated anti-Pgp (clone 17F9) and 7AAD 
(BD Biosciences, Stockholm, Sweden) for 10 minutes at room temperature in the 
dark. Cells were then resuspended in 400 µl of PBS, transferred to 5 ml Falcon test 
tubes (VWR) and analyzed immediately using an EPICS® ALTRA™ (Beckman 
Coulter, Fullerton CA, USA) flow cytometer equipped with an Argon laser (488 nm) 
and Expo32 software (Beckman Coulter). Pgp expression on drug-exposed cells was 
determined as mean fluorescence intensity (MFI) in relation to Pgp expression in cells 
cultured in RPMI only, at each point of time. Flow cytometric analyses were 
performed in duplicate for each sample and the mean value of the duplicates was used 
as the result. 

P14ARF mRNA EXPRESSION (PAPER V) 

RNA was isolated using a QuickGene RNA cultured cell kit with Nucleic Acid 
Isolation System QuickGene-810 (Science Imaging Scandinavia AB, Nacka, Sweden) 
and RNeasy plus mini kit (Qiagen AB, Solna, Sweden) according to the manufacturer’s 
instructions. 12 µl of total RNA were used for cDNA synthesis with the Transcriptor 
First Strand cDNA Synthesis Kit (Roche Diagnostics Scandinavia AB, Bromma, 
Sweden) in a total volume of 20 µl, using 1 µl of Anchored-oligo primer, 4 µl of 
Transcriptor RT Reagent Buffer, 0.5 µl of Protector RNase Inhibitor, 2 µl of 
Deoxynucleotide Mix and 0.5 µl of Transcriptor reversed Transcriptase. 25 µL reaction 
volumes were prepared for real time PCR. They contained 12.5 µL of Sybr®Green PCR 
Master Mix (Applied Biosystems, Stockholm, Sweden), 1 µL of each primer at a final 
concentration of 300 nmol/L, 5.5 µL H2O and 5 µL of cDNA product, diluted 1:2 in 
H2O. The reactions were run on an ABI PRISM 7000 Sequence Detection System 
(Applied Biosystems, Stockholm, Sweden). Thermal cycling conditions were as 
follows: 50°C for 2 minutes, 95°C for 10 minutes, then 40 cycles of 95°C for 15 
seconds and 60°C for 1 minute. The primers used for p14ARF amplification were: 
forward 5´-CCC TCG TGC TGA TGC TAC TGA-3´ and reverse 5´-ACC ACC AGC 
GTG TCC AGG AA-3´. Amplification of the house-keeping gene abl was performed 
using the primers forward 5´-CGA AGG GAG GGT GTA CCA TTA C-3´ and reverse 
5´-CGT TGA ATG ATG ATG AAC CAA CTC-3´. All primers were purchased from 
DNA Technology A/S, Aarhus, Denmark. Standard curves were constructed by serial 
dilution of the amplification product from HeLa cells. Experiments were performed in 
triplicate and the mean values were used for further calculations. 

MUTATIONS OF NPM1, FLT3 AND TP53 (PAPER V) 

Detection of insertion mutations in exon 12 of the NPM1 gene was performed by PCR 
as described previously191, using 10 ng of genomic DNA and NPM1 forward primer 5´-
TTA ACT CTC TGG TGG TAG AAT GAA-3´ and reverse primer 5´-ACC ATT TCC 
ATG TCT GAG CACC-3´. The PCR products were separated by capillary 
electrophoresis in an ABI 3130 XL genetic analyzer (Applied Biosystems, Foster City, 
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CA, USA) and fragment sizing was performed using GeneMapper 4.0 software 
(Applied Biosystems). Patient samples with FLT3-ITD (internal tandem duplication) 
was identified using PCR, as previously described192.

Sequencing of exons 5–9 on TP53 was performed on a capillary sequencer 
(MegaBASE 1500, GE Healthcare, Uppsala, Sweden) using DYEnamic ET Dye 
Terminator Kits (US81090, GE Healthcare, Uppsala, Sweden) according to the 
manufacturer’s instructions. Staden Software was used for sequence assembly. All 
sequences were scored manually for the presence of mutations.  

For fluorescence in situ hybridization (FISH) analyses, fresh bone marrow cells were 
cultured for 2 days, and Vysis (Abott-Vysis Inc., Downers Grove, IL, USA) was used 
as TP53 probe. Loss of one signal in less than 5% of the cells was not regarded as 
representing a clone. 

STATISTICS 

Paper I 

Student’s t-test for paired samples was used to compare the expression of topo II  in 
S/G2/M versus G0/G1, and Fisher’s exact test was used to compare clinical response 
between patients with more or less than 20% topo II -positive cells in G0/G1. 

Paper II  

The Mann-Whitney test was used to compare mRNA and protein expression in the 
groups defined by clinical response, cytogenetic risk and de novo/secondary AML. 
Survival curves were calculated according to Kaplan-Meier, and the log rank test was 
used for comparison of survival. Student’s t-test for independent groups was used to 
compare chemosensitivity in vitro in different groups of patient samples. Statistics 
were calculated using SPSS 11.5 for Windows (SPSS Inc, Chicago, Illinois). 

Paper III 

The Mann-Whitney test was used to compare gene expression in the two groups 
defined by clinical response. Survival curves were calculated according to Kaplan-
Meier. The log-rank test was used to compare survival between responders with high 
and low expression of BCRP mRNA. To control for the effects of age and white 
blood cell count (WBC), a multivariate Cox regression analysis was performed with 
BCRP mRNA expression, age and WBC as explanatory variables. Statistics were 
calculated using SPSS 11.5 for Windows (SPSS Inc, Chicago, IL, USA).

Paper V 

Kaplan–Meier analysis was used to estimate overall survival (OS) and the log-rank test 
to determine significance. Multivariate analysis was performed using the Cox 
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proportional hazards model. Student’s unpaired t-test was used to compare groups in 
terms of differences in sensitivity in the in vitro drug panel. 



   35

RESULTS
TOPO II  PROTEIN EXPRESSION AND CELL CYCLE PHASES (PAPER I) 

In the patient samples, the majority of cells were in the G0/G1 cell cycle phases 
(mean 88% SD ±5.3%), rather than in the S/G2/M phases (mean 11% SD ±5.3%). 
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Figure 5. Expression of topo II  in cells in S/G2/M versus G0/G1 cell cycle phases.

The control samples from ten healthy volunteers had a mean of 2.3% topo II  positive 
cells. The overall expression of topo II  in the patient samples varied between 0% 
and 99% positive cells, with a mean of 36%. The mean expression of topo II  was 
higher in S/G2/M (76% positive cells) than in G0/G1 (39%) (p<0.001). Twenty-one 
of 25 samples displayed >50% topo II  positive cells in S/G2/M, whereas 9 showed 
>50% and further 5 showed >20% topo II  positive cells in G0/G1. All samples with 
>20% topo II  positive cells in G0/G1 also displayed >70% positive cells in S/G2/M 
(Figure 5). 

Thirteen patients were evaluable for clinical response. Six of eight patients with >20 
% topo II  positive cells in G0/G1 entered CR, while only one of five patients with 
<20 % positive cells entered CR (p=0.10) (Figure 6). 
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Figure 6. Expression of topo II  in G0/G1 versus clinical response.

TOPO II  EXPRESSION AND CYTOTOXICITY IN VITRO (PAPER II)  

Topo II  mRNA  

Topo II  mRNA expression varied widely, with relative values ranging from 0.04 to 
15.32 arbitrary units (median 1.10) and displaying a skewed distribution. No 
statistically significant differences were found between topo II  mRNA expression in 
samples from patients in different cytogenetic risk groups or from patients with de 
novo versus secondary AML. There was also no association between topo II  mRNA 
expression and either age or WBC.  

Topo II  protein 

The overall expression of topo II  varied, with a median of 23% positive cells (range 
0-99%) and a bimodal distribution. Cells in the S/G2/M cell cycle phase expressed 
topo II  to a higher extent than cells in the G0/G1 cell cycle phase; median 70.5% 
(range 0-98%) positive cells versus 20.5% (range 0-99%). 

