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“To dream anything that you want to dream. That's the beauty of the human mind. To 

do anything that you want to do. That is the strength of the human will. To trust 

yourself to test your limits. That is the courage to succeed”. 
 

Bernard Edmonds  
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ABSTRACT 
 
PRIMA-1 and its analog APR-246 are novel drugs that restore the active conformation 
of mutated and unfolded p53 protein and induce apoptosis and cell death in various 
tumors in pre-clinical models. We first aimed to explore the effects of APR-246 alone 
and in combination with other drugs in acute myeloid leukemia (AML) in vitro. APR-
246 induced dose-dependent apoptosis and increased active caspase-3 and p53 protein 
levels as well as the Bax/Bcl-2 ratio independently of TP53 mutational status. AML 
patient cells with TP53 mutations and complex karyotype were more resistant to 
conventional chemotherapeutic drugs but retained their sensitivity to APR-246. 
Pronounced synergism was found when combining APR-246 with DNR in AML 
patient cells and pre-incubation with APR-246 induced more synergistic effects 
compared to other treatment schedules in the AML cell line KMB3.  
 
As APR-246 was shown to induce expression of genes protective of oxidative stress in 
global gene expression profiling, we furthermore aimed to study the effects of APR-
246 on the redox status of AML cells. We confirmed that APR-246 increased ROS 
formation and depleted cells from glutathione. HO-1; a gene protecting from oxidative 
stress, was one of the most upregulated genes in response to APR-246. Both HO-1 and 
its transcriptional regulator NFE2L2 (Nrf2) were upregulated as detected by q-RT-
PCR. APR-246 treatment induced Nrf2 activation by translocation of the Nrf2 protein 
from the cytosol to the nucleus. Transient knockdown of Nrf2 in KMB3 cells 
obliterated APR-246-induced up-regulation of HO-1 and increased its antitumoral 
effects. The PI3K inhibitor wortmannin and the mTOR inhibitor rapamycin; both up-
stream regulators of Nrf2, inhibited APR-246-induced nuclear translocation of Nrf2 
and induced synergism with APR-246.  
 
A phase I first-in-man study including 22 patients with hematologic malignancies and 
prostate cancer was conducted. Dose escalations from 2 mg/kg to 90 mg/kg revealed a 
maximum tolerated dose (MTD) of 60 mg/kg and a half-life of 4-5 hours. The most 
common adverse effects were fatigue, dizziness, headache, and confusion. Dose 
limiting toxicities (DLTs) were increased ALT/AST (n=1), dizziness, confusion, and 
sensory disturbances (n=2). Tumor cells showed cell cycle arrest, increased apoptosis, 
and up-regulation of p53 target genes.  
 
We finally showed that miR-34b/c is epigenetically silenced by DNA methylation in 
chronic lymphocytic leukemia (CLL). As being down-stream regulators of p53, miR-
34b/c expression levels were induced by PRIMA-1 as well as by doxorubicin and 
decitabine. Over-expression of miR-34b/c in CLL cells increased apoptosis, which 
suggest a tumor suppressor function for these microRNAs.   
 
In conclusion, AML cells are sensitive to APR-246 in vitro irrespectively of TP53 
mutational status. The substance induces oxidative stress and activates the Nrf2/HO-1 
protective pathway. In a first-in-man study, APR-246 was shown to be to have a 
favorable pharmacokinetic profile and to induce p53-dependent biologic effects in vivo. 
Either in combination with conventional chemotherapeutic drugs or PI3K inhibitors, 
synergistic antileukemic effects can be obtained which holds a promise for further 
combination studies in vivo. 
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1 INTRODUCTION 
1.1 HEMATOLOGICAL MALIGNANCIES  
Hematological malignancies are divided into myeloid or lymphoid depending on the 

origin of the cell type primarily affected. These groups are traditionally subdivided into 

chronic and acute depending on the stage of maturity of the malignant cells and their 

clinical course. 

1.1.1 Myeloid malignancies  
Myeloid malignancies is a group of disorders that manifest them selves as malignant 

dysregulation of the myeloid lineage such as myelodysplastic syndromes (MDS), 

myeloproliferative neoplasms (MPN) including chronic myeloid leukemia (CML), 

myelodysplastic/myelomonocytic neoplasms and acute myeloid leukemia (AML) 1. 