Overall, samples from patients with secondary AML (n=9) showed topo II  positivity 
with a median of 6% (range 0-95%), while samples from patients with de novo AML 
(n=45) were topo II  positive with a median of 24% (range 0-99%) (p=0.04). For 
cells in G0/G1, the median was 6% (range 0-96%) for secondary AML and 32% 
(range 0-99%) for de novo AML (p=0.04), while the corresponding figures for cells 
in S/G2/M were 55% (range 0-91%) for secondary AML and 74% (range 0-98%) for 
de novo AML (n.s.). There was no correlation between age or WBC and percentage 
of topo II  positive cells nor were there any statistically significant differences 
between cytogenetic risk groups. 
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Topo II  mRNA and protein  

Topo II  mRNA expression  and percentage of topo II  positive cells were 
determined in 24 patients. There was no correlation between mRNA expression and 
percentage of topo II  positive cells. 

Cytotoxicity in vitro  

Patient samples with low topo II  mRNA expression tended to be less sensitive to 
topoisomerase poisons, but not to other drugs (Figure 7). This tendency was stronger 
for samples with a low percentage of topo II  protein positive cells, and reached 
statistical significance for daunorubicin and etoposide (Figure 8). Since RT-PCR and 
flow cytometry were performed in different patient groups, it was not possible to 
compare the groups tested for topo II  mRNA and percentage of topo II  protein 
positive cells, respectively. 
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Figure 7. In vitro sensitivity to different cytostatic drugs in patient samples with high (grey bars) or 
low (black bars) expression of topo II  mRNA. The groups of high and low expression were defined 
by dividing the group of patients tested for each drug into two groups, with median expression as cut-
off. Sensitivity is expressed as a percentage of living cells after incubation with the drug, i.e. a 
relatively low percentage indicates relatively more sensitive cells. Vertical lines indicate standard 
deviation for each sample. AMSA=amsacrine (n=44), Dauno=daunorubicin (n=46), Etopos=etoposide 
(n=31), Ida=idarubicin (n=44), Mitox=mitoxantrone (n=43), AraC=cytarabine (n=37), CdA=cladribine 
(n=31), Flu=fludarabine (n=25). 
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Figure 8. In vitro sensitivity to different cytostatic drugs in patient samples with high (grey bars) or 
low (black bars) percentage of topo II  protein-positive cells. The groups of high and low expression 
were defined by dividing the group of patients tested for each drug into two groups, with median 
percentage as cut-off. Sensitivity is expressed as a percentage (mean value of the group) of living cells 
after incubation with the drug, i.e. a relatively low percentage indicates relatively more sensitive cells. 
Vertical lines indicate standard deviation for each sample. AMSA=amsacrine (n=39), 
Dauno=daunorubicin (n=37), Etopos=etoposide (n=38), Ida=idarubicin (n=38), Mitox=mitoxantrone 
(n=32), AraC=cytarabine (n=34), CdA=cladribine (n=29), Flu=fludarabine (n=32). The difference in 
sensitivity was statistically significant for daunorubicin and etoposide (p=0.02 and p=0.04). 

TOPO II  EXPRESSION AND CLINICAL OUTCOME (PAPER II)  

Of the patients tested for topo II  mRNA expression, 49 were evaluable for reponse 
to induction treatment; 37 were classified as responders and 12 as non-responders. 
Median topo II  mRNA expression was almost the same in the responder group 
(1.26; range 0.04-15.32) as in the non-responder group 1.08; 0.24-6.13). 

Survival was investigated by dividing the patients into two groups with the median 
topo II  mRNA expression as cut-off. Median survival was 21 months (95% CI: 3-
39) in the group with low topo II  mRNA expression and 15 months (95% CI: 6-25) 
in the group with high topo II  mRNA expression (n.s.). Similar results were 
obtained when patients who were not evaluable for response to induction therapy 
were excluded (data not shown). 

Of the patients tested for topo II  protein expression, 40 were evaluable for response 
to induction treatment; 30 were classified as responders and 10 as non-responders. 
There was no significant difference in percentage of  topo II  positive cells overall 
between samples from responders and non-responders (median 35% and 25% positive 
cells respectively) and the same was true for cells in G0/G1 (29% and 18.5%) and 
S/G2/M (67.5% and 71.5%). Survival was compared between patients with low and 
high  topo II  expression, using the median (23% positive cells) as cut-off. Median 
survival was 7 months (95% CI: 0-16) in the group with <23% positive cells and 10 
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months (95% CI: 6-14) in the group with >23% positive cells (n.s.). Results regarding 
survival were similar when patients who were not evaluable for response to induction 
treatment were excluded (data not shown). 

BCRP mRNA EXPRESSION IN AML (PAPER III) 

The expression of BCRP mRNA varied widely, with a skewed distribution. BCRP 
mRNA expression is presented relative to the BCRP mRNA expression of the drug-
sensitive cell line MCF-7 (Figure 9). Ten patient samples expressed more BCRP 
mRNA than the MCF-7 cells (2.30–76.20 times as much) and seven expressed almost 
as much (0.5–1.5 times) as the MCF-7 cells. Twenty-three samples expressed less 
BCRP mRNA than MCF-7 cells and ten of these expressed <0.05 times the 
expression of MCF-7 cells. There was no association between BCRP mRNA and age, 
WBC or cytogenetic risk group.  
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Figure 9. BCRP mRNA expression in 40 AML patient samples. The expression is given relative to 
BCRP mRNA expression of the MCF-7 cell line. The expression was highly variable, and a majority of 
patients (n=23) expressed <0.5 times the level expressed by MCF-7 cells. 

BCRP mRNA EXPRESSION AND CLINICAL OUTCOME (PAPER III) 

Twenty-eight patients were classified as responders and 12 as non-responders. 
Median BCRP mRNA expression was higher in the responder group (0.30 [range 
0.00–76.20] times the expression in MCF-7 cells) than in the non-responder group 
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(0.12 [range 0.00–2.30] times the expression of MCF-7 cells) but the difference was 
not statistically significant (p=0.6, Figure 10). 

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

To investigate a possible association between BCRP mRNA expression and overall 
survival, we divided the patients into two groups with the median BCRP expression 
as cut-off. Mean survival was 60 months (SEM 14 months) for the low BCRP mRNA 
group and 45 months (SEM 14 months) for the high BCRP mRNA group, but the 
difference was not statistically significant (p=0.2) (Figure 11). The corresponding 
median survival times were 26 months (95% CI 0-57 months) and 15 months (95% 
CI: 8-21 months).  
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Figure 11. Overall survival for the 20 AML patients with high BCRP expression (dotted line) and the 20 
AML patients with low BCRP mRNA expression (continuous line). There was no statistically significant 
difference in survival between the two groups (mean 60 months, SEM 14 months vs. mean 45 months, 
SEM 14 months) (p=0.2). 

When survival in the 28 responders was analyzed separately, the 14 patients with low 
BCRP mRNA expression had a significantly longer survival (mean 74 months, SEM 
16 months) than the 14 patients with high BCRP mRNA expression (mean 38 
months, SEM 15 months), p=0.047 (Figure 12). The corresponding median survival 
times were 52 months (95% CI: 15-90 months) and 18 months (95% CI: 0-26 
months), respectively. In this subgroup two patients had a favourable karyotype (inv 
16 and t15;17, respectively) and 23 patients had an intermediate karyotype, based on 
the cytogenetic risk groups derived from the MRC AML 10 Trial15. Cytogenetic data 
were missing in the remaining three patients. Karyotype was therefore considered not 
to be a confounding factor in this subgroup.  

For further analysis of the responder subgroup, a Cox regression analysis was 
performed. The patients were categorized into groups based on median BCRP 
(median value in this subgroup was 0.30 (range 0.00–76.20), age (median age was 66 
years [range 22–79 years]) and WBC (median value was 18 x 109/L [range 0–108 x 
109/L]). In a multivariate analysis, 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 (hazard ratios: 1.4 and 1.6, respectively).  
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Figure 12. Survival of the 28 patients classified as responders. In this patient group, the 14 patients with 
low BCRP mRNA expression (continuous line) had a statistically significantly longer survival (mean 74 
months, SEM 16 months) than  the 14 patients with high BCRP mRNA expression (mean 38 months, 
SEM 15 months) (dotted line) (p=0.047).  

PGP, BCRP AND GST  mRNA DURING DRUG EXPOSURE IN VITRO

(PAPER IV) 

HL-60 S: Exposure to cytarabine for 10 minutes resulted in an increase in Pgp mRNA 
expression to 1.7 times that of cells cultured in RPMI alone (Figure 13), and this 
increased level remained unchanged throughout 36 hours of incubation. No rapid 
increase in Pgp mRNA expression was observed in HL-60 S cells after incubation with 
daunorubicin (Figure 13), but an increase was observed after 24 hours. For GST
mRNA, incubation with daunorubicin showed a trend towards increased levels from the 
initiation of treatment (Figure 13) and a 1.8-fold increase was seen after 12 hours. After 
incubation with cytarabine a minor decrease in the GST  mRNA level was seen after 
10 minutes incubation (Figure 14), and the subsequent time points also showed only 
minor changes. 

HL-60 R0.5: A 3.1-fold increase in Pgp mRNA expression was detected after 10 
minutes exposure to cytarabine (Figure 13). This increased expression declined and 
after 2 hours no increase was evident. After incubation with daunorubicin for 10 
minutes, a 2.8-fold increase in Pgp mRNA expression was observed (Figure 13) after 
which the expression declined. After 4 hours there was no further increase compared to 
cells cultured in RPMI alone. Exposure to daunorubicin resulted in a 2.4-fold increase 
in GST  mRNA after 10 minutes (Figure 14) and the increased levels were sustained 
throughout the incubation time. A 3.4-fold increase in GST  mRNA was observed after 
10 minutes exposure to cytarabine (Figure 14). This increase declined during the 
incubation time and was undetectable after 36 hours. 
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HL-60 R5: After incubation with cytarabine for 10 minutes, a 1.9-fold increase in Pgp 
mRNA expression was observed (Figure 13). Following a period of decline the 
expression further increased to 2.4-fold at 12 hours and 4.5-fold at 36 hours. At all time 
points during the 36 hours of incubation with daunorubicin, only negligible changes in 
Pgp mRNA expression was observed in comparison to cells cultured in RPMI alone. 
Exposure to daunorubicin resulted in a negligible increase in GST  mRNA after 10 
minutes (Figure 14) but after 1 hour of exposure the levels of GST  mRNA were 1.5-
fold higher than in cells cultured in RPMI alone and further increased during the 
incubation time to a maximum of 4.0-fold after 36 hours. After 10 minutes exposure to 
cytarabine there was a 4.0-fold increase in GST  mRNA (Figure 14). This increase 
remained and further increased to 5.8-fold after 36 h. 
BCRP mRNA was undetectable in all three cell lines, regardless of exposure time, 
throughout the experiment. 
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Figure 13. Expression of Pgp mRNA, determined by real-time RT-PCR, in HL-60 S, HL-60 R0.5 and 
HL-60 R5 cells after 10 min culturing in RPMI (grey bar) or after 10 min incubation with daunorubicin 
(dnr, dark grey bar) or cytarabine (Ara-C, black bar). The mRNA expression in cells cultured in RPMI 
was arbitrary set to 1 for each cell line so the mRNA levels are only comparable within the cell line. 
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Figure 14. Expression of GST  mRNA, determined by real time RT-PCR, in  HL-60 S,  HL-60 R0.5 
and  HL-60 R5 cells after 10 min culturing in RPMI (grey bar) or after 10 min incubation with 
daunorubicin (dnr, dark grey bar) or cytarabine (Ara-C, black bar). The mRNA expression in cells 
cultured in RPMI was arbitrary set to 1 for each cell line so the mRNA levels are only comparable 
within the cell line. 

          C    D     C     D     C     D     C     D 
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Figure 15. Expression of Pgp in HL-60 S cells, determined by Western blot at 0, 4, 8 and 36 h after 
initiation of drug exposure. An increase in Pgp from undetectable to detectable levels was seen after 8 
hours of incubation with cytarabine (A), while incubation with daunorubicin (D) did not result in any 
detectable Pgp during 36 h. 

PGP PROTEIN DURING DRUG EXPOSURE IN VITRO (PAPER IV) 

Western blot 

In HL-60 S cells, incubation with cytarabine resulted in detectable Pgp protein 
expression after 8 hours of exposure, while no Pgp was detectable during 36 hours of 
exposure to daunorubicin (Figure 15). 

The high levels of Pgp expressed by HL-60 R0.5 and HL-60 R5 cells from the start of 
incubation did not change throughout the entire 36 hours of exposure to cytarabine or 
daunorubicin.  
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Flow cytometry 

All results for HL-60 S have been adjusted to viable cells only. Cell death in HL-60 
R0.5 and HL-60 R5 cells was negligible during 24 hours. 

HL-60 S cells did not display any detectable Pgp protein when cultured in RPMI, 
while HL-60 R0.5 and HL-60 R5 cells expressed 1.9-fold and 3.2-fold levels of Pgp 
respectively, compared to HL-60 S (Figure 16). 

In HL-60 S cells exposed to cytarabine or daunorubicin, no increase in Pgp 
expression was detected during 24 hours of incubation. 

In HL-60 R0.5 cells incubated with cytarabine, a 1.2-fold increase in Pgp expression 
was seen after 24 hours, as compared to cells cultured in RPMI. There was no 
increase in Pgp expression, in cells exposed to daunorubicin (Figure 17). 

HL-60 R5 cells showed a 1.3-fold increase in Pgp expression after 24 hours of 
exposure to cytarabine (Figure 18), but no increase after exposure to daunorubicin. 

Figure 16. Pgp protein expression in HL-60 S (dotted line), HL-60 R0.5 (broken line) and HL-60 R5 
(continuous line) as determined by flow cytometry. The 1.9- or 3.2-fold Pgp levels expressed by HL-
60 R0.5 and R5, as compared to the Pgp-negative HL-60 S cell line, correspond to an 80- and 858-fold 
resistance to daunorubicin, respectively, as compared to the HL-60 S cell line186.
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Figure 17. Pgp protein expression determined by flow cytometry in the HL-60 R0.5 cell line before 
incubation (grey line), after 24 h culturing in RPMI (dotted line), after 24 h incubation with 
daunorubicin (broken line) and after 24 h incubation with cytarabine (continuous line). 

Figure 18. Pgp protein expression determined by flow cytometry in the HL-60 R5 cell line after 24 h 
culturing in RPMI (dotted line) and after 24 h incubation with cytarabine (continuous line). 

P14ARF mRNA IN AML WITH NORMAL KARYOTYPE (PAPER V) 

Real-time RT-PCR was performed in all 57 cases. However, in 9 patients the level of 
p14ARF mRNA could not be determined because of either inadequate material or 
technical error. P14ARF mRNA expression displayed a skewed distribution with a 
median value of 0.05. The 25th and 75th percentiles of p14ARF expression were 0.006 
and 0.26 respectively. Values were categorized as being above or below the 75th

percentile for the study population. Twelve patients showed high expression of 
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p14ARF (>0.26) and 36 displayed low expression (Table VI). The expression of 
p14ARF in relation to NPM1/FLT3 status is shown in Table V. 

Mutated FLT3-ITD (FLT3-ITD+) was detected in 21 out of 57 patients (37%) and 
mutated NPM1 (NPM1+) in 29 (51%). Eighteen patients (32%) were found to be 
NPM1+/FLT3-ITD- (mean age 65 [38–82], 3-year OS: 71%). Ten patients were 
found to be NPM1- /FLT3-ITD+ (mean age 59 [43–82], 3-year OS: 24% (Table V). 
FISH analysis of TP53 was performed in 38 patients. Hemizygous TP53-deleted 
clones were not found in any of the patients. Sequencing of exons 5–9 of the TP53
gene was performed in 15 patients without any evidence of mutation.  