These are clonal diseases that arise in hematopoietic stem or progenitor cells, mainly 

due to mutations in genes involved in signaling pathways (e.g. CBL, FLT3, JAK2, 

RAS), epigenetic regulators (e.g. DNMT3A, ASXL1, EZH2, IDH1, IDH2, SUZ12, TET2, 

UTX), transcription factors (e.g. CEBPA, ETV6, RUNX1), 2 and tumor suppressors (e.g. 

TP53). 

1.1.1.1 Acute myeloid leukemia (AML) 

1.1.1.1.1 Overview and definition of AML 

AML describes a group of different malignant disorders, that originate in the 

hematopoietic system and that present with expansion of undifferentiated myeloid cells 

disturbing normal hematopoiesis. In AML, myeloid progenitor cells in the bone 

marrow undergo a malignant transformation resulting in accelerated production of 

poorly differentiated myeloblasts that are not able to mature into more differentiated 

cell types but remain as immature cells. AML patients present with symptoms resulting 

from bone marrow failure (i.e. anaemia, neutropenia, and thrombocytopenia), and/or 

symptoms resulting from organ infiltration and/or proliferation of leukemic cells (i.e. 

splenomegaly, hepatomegaly, swollen bleeding gums, bone and joint pain, respiratory 

distress and alterations in mental state as well as disseminated intravascular coagulation 

(DIC). 

1.1.1.1.2 FAB classification 

During the last decades and until recently, AML has been classified according to the 

French-American-British (FAB) classification that divides AML into 8 subtypes (M0 to 

M7) defined by morphologic and cytochemic characteristics. The different subclasses 



 

 2 

represent different states of maturation of the leukemic blast cells and what lineage that 

is engaged. Table 1 shows the different subclasses according to the FAB classification.  

In the FAB classification, the required number of blast cells in the bone marrow is 30% 

compared to less than 5% which is considered to be normal and found in healthy 

individuals.  

Table 1. French-American-British (FAB) Classification of Acute Myelogenous 

Leukemia  

FAB subtype Name 

M0 Undifferentiated acute myeloblastic leukemia 
M1 Acute myeloblastic leukemia with minimal 

maturation 
M2 Acute myeloblastic leukemia with maturation 
M3 Acute promyelocytic leukemia (APL) 
M4 Acute myelomonocytic leukemia (AMML) 
M4 eos Acute myelomonocytic leukemia with dysplastic 

eosinophilia 
M5 Acute monocytic leukemia (AMoL) 
M6 Acute erythroid leukemia 
M7 Acute megakaryoblastic leukemia (AMkL) 

 
Adapted from: Classification of Acute Leukemia, Gamal Abdul-Hamid, 2011 3. 

1.1.1.1.3 WHO classification 

In recent years, the new World Health Organization (WHO) classification has to a large 

extent replaced the FAB classification. The WHO classification is based on the fact that 

an increasing number of acute leukemias should be categorized based upon their 

underlying genetic abnormalities and/or their pathophysiologic characteristics (Table 

2). For AML, the WHO classification requires information on the chromosomal 

aberrations, mutational status, previous exposure to chemotherapy or radiation or to the 

presence of an antecedent myelodysplastic syndrome. Regarding the AML diagnosis, 

there are 2 major differences between the FAB and the WHO classification where in 

the latter, AML is defined by a blast percentage above 20% in the bone marrow 4 or by 

the following chromosomal aberrations: (8;21)(q22;q22), t(16;16)(p13;q22), 

inv(16)(p13;q22), or t(15;17)(q22;q12) 5 regardless of blast percentage.  
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Table 2. Acute myeloid leukemia and related precursor neoplasms, 

and acute leukemias of ambiguous lineage (WHO 2008) Categories 

 
Acute	
  myeloid	
  leukemia	
  with	
  recurrent	
  genetic	
  abnormalities	
  

AML	
  with	
  t(8;21)(q22;q22);	
  RUNX1-­‐RUNX1T1	
  
AML	
  with	
  inv(16)(p13.1q22)	
  or	
  t(16;16)(p13.1;q22);	
  CBFB-­‐MYH11	
  
APL	
  with	
  t(15;17)(q22;q12);	
  PML-­‐RARA	
  
AML	
  with	
  t(9;11)(p22;q23);	
  MLLT3-­‐MLL	
  
AML	
  with	
  t(6;9)(p23;q34);	
  DEK-­‐NUP214	
  
AML	
  with	
  inv(3)(q21q26.2)	
  or	
  t(3;3)(q21;q26.2);	
  RPN1-­‐EVI1	
  
AML	
  (megakaryoblastic)	
  with	
  t(1;22)(p13;q13);	
  RBM15-­‐MKL1	
  
Provisional	
  entity:	
  AML	
  with	
  mutated	
  NPM1	
  
Provisional	
  entity:	
  AML	
  with	
  mutated	
  CEBPA	
  

	
  