Table V. NPM1/FLT3 status versus 3-year OS and p14ARF levels 

 3-year 
OS (%)

<0.26
rtPCR/ 
p14ARF

% (n)

0.26 
rtPCR/ 
p14ARF

% (n)

Unknown

rtPCR/ 
p14ARF

(n)

Sex
male/ 
female 

Total 

% (n)

NPM1+, 
FLT3-

71 39 (14) 17 (2) 2 8/10 32 (18)  

NPM1+,
FLT3+

31 17 (6) 17 (2) 3 5/6 19 (11) 

NPM1-,
FLT3-

26 30 (11) 41 (5) 2 6/12 32 (18) 

NPM1-,
FLT3+

24 14 (5) 25 (3) 2 4/6 17 (10) 

All 36 100 (36) 100 (12) 9 23/34 100 (57) 

Table VI. P14ARF levels versus 3-year OS and NPM1/FLT3 status 

*Survival was estimated at 2.5 years 

IMPACT OF P14ARF mRNA EXPRESSION ON SURVIVAL (PAPER V)

Overall survival was analyzed in all patients (n=57). Patients treated by means of 
allogeneic stem cell transplantation (n=4) were censored at time of transplantation. 

3y OS 

(%) 

n Mean 
age  
(range) 

NPM1+, 
 FLT3- 
(n) 

3y OS 

(%) 

NPM1+,FLT3- 
not included 
(n)

3y 
OS 
(%) 

p14ARF <0.26  31 36 64 
(20–84) 

14 63 22 12* 

p14ARF 0.26  65 12 61 
(35–79) 

2 100 10 54 

Total 36 48 63 
(20–84) 

16 70 32 28 
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As expected, NPM1+/FLT3-ITD- patients showed better OS compared with all the 
others (p=0.027) (Figure 19A). The overall median survival time for all patients was 
15 months, with 3-year OS of 36%. Using 0.26 as a cut-off point for p14ARF mRNA 
expression, 3-year OS was 65% in patients with high expression (n=12) and only 
31% in those with low expression (n=36) (p=0.046) (Figure 19B). When 
NPM1+/FLT3-ITD- patients were excluded and the remaining patients separated into 
groups according to the expression of p14ARF, the difference in OS remained 
significant (p=0.012, 3-year OS 54% vs. 12%) (Figure 19C and Table VI). 

Cox’s proportional hazard model was used to analyze the prognostic impact of 
p14ARF mRNA level and NPM1/FLT3 status, and to exclude age and sex as 
confounding factors. Age (>60 years) was a predictor of outcome as regards OS in 
univariate analysis but it did not reach significance, and sex was not relevant with 
respect to OS. The adverse effect of a low level of p14ARF mRNA was shown to be 
independent of age and sex, and the same was true for NPM1/FLT3 status (Table 
VII). 

Table VII. Risk of death in terms of age, sex, p14ARF level and NPM1/FLT3
status – a Cox regression model 

Variable* Patients (n) Hazard ratio (95% CI) - 
risk of death 

SE p 

Age (>60/<60 years) 57 1.01 (1.20–8.60) 0.01 0.158 
Sex (male/female) 57 1.06 (0.32–1.73) 0.38 0.815 
p14ARF <0.26/ 0.26 48 3.83 (1.13–9.44) 0.26 0.025 
Absence/presence of 
NPM1+/FLT3- 

57 4.86 (1.17–9.23) 0.51 0.004 

*All variables were entered in the model as binary categorical variables 
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Figure 19. Overall survival of patients with: A) NPM1+/FLT3-ITD- vs. all other combinations 
(p=0.027); B) high and low expression of p14ARF  mRNA (p=0.046); C) high and low expression of 
p14ARF  mRNA with NPM1+/FLT3-ITD- patients excluded (p=0.012). Patients treated by means of 
BMT were censored at transplantation date. 

B

C

A



50

P14ARF mRNA AND CYTOTOXICITY IN VITRO (PAPER V)  

Conventional cytostatics 

Initially, we tested the sensitivity of AML cells to chemotherapeutic drugs commonly 
used in the treatment of AML. When survival rates were calculated in comparison 
with untreated control cells, cytarabine killed on average 40% of the cells in samples 
with <0.26 p14ARF mRNA and 45% of the cells in samples with 0.26 p14ARF mRNA 
compared with untreated control cells (Figure 20A). The corresponding values for the 
other drugs were 52% and 58% for daunorubicin, 50% and 59% for etoposide and 
56% and 65% for mitoxantrone. None of the differences were statistically significant.   

PRIMA-1  

Cells were then exposed to PRIMA-1 (5, 10 and 20 µM), which induced dose-
dependent cytotoxic effects in all AML samples (Figure 20B). In contrast to the picture 
with conventional cytostatics, leukemic cells with low expression of p14ARF mRNA 
were more sensitive to PRIMA-1 5 M  than cells with high expression (p=0.046). The 
same tendency was seen at 10 M (p=0.087), while PRIMA-1 20 M showed very high 
toxicity in both groups without any obvious difference.  
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Figure 20. Cytotoxicity of a panel of antileukemic drugs on myeloblasts from AML patients. Samples 
with high expression of p14ARF  mRNA are compared with those having low expression (A). 
Cytotoxicity of PRIMA-1 in AML cells with high vs. low expression of p14ARF mRNA (B). 

A

B
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DISCUSSION 
TOPO II  (PAPERS I-II) 

Topo II  in relation to cell cycle 

In normal cells, topo II  is mainly expressed in S/G2/M phases137,193; it is however 
possible that this enzyme could be differentially regulated in tumor cells138,139. There 
are also data indicating that topoisomerase poisons, in addition to their predominant 
effect in S/G2/M, also could have an effect in the G1 phase154-156.

The study reported in paper I was initiated to investigate the expression of topo II  in 
blood or  bone marrow samples from patients with acute leukemia (22 AML, 3 ALL). 
A two-parameter flow cytometry method enabled us to separate cells according to 
DNA content. Diploid cells were categorized as G0/G1 and cells with more DNA 
content as S/G2/M, but it was not not possible to distinguish cells in active cell cycle 
(G1) from quiescent cells (G0). The majority of cells were shown to be in G0/G1. 
This is in accordance with other data on cell cycle distribution of leukemic cells156,
which also showed that a majority of G0/G1 cells were in G0. We found that topo II
was significantly expressed in G0/G1, although, as expected, cells in S/G2/M 
displayed positivity for topo II  to a higher degree.  

Kaufmann et al.152 investigated topo II  content by Western blot in leukemic blasts 
from 140 patients with newly diagnosed AML and found overall low levels. 
Immunoperoxidase staining of marrow mononuclear cells from 40 of these patients 
showed a marked heterogeneity in topo II  expression; in the vast majority of 
leukemic blasts the topo II  was diminished or absent. The relation between the 
percentage of topo II  positive cells and the percentage of S phase cells was  
determined in 11 patients. The frequency of  topo II  positive cells tended to increase 
as the number of cycling cells increased and, in contrast to our results, the authors 
concluded that there was no evidence of abnormal expression of topo II  in relation 
to cell cycle in AML. However, our results, showing more topo II  positive cells in 
S/G2/M, are in agreement with the finding that these cells also have the most 
pronounced expression. On the other hand, flow cytometry could be a more sensitive 
method than immunoperoxidase staining and we thus conclude that topo II  is 
significantly expressed in the G0/G1 cell cycle phases in acute leukemia. 

Although the nonselective effects of the cytostatic drugs constitute a major problem 
and dose-limiting factor in treatment of acute leukemia, these drugs show an obvious 
selectivity for malignant cells. The reason for this selectivity is not clear. The topo 
II  content of the G0/G1 cells may give a partial explanation, regarding the effect of 
topoisomerase poisons. 