Acute	
  myeloid	
  leukemia	
  with	
  myelodysplasia-­‐related	
  changes	
  
Therapy-­‐related	
  myeloid	
  neoplasms	
  
Acute	
  myeloid	
  leukemia,	
  not	
  otherwise	
  specified	
  (NOS)	
  

Acute	
  myeloid	
  leukemia	
  with	
  minimal	
  differentiation	
  
Acute	
  myeloid	
  leukemia	
  without	
  maturation	
  
Acute	
  myeloid	
  leukemia	
  with	
  maturation	
  
Acute	
  myelomonocytic	
  leukemia	
  
Acute	
  monoblastic/monocytic	
  leukemia	
  
Acute	
  erythroid	
  leukemia	
  
Pure	
  erythroid	
  leukemia	
  
Erythroleukemia,	
  erythroid/myeloid	
  
Acute	
  megakaryoblastic	
  leukemia	
  
Acute	
  basophilic	
  leukemia	
  
Acute	
  panmyelosis	
  with	
  myelofibrosis	
  (acute	
  myelofibrosis)	
  

Myeloid	
  sarcoma	
  (extramedullary	
  myeloid	
  tumor;	
  granulocytic	
  sarcoma)	
  
Myeloid	
  proliferations	
  related	
  to	
  Down	
  syndrome	
  

Transient	
  abnormal	
  myelopoiesis	
  (transient	
  myeloproliferative	
  disorder)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Myeloid	
  leukemia	
  associated	
  with	
  Down	
  syndrome	
  
Blastic	
  plasmacytoid	
  dendritic	
  cell	
  neoplasm	
  
Acute	
  leukemias	
  of	
  ambiguous	
  lineage	
  

Acute	
  undifferentiated	
  leukemia	
  
Mixed	
  phenotype	
  acute	
  leukemia	
  with	
  t(9;22)(q34;q11.2);	
  BCR-­‐ABL1	
  
Mixed	
  phenotype	
  acute	
  leukemia	
  with	
  t(v;11q23);	
  mixed	
  lineage	
  leukemia	
  	
  
Mixed	
  phenotype	
  acute	
  leukemia,	
  B/myeloid,	
  NOS	
  
Mixed	
  phenotype	
  acute	
  leukemia,	
  T/myeloid,	
  NOS	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Provisional	
  entity:	
  Natural	
  killer	
  (NK)–cell	
  lymphoblastic	
  
leukemia/lymphoma	
  
 
Adapted from: WHO Classification of Tumours of Haematopoietic 6  and Lymphoid Tissues. Swerdlow 
SH, et al., Lyon, France: IARC Press; 2008 7. 
 



 

 4 

1.1.1.1.4 Genetics  

By using novel technologies, such as massively parallel DNA sequencing or high-

resolution single-nucleotide polymorphism arrays, the identification of several novel 

recurrent gene mutations in AML has been facilitated. Nucleophosmin (NPM1) gene 

represent the most frequent genetic aberrations in AML 8, being identified in about 30% 

of AML patients, especially who have a normal karyotype, and in as high as 50–60% of 

de novo AML 9,10. These mutations may contribute to leukemogenesis, at least in part, 

through disruption of genes involved in signalling and apoptosis pathways such as the 

p14ARF - MDM2-p53 pathway 11,12. Abnormalities in the fms-like tyrosine kinase 3 

(FLT3) on chromosome 13 represent the second most common genetic aberrations in 

de novo adult AML 13. It comprises 2 main types: mutations of the FLT3 internal 

tandem duplication (ITD) of the juxtamembrane domain 14 or activating loop mutations 

in the second tyrosine kinase domain (TKD), which occur predominantly at position 