Topo II  and drug sensitivity in vitro 

As already mentioned, interaction with topo II  is considered the main cytotoxic 
mechanism exerted by anthracyclins as well as by amsacrine or etoposide40.
However, results concerning the relationship between topo II  expression or activity 
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and drug sensitivity are inconsistent. Regarding leukemic cell lines, topo II  mRNA, 
protein and activity have been positively correlated to drug sensitivity by some 
authors143,146, while others have reported contradictory results194,195. As for clinical 
AML samples, studies of topo II  protein152 or activity195 and drug sensitivity in 
vitro, have been negative. Our results suggest an association between relatively high 
topo II  mRNA expression and sensitivity to topoisomerase poisons in vitro, and 
show a statistically significant association between a relatively high percentage of 
topo II  protein positive cells and sensitivity to daunorubicin and etoposide, both 
topoisomerase poisons, in vitro. These findings support the relevance of topo II  in 
drug resistance in acute leukemia and the specific role for topo II  as the main target 
for anthracyclines38.

Topo II  and clinical outcome 

The analysis of paper I suggests that there may be an association between low 
percentage of topo II  positive cells in G0/G1 and resistant disease, defined as not 
having achieved CR after at most two induction courses. However, the group of 
patients evaluable for clinical response in this paper was small and we were unable to 
verify this finding in our extended material (presented in paper II) of topo II  protein 
expression in 40 patient samples or in the 49 patient samples in which topo II mRNA 
was determined. This negative result is in agreement with other studies which have 
investigated topo II  mRNA149-151,153or protein152 regarding response to induction 
treatment. 

We also found no association between topo II  mRNA expression and OS. This is in 
accordance with Galmarini et al.150, who investigated the expression of topo II
mRNA by RT-PCR in blood or bone marrow samples from 123 patients with newly 
diagnosed AML. The authors chose to consider expression of topo II  mRNA as a 
dichotomous variable, that is samples were considered positive or negative for topo 
II  expression, with 37% being positive. Galimberti et al.149 conducted an RT-PCR 
study of 35 AML patients, 43 % of whom were positive for topo II  by RT-PCR and 
again found no association with OS. Lohri et al.153 also used RT-PCR to determine 
topo II  mRNA expression in samples from AML patients at diagnosis in 57 patients. 
Like us, they used median expression of topo II  mRNA as a cut-off for survival 
comparisons. However, in contrast to our results, they found that low topo II  mRNA 
expression was associated with shorter OS. While our study included 58 patients 
tested for topo II  mRNA, only 49 of them were evaluable for clinical response to 
induction treatment and so our material was more limited. Lohri et al investigated a 
younger patient population with median age 43, while our evaluable patients were 
markedly older with median age 60. Response rates may also have differed since 
Lohri et al. reported complete and partial response of 88%, while CR rate was 75% in 
our material. Galmarini et al. reported a median age of 57 and a CR rate 79%, while 
Galimberti et al. reported a median age of 62 and a CR rate of 54%. Thus, one reason 
for diverging results may be higher age in the negative studies, including our own.  
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Besides the advantage of determining protein instead of mRNA, percentage of topo 
II  protein positive cells could be assumed to be a more sensitive measurement than 
topo II  mRNA expression, since heterogeneity between cells is taken into 
consideration to some extent. However, in our material of 60 patients investigated for 
percentage of topo II  positive cells we found no association with survival, and this 
remained the case when the 40 patients evaluable for response to induction treatment 
were analyzed separately. There are no similar data on topo II  protein expression 
and survival available for comparison. 

Another factor which may have obscured the clinical impact of topo II  is that we 
determined topo II  mRNA and protein, while post-translational modifications could 
influence protein activity. Data indicate that cell-cycle specific phosphorylation is 
important in regulation of human topo II  enzymatic activity158,160. Formation of 
“cleavable complexes” by topo II poisons was reduced in a mutated HL-60 leukemic 
cell line, with impaired phosphorylation of topo II , compared to unmutated HL-
60157. Another mechanism that could enhance enzymatic activity is the formation, 
together with other proteins, of a “toposome” during mitosis159.

From a theoretical point of view, it would be reasonable to assume that topo II
expression or activity would have an impact on remission rate rather than on survival, 
at least if the enzyme is determined on average and the distribution of the enzyme is 
relatively homogeneous. In vitro studies, like our own, suggest that topo II  is likely 
to influence the effect of topoisomerase poisons; and high average expression of topo 
II  would presumably make initial debulking treatment more successful, meaning that 
the patient would enter CR more readily. Although CR is a prerequisite for long-term 
survival and cure, the emerging knowledge of leukemic stem cells and their putative 
importance for relapse, as outlined by Huff et al196, makes it less likely that average 
topo II  expression at diagnosis would have an impact on OS, at least for patients 
entering CR. 

Topo II  mRNA versus protein 

In our material of 24 patients samples tested for both topo II  mRNA and protein, 
there was no correlation between the two. A correlation is not necessarily to be 
expected, since the real time RT-PCR method determines topo II  mRNA expression 
on average, while the flow cytometry method used in this study determines the 
proportion of cells that are classified as topo II  positive. 

BCRP (PAPER III) 

Expression of BCRP in AML samples 

In our study, BCRP mRNA expression was determined in relation to the BCRP 
mRNA level of the drug sensitive breast cancer cell line MCF-7, a technique also 
employed by Ross et al.121 in a previous study of 21 patients with acute leukemia. 
Our material of 40 patients displayed BCRP mRNA levels similar to those presented 
by Ross et al. with a majority of patient samples expressing less BCRP mRNA than 
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MCF-7 cell samples. This is also in accordance with results reported by 
Suvannasankha et al.124, who determined BCRP mRNA expression at diagnosis in 
AML (n=31), indirectly in relation to MCF-7 cells. Abbott et al.113 investigated the 
expression of BCRP mRNA in samples from 40 patients with newly diagnosed AML 
in relation to BCRP mRNA levels of two cell lines, one drug-sensitive and one drug- 
resistant. The vast majority of samples expressed less BCRP mRNA than the drug- 
sensitive cell line; only two samples displayed BCRP mRNA levels exceeding those 
found in the drug-resistant cell line. 

BCRP expression in AML has also been determined at the protein level. 
Suvannasankha et al.124 found that 48% of the tested samples were stained by at least 
one of the three chosen antibodies against BCRP and that the cells were 
heterogeneously stained. Abbott et al.113 also used flow cytometry in three of their 
patient samples and found very small BCRP-positive subpopulations. Van der Kolk et
al.127 and van der Pol et al.122 used flow cytometry to determine BCRP protein 
expression in 38 and 25 samples, respectively, from patients with newly diagnosed 
AML and found that a majority displayed levels below the expression of BCRP in 
MCF-7 cells, which is in accordance with our results regarding BCRP mRNA.  

BCRP expression and CR rate  

We did not find any difference in BCRP mRNA expression between responders and 
non-responders to induction chemotherapy. This is in agreement with results reported 
by van den Heuvel-Eibrink et al.128, who determined BCRP mRNA in samples from 
154 AML patients >60 years, and Damiani et al.130, who investigated BCRP protein 
in samples from 72 AML patients with normal karyotype. Both studies demonstrated 
a significant co-expression of BCRP with MDR1 and Pgp, respectively; and co-
expression of BCRP mRNA and MDR1 mRNA was associated with low CR rate128.
In contrast, Benderra et al.68,129, who investigated both BCRP mRNA129 (n=149) and 
protein activity68 (n=85), demonstrated an association between high levels of BCRP 
mRNA or protein and low CR rate.  

BCRP mRNA and survival  

In our material, using the median expression of BCRP mRNA as cut-off, we could 
not demonstrate any statistically significant impact on OS. However, when 
responders to induction therapy were analyzed separately, a statistically significant 
difference in OS was revealed; high BCRP mRNA expression was associated with 
shorter OS, and this finding was suggested to imply a predictive value for prognosis 
in AML. Our findings were corroborated by Benderra et al.129, who demonstrated that 
high BCRP mRNA expression was associated with shorter 4-year OS. However, this 
finding was only true regarding the patients receiving daunorubicin and mitoxantrone 
but not regarding the patients receiving idarubicin . The same authors also found that 
BCRP activity in the same way was a predictor for OS (all patients received 
daunorubicin in this study)68. Damiani et al.130 found no predictive value for BCRP 
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regarding OS and van den Heuvel-Eibrink et al.128 found no association between 
BCRP mRNA and survival in elderly patients with AML. 

BCRP and clinical outcome in AML – general considerations 

So far, studies of BCRP expression and clinical outcome have yielded conflicting 
results to some extent. In the early reports on BCRP in AML, average expression was 
shown to be in the range of or below the level found in the drug-sensitive cell line 
MCF-7, suggesting that BCRP has no clinical importance in AML. This is, however, 
based on the assumption that BCRP is homogeneously expressed among AML blasts. 
As the AML blast population has been shown to consist of different subpopulations 
with different phenotypes9-11, it is reasonable to assume that BCRP is also 
heterogeneously distributed. This has already been demonstrated for the stem cell-like 
blasts108,183 and thus clinical relevance for BCRP cannot be ruled out.  

Our study of BCRP mRNA did not reveal any clear association with clinical 
outcome, although a predictive value for OS was suggested in the subgroup of 
responders to induction chemotherapy. We included 40 AML patients with a mean 
age of 57 years and with a CR rate of 70%. Our results in all patients are in agreement 
with those of van den Heuvel-Eibrink et al.128, who included 154 AML patients with 
a mean age 67 years and a CR rate of 52%. In contrast, Benderra et al.129

demonstrated a predictive value for BCRP mRNA in a study of 149 AML patients 
with a CR rate 66%. The mean age (52 years) in this patient cohort was considerably 
lower than in the study by van den Heuvel-Eibrink et al. and also, although less 
evidently so, than in our study. Benderra et al.129 included only de novo AML, while 
we, like van den Heuvel-Eibrink et al., included a minority of secondary AML (10% 
and 20%, respectively).  

Our results cannot be directly compared to the above mentioned BCRP protein 
data68,130 but it may be noted that Damiani et al.130 found no overexpression of BCRP 
protein in non-responders to induction chemotherapy, nor any association between 
BCRP expression and OS. In contrast, Benderra et al.68 found that BCRP activity was 
significantly higher in non-responders and also demonstrated an association of BCRP 
with OS. Age seems to be fairly comparable in these studies, while, in addition to 
different ways of determining BCRP expression, Damiani et al. only included 
patients with normal karyotype. However, Damiani et al. did find that BCRP-
positivity predicted shorter event-free survival, that is, in accordance with our results, 
BCRP expression was shown to be of clinical importance in the initially drug-
sensitive group of patients.  

Expression of Pgp or other ABC proteins were not included in our study, while the 
four above-mentioned clinical studies68,128-130 in adult AML did include other ABC 
transporters to a variable extent. A correlation between BCRP mRNA and Pgp 
mRNA expression in AML has been demonstrated earlier197. Van den Heuvel-Eibrink 
et al.128 found that co-expression of Pgp mRNA and BCRP mRNA was associated 
with lower CR rate, and the same pattern was evident in the two studies by Benderra 
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et al.68,129, while Damiani et al.130 found no such association. Benderra et al.68 also 
found that MRP3 activity was associated with CR rate, both alone and in combination 
with Pgp and BCRP. Concerning other clinical and biological variables, van den 
Heuvel-Eibrink et al. found a positive association between BCRP mRNA expression 
and secondary AML or CD34 expression, while WBC was negatively associated. Age 
and karyotype were not correlated with BCRP mRNA expression, a result in 
agreement with the other three studies, which in addition found no association with 
CD34 and WBC. Our own study showed no associations between BCRP mRNA and 
age, WBC, karyotype or secondary AML (CD34 expression was not registered). 

The finding that BCRP in combination with other markers also had a predictive value 
in the elderly cohort128 supports the clinical relevance of BCRP in AML. Further 
support is provided by Wilson et al.19, who used gene expression profiling in samples 
from patients with newly diagnosed de novo or secondary AML to identify a cluster 
of patients with very poor prognosis, distinguished by high expression of BCRP. We 
suggest that BCRP mRNA expression could be of predictive value in AML. Taken 
together, the above-mentioned studies support this notion.  

As mentioned earlier, wild-type and mutated BCRP have different substrate 
profiles115. Suvannasankha et al.124 found that all of their 31 AML samples contained 
wild-type BCRP. The clinical studies, discussed above, did not determine the 
mutational status of BCRP, but one interesting finding of Benderra et al.129 was that 
the association of BCRP mRNA expression with clinical outcome was evident in 
patients treated with mitoxantrone and daunorubicin but not in patients treated with 
idarubicin. This supports earlier findings that idarubicin is not a substrate for 
BCRP77,113 and implies either that daunorubicin is a substrate of wild-type BCRP or 
that mutated forms of BCRP could be expressed in AML. In our material, a minority 
of patients (n=11) received idarubicin in the induction courses. Excluding patients 
treated with idarubicin did not reveal any more evident association between BCRP 
mRNA and clinical outcome. In the patient cohort reported by van den Heuvel-
Eibrink et al.128, all patients received daunorubicin as induction therapy. 

PGP, BCRP AND GST  EXPRESSION DURING DRUG EXPOSURE IN

VITRO (PAPER IV) 

Expression of Pgp at diagnosis in AML has been extensively studied, and has been 
shown to be a prognostic marker, while the initial short-term effect of cytostatic drugs 
on Pgp expression in vitro and in vivo has been studied to a more limited extent95-

99,122. The main objective of paper IV was to investigate the effect of daunorubicin 
and cytarabine on Pgp, BCRP and GST  expression in the drug-sensitive leukemic 
HL-60 (S) cell line and in two-drug resistant sublines, HL-60 R0.5 and HL-60 R5. 
The drug concentrations used (daunorubicin 0.2 M and cytarabine 0.5 M) were 
chosen to be clinically relevant187.
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Cytarabine  

An increase in Pgp mRNA was evident after only ten minutes incubation with 
cytarabine in all three cell lines. The finding of this very rapid upregulation of Pgp 
mRNA is supported by previously reported data showing that Pgp mRNA is 
upregulated in human sarcoma cells exposed to doxorubicin in vivo for 20 minutes198.
Our finding of increased Pgp mRNA was also confirmed on the protein level in HL-
60 S cells; Western blot showed detectable Pgp protein after 8 hours exposure to 
cytarabine. In the resistant cell lines HL-60 R0.5 and R5, an increase in Pgp protein 
was detected by flow cytometry after 24 hours. As expected, Pgp was detectable from 
the start in these two resistant cell lines, and Western blot showed no obvious 
increase. 

Our results are in contrast to data reported by Yague et al.199, who found that short-
term exposure of the leukemic cell line K562 to cytotoxic agents, including 
cytarabine, induced increased Pgp mRNA, while no increase in Pgp protein was 
detected due to a “translational block”. In that study, increase in mRNA was shown to 
be achieved by stabilization of mRNA rather than by enhanced transcription. 
However, in comparison with our study, Yague et al. used a much higher 
concentration of cytarabine (100 M). 

Daunorubicin  

The three HL-60 cell lines S, R0.5 and R5 were also incubated with daunorubicin. 
The effects of daunorubicin on Pgp mRNA and Pgp protein expression were more 
limited than the effects of cytarabine. An increase in Pgp mRNA expression was seen 
after 10 minutes in the drug-resistant cell line HL-60 R0.5. There was no Pgp mRNA 
increase in HL-60 R5, while an increase was seen in HL-60 S cells after 24 hours. It 
is reasonable that daunorubicin 0.2 M had no effect on the HL-60 R5 cells, which 
are resistant to more than 5 M daunorubicin94 while it did show some effect on HL-
60 R0.5 cells, which are resistant to more than 0.5 M daunorubicin94.