D835 15. FLT3-ITD mutations have been reported in almost 20% of all AML cases 16, it 

occurs in all FAB subtypes , with the highest frequency in M5 17. Mutations in the 

transcription factor CCAAT/enhancer binding protein alpha (CEBPA), which plays a 

central role in normal development of granulocytes, are observed in almost 10% of 

AML patients 18. Point mutations in the RUNX1 gene (also known as AML1 or 

CBFA2) are also seen in specific subtypes of AML such as in AML M0, MDS-AML, 

and secondary (therapy-related) MDS/AML. Though RUNX1 is the most frequent 

target for chromosomal translocation in AML, its mutation alone is not sufficient to 

cause full-blown leukemia 19,20. Other genetic alterations have been identified in AML 

such as: partial tandem duplications (PTD) of the mixed lineage leukemia (MLL) gene, 

as well as mutations in the transforming protein N-Ras (NRAS) and Wilms tumor 

(WT1) genes 21,22. More lately,  novel mutations have been found such as point 

mutations of isocitrate dehydrogenase (IDH1/IDH2) genes 23,24, which affect the 

epigenetic state in AML by inducing increase in global DNA hypermethylation 25. The 

later mutation as well as mutations of the DNA methyltransferase 3A (DNMT3A) and 

the ten-eleven-translocation oncogene family member 2 (TET2) 26 genes are usually 

found in cytogenetically normal AML 27. On the contrary, the additional sex combs-

like 1 (ASXL1) mutations have been found to occur more frequently in secondary AML 

compared to de novo AML cases 28, and were recently reported to be more frequent in 

AML with intermediate risk karyotype 29.  
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Classically, AML mutations have been divided into Class I and Class II to mutations 

(Figure 1) depending on the type of cellular processes that are effected. However, many 

of the newly discovered mutations have not yet been fit into this model.   

 

 
Figure 1. Model of leukemogenesis with two complementation groups of mutations, reviewed by 
(Gaidzik et al, 2008) 21. Reprinted with permission from Elsevier. Seminars in Oncology Journal, 
doi:10.1053/j.;.2008.04.005. 

1.1.1.1.5 Prognostic factors and survival 

Factors that have been identified to influence outcome of adult AML patients and affect 

their classification into different prognostic subgroups include cytogenetics 30, WBC 

count, and whether the disease is primary (de novo) or secondary to a prior hematologic 

malignancy 31. Secondary leukemia includes AML patients with previous exposure to 

chemotherapy and/or radiation (therapy-related AML or t-AML) or patients with an 

antecedent myelodysplastic syndrome or myeloproliferative disorder. The survival of 

patients with secondary AML is generally shorter than for those with de novo AML 

within the same cytogenetic risk group. Other prognostic factors include MDR1 

expression 32,33 and FLT3 34 and NPM1 gene mutational status 35. FLT3 mutations 

confer a poor prognosis 36, especially in patients younger than 60 years old 37. It has 

been shown that mutations of the FLT3 gene, especially FLT3–ITD, are significantly 

correlated to NPM1 mutations (approximately 40%) 38 but show favorable impact in 

older patients 39,40. In younger adult patients, mutated NPM1 without FLT3-ITD usually 

achieve CR and have favorable relapse free survival (RFS) and (overall survival (OS) 
41. A novel study by Wakita, et al. has revealed that mutations of the epigenetically 

modifying gene (DNMT3A, TET2, IDH1/2) at diagnosis may induce FLT3-ITD at 

relapse in de novo acute myeloid leukemia 42. In patients negative for FLT3-ITD 

mutations, mutant NPM1 is associated with improved response to treatment 43. 

Prognostic significance of RUNX1 mutations indicates association with lower CR rate 
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and shorter RFS and OS 41. While CEBPA mutations are associated with higher CR rate 

and favorable RFS and OS. 

1.1.1.1.6 Treatment of AML 

Treatment of acute myeloid leukemia is based on induction therapy and consolidation 

therapy as the following: 

1.1.1.1.6.1 Induction therapy 

Intensive induction chemotherapy aims to achieve a complete remission (CR), which is 

defined as less than 5% leukemic blasts in the bone marrow and recovery of neutrophil 

count >1.0x109/L and platelet count >100x109/L. Conventional induction treatment in 

adults consists of a combination regimen of the deoxycytidine analogue cytarabine and 

an anthracycline antibiotic (daunorubicin or idarubicin) or the anthracenedione 

mitoxantrone, an inhibitor of the topoisomerase IIa enzyme 44. Approximately 50% to 

75% of adults with AML achieve complete remission with that regimen. The most 

commonly used standard induction therapy for the last 4 decades consists of DNR 

intravenously for 3 days and cytarabine 100 or 200 mg/m2
  by continuous infusion for 7 

days 45,46. With this standard regimen 60% to 80% of young adults and 40% to 60% of 

older adults can achieve a CR. Many studies have compared the standard regimen with 

different doses of DNR and the conclusion is that 45 mg/m2
  (the previous standard 

dose)  should no longer be considered as the standard of care as the higher dose between 

60 and 90 mg/m2
 for 3 days has proven to be safe and yield either higher CR and 

prolonged overall survival (OS) rates 47. Some elderly patients tolerate and benefit from 

intensive induction approaches, while others are best managed with less aggressive 

strategies. In order to maximize the therapeutic benefit and minimize toxicity for those 

patients, a strategy to stratify them based on host-related and biological features might 

be investigated 48. 

The European Organization for Research and Treatment of Cancer (EORTC) and the 

Gruppo Italiano Malattie Ematologiche Maligne dell’Adulto (GIMEMA) group study 

AML-10 has shown that the use of mitoxantrone or idarubicin instead of daunorubicin 

enhances the long-term efficacy of chemotherapy in adult patients with AML who have 

not undergone an allogeneic stem cell transplantation (allo SCT) 49 but the results are 

still controversial and the 3-7 regimen using Ara-C in combination with either 

daunorubicin or idarubicin is still considered as standard of care. In 2009, a population-

based study from the Swedish Acute Leukemia Registry reported an improvement in 

the survival of elderly patients up to 80 years of age in the geographical areas where 
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standard induction therapy was mostly given. Moreover, early death rate was also 

lower with intensive therapy than with only palliative therapy, which suggests that the 

standard induction therapy is the best for that patient category 50.  

1.1.1.1.6.2 Consolidation therapy  

Consolidation and maintenance therapy, also known as post-remission treatments are 

given after achieving the first remission (CR1) aiming to maintain the CR and to 

eradicate remaining leukemic cells. Consolidation therapy often includes repeated 

courses with intermediate/high-dose Cytarabine (Ara-C) with or without an 

anthracycline. It is difficult to determine whether reinduction therapy should be 

attempted or hematopoietic cell transplantation should be directly performed in 

relapsed patients with histocompatible donors. Consolidation with allo SCT in CR1 or 

after successful treatment after relapse is an often-preferred treatment option for 

younger patients51,52.  Though, contradictory results showed that patients transplanted 

shortly after achieving CR appeared to have a worse prognosis than those transplanted 

further into remission 53. In a meta-analysis study, it has shown that the efficacy of allo 

SCT depends also on cytogenetic risk for patients in CR1 54.  

 

1.1.2 Lymphoid malignancies  
Lymphoma occurs due to malignant transformation of B- or T-cells. The WHO 

classification of 2008  recognizes three major categories of lymphoid malignancies 55,56 

based on morphology and cell lineage. Those are B-cell neoplasms, T-and natural killer 

(NK)-cell neoplasms and Hodgkin’s lymphoma 57,58. Lymphomas, that constitute the 

major part of the lymphoid malignancies, are usually subdivided into Hodgkin 

lymphoma (HL) and non-Hodgkin lymphoma (NHL), where the latter includes both B- 

and T-cell lymphomas. 

1.1.2.1 Chronic lymphocytic leukemia (CLL) 

CLL belongs to the B-cell NHLs. By their expression of B-cell activation antigens, they 

are considered neoplastic counterparts of normal activated B-cells 59-61. The peripheral 

B-cell neoplasm CLL is the most common leukemia in adults, mostly affecting older 

individuals with the male predominance 62. Proper diagnosis of CLL includes 

evaluation of the peripheral blood count as well as smear and immunophenotyping of 

the bone marrow or peripheral blood. CLL patients present with a specific 

immunophenotype that can be distinguished from other B-cell malignancies. According 
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to a report from the International Workshop on CLL 63, in order to distinguish chronic 

lymphocytic leukemia from monoclonal B-cell lymphocytosis, it was suggested to 

consider a B-cell count of  > 5.0×109/L rather than an absolute lymphocyte count of  > 

5.0 -109/L, as a basis for this differentiation. A few years later, a study from the Italian 

GIMEMA groups assigned the B-cell count of 10×109/L as the best lymphocyte 

threshold to predict time to first treatment of CLL 64.   