Induction of Pgp mRNA as well as Pgp protein expression and function by short-term 
exposure to daunorubicin has been previously demonstrated in leukemic cell 
lines95,97,98. A study by Hu et al.97, using the drug-resistant leukemic cell line 
CEM/A7R and daunorubicin, bears some resemblance to our study. An increase in 
Pgp mRNA expression was demonstrated after 4 hours incubation with daunorubicin, 
which is in accordance with our data for HL-60 R0.5, although we monitored Pgp 
mRNA very closely initially and found an increase after only 10 minutes of 
incubation. By flow cytometry, Hu et al.97 showed an increase in Pgp protein 
expression after 24 hours of continuous exposure to daunorubicin, while we found no 
increase in either of the cell lines. However, Hu et al.97 used a higher concentration of 
daunorubicin than we did (2.6 M vs. 0.2 M) and that higher concentration actually 
exceeded IC50 for the CEM/A7R cell line (0.10 M). From previous experience we 
know that HL-60 R0.5 and HL-60 R5 cells survive constant culturing in the drug 
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concentrations used, and cell death was negligible during the 36 hours of culturing. 
Thus, relative to our resistant cell lines, we used a much lower concentration of 
daunorubicin. Baker et al.98 demonstrated an increase in Pgp mRNA after 8 hours 
exposure of the cell line CEM-Bcl2 to 0.35 M daunorubicin, while Pgp protein 
expression was not detectable after 24 hours. In that study, the methylation status of 
the MDR1 gene promoter region was shown to be crucial for the ability of a cell line 
to increase Pgp mRNA expression in response to drug exposure. The differences 
between the studies discussed here and our own results regarding time to initial 
response and level of response to drug exposure could probably, apart from 
measuring at different time points, be explained by differences in cell lines and drug 
concentrations. 

Clinical samples 

Hu et al.99 determined Pgp protein expression and function by flow cytometry in 
myeloid leukemia patient samples exposed in vitro to daunorubicin and cytarabine. 
An increased expression, which correlated well to Pgp function, was evident after 16 
hours exposure to both drugs in both Pgp-negative and Pgp-positive samples. In terms 
of cytarabine, this is in accordance with our results from all cell lines; however, we 
detected no increase in Pgp protein expression during exposure to daunorubicin. The 
daunorubicin concentration (0.14 M) used by Hu et al.99 was similar to the 
concentration used in our study (0.2 M), while the cytarabine concentration was 
about a tenth of ours (0.04 M vs. 0.5 M).

It is not possible to directly compare our data with those from myeloid leukemia 
patient samples in relation to the drug concentrations used, since clinical samples 
consist of a heterogeneous blast population expressing different levels of Pgp183 and 
drug resistance. On the other hand, just as Hu et al.99 demonstrated upregulated Pgp 
protein expression in both Pgp-negative and Pgp-positive cells, our results regarding 
cytarabine were evident in both the Pgp-negative HL-60 S cells and the Pgp-positive 
HL-60 R0.5 and R5 cells. 

One difference between these in vitro studies (including our own) and the clinical 
situation is that daunorubicin in the clinic is not given continuously over several 
hours, but usually as a 1 hour infusion. This would suggest a weaker clinical effect of 
daunorubicin on Pgp expression. On the other hand, cytarabine is often given as a 
continuous infusion in the clinical setting, and both our results and the results 
reported by Hu et al.99 indicate the possibility that increased Pgp expression could be 
induced by cytarabine during induction chemotherapy.  

Hu et al99 found that concomitant treatment with daunorubicin and cytarabine in vivo
induced Pgp protein expression in leukemic blasts four hours after start of 
chemotherapy in one patient99. In contrast, van der Pol et al., who determined Pgp 
function in an efflux study using flow cytometry, did not find any increase 8 hours 
after start of induction chemotherapy in 10 of 11 patients with newly diagnosed 
AML122. Interestingly, 10 of these patients received cytarabine alone or in 
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combination with fludarabine as induction therapy, and only one received an 
anthracycline. Obviously, increased expression of Pgp protein without concomitant 
increase in Pgp function would not be of clinical significance. Support for this 
possibility was reported by Volm et al.200, who detected increased levels of Pgp 
within a few hours of doxorubicin treatment of a murine leukemic cell line in vivo in
ascites, but found no concomitant increase in Pgp function; drug resistance emerged 
during repeated doxorubicin exposure for weeks. However, data regarding the 
possible effect of chemotherapy on initial expression of Pgp and on drug resistance in 
vivo are far too limited to allow anything but speculation. 

BCRP and GST

We also investigated the short-term effect of drug exposure on BCRP and GST
mRNA expression. All three cell lines were negative for BCRP mRNA, regardless of 
drug exposure. We found a marked increase in GST  mRNA after 10 minutes 
incubation with cytarabine in both HL-60 R0.5 and R5 cells, while no increase was 
seen in HL-60 S cells. After 10 minutes incubation with daunorubicin, an increase in 
GST  was found in HL-60 R0.5 cells but not in R5 cells, while an increase was seen 
after 12 hours in HL-60 S cells. Based on the findings that GST  is an inhibitor of c-
Jun N-terminal kinase 1 (JNK1)201, it has been suggested that elevated levels of GST
might have an anti-apoptotic effect via JNK1, which is involved in apoptotic 
signalling via the MAP kinase pathway131. This would provide an explanation for the 
resistance to non-GST  substrates such as daunorubicin and cytarabine202 that is 
displayed by GST  overexpressing cells, that is these cells are not resistant to specific 
drugs but to apoptosis induced by various drugs. Our results might reflect a general 
response to stress (for example exposure to cytostatic drugs), in leukemic cells, 
making them less prone to apoptosis.  

Conclusion and general considerations 

We were able to verify an induction of Pgp, more rapid than previously shown, in 
leukemic cells in vitro by short-term exposure to the non-Pgp substrate cytarabine. 
One could speculate that induction of Pgp mRNA and protein, as well as GST
mRNA, might be a general response to an ominous stimulus rather than a specific 
response to cytarabine. Environmental insults, such as heat shock or exposure to 
sodium arsenite have been shown to induce a transient increase in Pgp mRNA and 
Pgp protein expression in an adenocarcinoma cell line within a matter of hours203.
Chaudary et al.95 demonstrated that increased Pgp mRNA expression, induced by 
cytarabine in leukemic cell lines, was retained for several weeks; however, the longer 
duration of drug exposure in that study (12-72 hours) means that the results may be 
due to selection of Pgp-positive cells rather than induction of previously Pgp-negative 
cells. Hu et al.96 noted that the elevation of Pgp mRNA induced by 5-FU, also a non-
Pgp substrate, returned to baseline within 72 hours, while the Pgp mRNA elevation 
induced by anthracyclines was stable for at least three weeks. Long-term exposure of 
the CEM-CCRF cell line to cytarabine induced resistance but no elevation of Pgp70,
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supporting the theory that there is a difference between Pgp induction by short-term 
exposure and induction/selection by long-term exposure. Nevertheless, even a 
transient increase in Pgp protein, if accompanied by drug resistance, could be of 
importance during induction chemotherapy. This problem could possibly be 
circumvented or minimized by post-poning the first dose of cytarabine during 
induction chemotherapy. There is, however, no doubt that the overall benefit of 
combining cytarabine and anthracyclines by far exceeds the possible disadvantage204.
An alternative to altered drug scheduling could be attempts to inhibit the emergence 
of Pgp-mediated drug resistance by adding drugs which interfere with signalling 
pathways involved in regulation of Pgp mRNA or Pgp protein expression205.

P14ARF mRNA IN AML WITH NORMAL KARYOTYPE (PAPER V) 

P14ARF and prognosis 

TP53 mutations have been reported in about 10% of cases of newly diagnosed AML, 
and have been shown to be associated with clinical drug resistance and poor 
prognosis168-170. However, the function of p53 protein can also be affected by 
alterations of the ARF-HDM2-p53 pathway206. P14ARF stabilizes p53 via degradation 
of HDM2177, and consequently inactivation of p14ARF is believed to result in p53 
inactivation. 

In a study reported by Müller-Tidow et al, the expression of p14ARF mRNA was 
shown to be a predictor of survival in two independent patient samples (n=78 and 
n=57) of karyotypically unselected AML178. The authors used a cut-off defined as the 
median p14ARF mRNA expression in the first patient sample. When this cut-off limit 
was used in the second patient sample, 42% of the patients were classified as 
expressing low levels of p14ARF mRNA, while 58% expressed high levels. As in the 
first patient sample, low expression of p14ARF was associated with worse prognosis in 
the second patient sample. In our material of AML with normal karyotype, the data 
were not normally distributed, and so we used the quartiles of p14ARF mRNA 
expression to analyze a possible association with prognosis. We found that  p14ARF

mRNA expression levels below the 75th percentile were associated with worse 
prognosis and a role for the ARF-HDM2-p53 pathway in drug resistance in AML 
with normal karyotype is suggested by our data.   