1.1.2.1.1 Genetic mutations in CLL 

CLL is characterized by multiple and recurrent chromosomal abnormalities, of which 

deletions in chromosome 13q (del13q14) occur in more than 50 % of all CLL cases. 

Other genetic aberrations are also found to a lesser degree, such as 11q deletions 

(18 %), trisomy of chromosome 12q (12 %), and 17p deletions (7%) 65. These 

abnormalities confer different prognostic risks with 17p deletions being associated with 

the shortest survival.  

1.1.2.1.2 MicroRNAs in CLL 

MicroRNAs (miRNAs) represent a class of noncoding RNAs that regulate messenger 

RNA and protein expression of target genes and has a key role in the posttranscriptional 

regulation of gene expression 66. They negatively regulate gene expression by inducing 

degradation or translational inhibition of target mRNAs. Aberrant expression of 

miRNAs has been recently demonstrated to have an essential role in the process of 

leukaemogenesis 67,68. The targeted gene in 13q deletion has been suggested to be 

microRNA-15a and 16-1 69. On the other hand, research found that certain miRNAs 

such as miR-34 family, and in particular miR-34a represent direct conserved p53 target 

genes, which mediate certain p53-dependent effects including apoptosis, cell cycle 

arrest, and senescence 70. The miR-34 family comprises three processed miRNAs that 

are encoded by two different genes. For miR-34a, its own transcript encodes it, whereas 

miR-34b and miR-34c share a common primary transcript. In a previous CLL study by 

Lehmann et al, SNP-chip technique demonstrated a large commonly deleted region at 

11q, similar to what has been reported previously. However, one case with 11q-

deletions showed two deleted regions with a small heterozygote region in between. One 

of the deleted regions contained the ATM gene whereas the other contained 6 other 

genes (POU2AF1, BTG4, FLJ46266, LAYN, SNFLK2 and PPP2R1) as well as 

microRNA-34b/c 71.  
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1.2 p53 
The cellular tumour antigen gene TP53, encoding the p53 protein, remains the most 

prominent and most commonly mutated tumour suppressor gene and due to its 

function, it has been named “the guardian of the genome” 72. When the genomic 

integrity of a cell is challenged, its fate is determined in part by signals conveyed by the 

p53 protein. The gene is located on chromosome 17p13.1 and the basic modular 

structure of the p53 protein comprises a N-terminal transcriptional activation domain, a 

central DNA-binding domain and a C terminus with oligomeric and regulatory 

activities 73. Several studies have shown that post-translational modifications such as 

serine/threonine phosphorylation, acetylation, prolyl isomerization and sumoylation 

increase the DNA-binding and the transcriptional activity of wild type p53 74,75. 

1.2.1 p53 functions 
The tumor suppressor protein p53 is activated by external and internal stress signals 

that promote its nuclear accumulation in an active form. It plays a central role in cell 

death to prevent cancer development. The spectrum of p53-based cell fate decisions 

ranges from a transient cell-cycle arrest (at G1 and/or G2 phase) enabling damage 

repair to an irreversible block of proliferation through the induction of senescence, 

differentiation or apoptosis 76-78. Disruption of apoptosis-induction process can promote 

tumor progression and chemo-resistance. p53 apparently promotes apoptosis through 

transcription dependent and transcription independent mechanisms, which maintain the 

cell death program.  

1.2.1.1 Transcription-dependent p53-mediated apoptosis 

Active p53 transactivates the transcription of downstream pro-apoptotic mediators, 

including BAX, NOXA, Puma 79 p53AIP1 and CD95 (Fas/APO-1). Those genes 

trigger mitochondrial outer membrane permeabilization 80 with release of the 

apoptogenic proteins; cytochrome c and AIF (apoptosis inducing factor). Cytochrome 

c, by its turn, translocates into the cytosol and promotes the interaction between APAF-

1 and procaspase-9	
  81-­‐83,	
  which is cleaved into active Caspase-9. Caspase-9 in turn, 

cleaves and activates procaspase-3	
  84.  
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Figure 2. The p53 pathway. Reprinted with permission from Nature Publishing Group. Christopher J. 
Brown et al. Nature Reviews Cancer 9, 862-873 (December 2009) | doi:10.1038/nrc2763 85. 
 

1.2.1.2 Transcription-independent p53-mediated apoptosis 

The transcription-independent apoptotic activity of p53 has been linked to the intrinsic 

mitochondrial apoptotic pathway that occurs under different cellular stress conditions 

by two independent yet converging mechanisms 86. These mechanisms involve both the 

mitochondrial and cytosolic p53 respectively. The outcome of activation of p53 by 

either mechanism is the activation of the Bax/Puma and the pro-apoptotic members of 

the Bcl-2 family respectively and thus, induction of the permeabilization of the outer 

mitochondrial membrane (OMM) occurs with the subsequent release of cytochrome C 

and caspase activation 87,88. 

 

1.2.2 Types of p53 mutations in cancer 
The mode of p53 inactivation is diverse including deletion of p53, inhibition of p53 by 

MDM2 or viral proteins 89. Inactivation of p53 function is the most important factor in 

the spectrum of TP53 mutation. Mutations in the TP53 gene are the most frequent 

mutations in human cancers that occur in rates varying between 10% (e.g. in 

hematopoietic malignancies) 90 to 100% (e.g. in high-grade serous ovarian carcinoma) 
91, with average rate of 50% in all cancers 92-94. Many studies suggest that the nature of 

a TP53 mutation in a cell has an impact upon cellular properties, clinical responses to 

therapy and tumor prognosis 95. p53 has five structural and oligomerization domains: an 

N-terminal transactivation domain, a proline-rich domain, a central DNA-binding 

domain, a tetramerization domain and a C-terminal regulatory domain 96. Several 

categories of TP53 mutations can be distinguished by taking into account the impact of 

the mutation on either the protein structure/stabilization or interaction with DNA. 



 

 11 

1.2.2.1 Missense TP53 mutations 

The most frequent cancer-associated mutations in TP53 are missense mutations, which 

occur in approximately 75% of all human cancers that harbour p53 mutations 97. 

Missense mutations occur due to single residue changes that result in the translation of 

a different amino acid in that position over the full-length (393-amino-acid) of p53 

protein, (such as p53-Trp248 and p53-His273) 98. The missense mutations in the TP53 

gene disrupt the ability of p53 to bind to DNA and consequently to transactivate 

downstream genes. Most of these mutations are clustered within the core domain (102–

292 bp), which is important for DNA-specific binding and is essential for p53 function 
99. Among these mutations in the core domain are six “hot spot” residue substitutions 

(including R175, G245, R248, R249, R273 and R282) that have been reported to occur 

in high frequency, representing almost 30% of the TP53 mutations 100,101. 

1.2.2.2 Gain-of-function TP53 mutations 

Referring to mutant p53 gain-of-function (GOF), various lines of evidence indicate that 

the common types of cancer-associated p53 mutations not only abrogate the tumor 

suppressor functions of wild-type (WT) p53, but also endue the mutant protein with 

new oncogenic activities that can favor the maintenance, the spreading and the chemo-

resistance of malignant tumors 102,103. Even though the cell still retains one WT allele, it 

is rendered practically devoid of WT p53 function. This might be explained by the fact 

that common mutant p53 isoforms can exert dominant–negative effects over 

coexpressed WT p53, by forming mixed tetramers, which prevent the p53 protein and 

its paralogs p63 and p73 from DNA-binding and transactivation, and attenuate their 

function.	
  Jie Xu et al. also reported that the dominant-negative activity and GOF effects 

of structurally destabilized p53 mutants result from their increased aggregation which 

also induces misfolding and sequestration of the co-expressed WT p53 and its paralogs 

p63 and p73 into co-aggregates, resulting in complete loss of p53 function and deficient 

transcription of target genes involved in cell growth control and apoptosis 104. 

Understanding the structure and functions of oncogenic p53 mutants may lead to more 

potent reactivation modalities or to the ability to eliminate mutant p53 gain of function 
105. 
 

1.2.3 Treatments targeting p53 
Since TP53 mutations occur frequently in human cancer, this has led to the 

development of numerous approaches to restore wild type p53 in order to revert the 
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malignant phenotype or enhance drug sensitivity. 