The large subgroup of normal karyotype AML patients is heterogeneous in terms of 
prognosis. NPM1 and FLT3-ITD mutations are currently used as prognostic tools for 
risk-adapted therapy, specifically in decision-making regarding allogeneic stem cell 
transplantation. Patients with mutated NPM1 and wild type FLT3 (NPM1+/FLT3-
ITD-) have a more favorable prognosis than other patients with normal karyotype, 
and are generally not considered for allogeneic stem cell transplantation in first CR. 
In our material, 39 of 57 patients (68%) did not belong to the group who were 
NPM1+/FLT3-ITD- at diagnosis, and p14ARF was also significantly associated with 
prognosis in this subgroup. Hence, p14ARF mRNA levels could possibly add to the 
prognostic information and assist decision-making in the heterogeneous patient group 
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which remains when the prognostically favorable NPM1+/FLT3-ITD- patients are 
excluded.  

Wild-type NPM1 is localized to the nucleolus and is implicated in several cellular 
processes. It has been shown recently that NPM1 binds to and stabilizes p19ARF (the 
mouse protein corresponding to the human p14ARF)207. Mutated NPM1, on the other 
hand, relocalizes p19ARF to the cytoplasm, thereby inhibiting the stabilizing effect of 
p19ARF on p53208,209. This mechanism is believed to have importance in 
leukemogenesis in NPM1-positive cases. In our material, many of the NPM1+/FLT3-
ITD- patients displayed low levels of p14ARF mRNA but still had a favorable outcome 
in relation to the other patients with low p14ARF mRNA expression. This suggests that 
NPM1 status is superior to p14ARF mRNA expression level as a prognostic marker.  

In vitro cytotoxicity 

Leukemic cells with low expression of p14ARF mRNA were less sensitive to exposure 
to conventional cytostatic drugs compared to samples with high expression, although 
the differences were not statistically significant. One could speculate that impaired 
apoptosis, mediated by the ARF-HDM2-p53 pathway, could be the reason for poorer 
response to these drugs in vitro.

In contrast to the picture with conventional cytostatics, leukemic cells with low 
expression of p14ARF were more sensitive to PRIMA-1 5 M  than cells with high 
expression (p=0.046). The same tendency was seen at 10 M (p=0.087), while PRIMA-
1 20 M showed very high toxicity in both groups without any obvious difference. 

PRIMA-1 is believed to exert its cytotoxic effect by restoring the conformation and 
function of mutated p53, although there are data indicating a p53-independent 
cytotoxic effect210,175. In AML, mutated TP53 is mostly found in cases of secondary 
AML and complex karyotype, and rarely in AML with normal karyotype168,211-215. In 
our study, FISH analysis of TP53 and sequencing of the same gene revealed no signs 
of deletion or mutation. Even though small TP53 deletions cannot be completely 
ruled out by FISH and TP53 mutational status was not determined in all patients in 
this study of normal karyotype de novo AML, it is reasonable to assume that TP53
was not mutated in the vast majority of the samples. The greater effect of PRIMA-1 
on samples with low expression of p14ARF mRNA might indicate a p53 function-
dependent effect of PRIMA-1 other than restoration of mutated p53. We did not 
measure intracellular p53 levels and hence one can only speculate that PRIMA-1 
increased down-regulated p53. Some support for this notion comes from previously 
presented data by Nahi et al.216, who showed a cytotoxic synergy between PRIMA-1 
and another compound, RITA (reactivation of p53 and induction tumor cell 
apoptosis). RITA, by interfering with HDM-2 mediated degradation, restores the 
levels of wild type p53. The synergy between PRIMA-1 and RITA was evident in 
AML cells with and without loss of chromosome 17, that is probably also in cells 
with wild-type p53. 
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CONCLUSIONS 

- topoisomerase II  is significantly expressed in G0/G1 cells in AML 
- low topoisomerase II  protein expression in samples from patients with acute 

leukemia is associated with resistance in vitro to daunorubicin and etoposide 
- no association between topo II  mRNA or protein expression and response to 

induction chemotherapy or survival was found 
- BCRP mRNA was detected in blood or bone marrow samples from patients 

with AML but the majority expressed less BCRP mRNA than the drug 
sensitive breast cancer cell line MCF-7 

- no statistically significant association between BCRP mRNA expression and 
response to induction treatment or survival was shown 

- in the group of responders, high expression of BCRP mRNA was statistically 
significantly associated with shorter survival, suggesting a predictive value of 
BCRP mRNA expression in AML 

- short-term exposure of cytarabine induced Pgp mRNA and protein expression 
in leukemic cell lines with different basal levels of drug resistance  

- low expression of p14ARF mRNA was sigificantly associated with shorter OS 
in AML with normal karyotype 

- in vitro, AML cells expressing low levels of  p14ARF mRNA tended to be 
more sensitive to PRIMA-1 than cells expressing high levels, suggesting a 
specific effect of this compound in cells with low expression of p14ARF
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FUTURE PERSPECTIVES 
Our failure to demonstrate the theoretically expected clinical relevance of topo II  and 
BCRP could have several explanations. The relatively small patient numbers are one 
obvious possibility, as is the heterogeneous patient material. As mentioned, age could 
also be of importance since the studies indicating a predictive value for topo II 153 and 
BCRP129, respectively, investigated younger patients than those included in both our 
own study and the other negative studies. Another general problem is the difficulty of 
independently evaluate certain mechanisms. The different drugs have multiple 
mechanisms of action, the efflux pumps are promiscuous regarding substrates, the 
different proteins involved in drug resistance are probably heterogeneously distributed 
among the leukemic cells, and AML patients receive at least two cytostatic drugs with 
different modes of action. Furthermore, an increase at the mRNA level is probably a 
prerequisite for, but is not necessarily equivalent to, an increase of protein or protein 
activity. As well as including a sufficient number of patients, studies in this field should 
preferably determine multiple markers of drug resistance at different expression levels. 
Another way would be to study subpopulations within the leukemic clone since it is 
probable that the drug resistance profile of leukemic stem cells is important for long 
term results of chemotherapy. 

Investigation of the short-term effects of cytostatic drugs is a less well-explored field of 
drug resistance in AML. Initial increase of drug resistance in vitro or in vivo could be a 
prognostic marker in itself; but the main question is its clinical relevance, and whether 
an initial increase in drug resistance could be avoided or minimized by, for example, 
different scheduling of the induction course. Together with previously reported data, 
our results form a basis for further studies regarding the clinical relevance of early 
induction of Pgp expression and function during induction chemotherapy.    

In the era of emerging targeted drug therapy in hematological malignancies, one could 
argue that further scientific efforts in the field of conventional cytostatic drugs will 
prove to be futile. However, the short-term survival of newly diagnosed AML patients 
and the often slowly initiated effect of new targeted drugs will probably make the use 
of unselective cytostatic drugs indispensable for a long time. Besides, a substantial 
minority of AML patients do not achieve CR at all, which probably makes them 
inaccessible for more sophisticated therapy, and so attempts to improve conventional 
chemotherapy are imperative. 

Altered disposition to apoptosis, which in this thesis is represented by low expression 
of p14ARF mRNA, is a more general mechanism of drug resistance than either efflux 
pumps or specific drug targets such as topo II  and is likely to be of importance 
independently of the used cytostatic drugs. An association with survival was 
demonstrated in our modest number of AML patients with normal karyotype. The 
suggested specific effect of PRIMA-1 on leukemic cells with low p14ARF expression 
provides motivation for further in vitro studies regarding the effect of this compound in 
leukemic cells with not only mutated p53 but also with drug resistance due to 
alterations of the ARF-MDM2-p53 pathway.   
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