1.2.3.1 Mdm2 inhibitors 

The p53 inhibitor Mdm2 (Hdm2 in humans) inhibits the transcriptional activity of p53 

in a negative-feedback loop and, more importantly, promotes its proteasomal 

degradation. Under normal conditions, p53 is a short-lived inactive protein and Mdm2 

is responsible for keeping p53 in this state, as its inappropriate activation can cause 

premature senescence and death 106,107. Following cellular stress this inhibition is 

relieved to stabilize p53. The usage of small molecules to block the Mdm2-p53 

interaction and reactivate the p53 function is a promising therapeutic strategy for the 

treatment of cancers retaining wild type p53. The availability of potent and specific 

Mdm2 inhibitors, such as Nutlin-3 and MI-219, has provided the opportunity to in 

detail examine the molecular mechanism of p53 activation 108. They block the 

intracellular Mdm2-p53 interaction that leads to accumulation of p53 and the activation 

of the p53 pathway in tumor and normal cells. In normal cells, the activation of p53 by 

Mdm2 inhibitors triggers transient cell cycle arrest but no apoptosis, while in tumor 

cells these inhibitors induce both cell cycle arrest and apoptosis 109, thus they exhibit a 

favorable safety profile with the advantage of selectively inducing cancer cell death 

while preserving the normal cells from DNA damage 110. 

 
Figure 3. A model for cooperative control of the p53 pathway by MDM2. Reproduced with permission 

from Journal of Cell Science. http://jcs.biologists.org/content/120/3/371.long doi: 10.1242/jcs.03362 111. 
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1.2.3.2 Adenoviral-based TP53 gene therapy 

Adenoviral vectors have been used for TP53 gene delivery to restore the p53 function 

in TP53 mutated or null tumors. TP53 gene therapy has been tested in clinical trials 

 in patients with lung cancer 112, head and neck cancer 113, ovarian carcinoma 114and 

other tumors. Data from those clinical trials showed favourable outcome, stabilized 

tumor growth or tumor shrinkage in a good fraction of the treated patients 115.  

 

1.2.3.3 PRIMA-1 and APR-246 

1.2.3.3.1  PRIMA-1 and mutant p53 reactivation mechanism 

PRIMA-1 is one of the small molecules that target mutant p53. A methylated form of 

the drug called PRIMA-1MET (also known as APR-246) has been shown to reactivate 

missense mutants of p53 to restore wild type p53 function and thus arrest tumor growth 
116. For example, exposure of cells expressing inactive mutant R175H to PRIMA-1 has 

led to p53 reactivation and subsequent inhibition of cell cycle progression 117. APR-246 

has successfully entered a phase I clinical trial in 2010, which has shown to induce p53-

dependent biologic effects in tumor cells in vivo. The conclusion was furthermore that 

the drug is safe at predicted therapeutic plasma levels and has a favorable 

pharmacokinetic profile 118.  

1.2.3.3.2 PRIMA-1 and protein folding mechanism 

Both PRIMA-1 and APR-246 are able to convert to methylene quinuclidinone (MQ), a 

reactive compound with Michael acceptor activity, which has the ability to modify and 

form adducts with free thiol groups (forming disulfide bond) 117,119.  Disulphide bond 

formation induced by the MQ compound binding may lead to aggregation and 

stabilization of p53 in an active conformation 120. In 1997, a study revealed that certain 

TP53 mutations confers a highly unfolded protein under physiological conditions such 

as the classic structural mutant R175H as well as C242S, R248Q, R249S, and R273H, 

which are less stable. The authors suggested that changes in stability are sufficiently 

small to allow possible therapeutic use of small molecules to rescue p53 function by 

stabilizing/refolding it 121.  PRIMA-1 also has shown to induce both oxidative stress 

and ER stress 122, which propose that additional p53-independent cytotoxic functions of 

PRIMA-1 or one of its degradation products act synergistically with p53 reactivation to 

induce apoptosis 117. Recent studies showed that, small molecules drugs such as 

PRIMA-1 and its analog APR-246 could enhance refolding of the p53 protein to the 

native folded protein conformation, by which the drug can restore the p53 
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transactivation function through converting the unfolded mutant p53 to a folded wild 

type p53 123,124.  

1.2.3.3.3 PRIMA-1 activates microRNAs with a tumor suppressor function 

PRIMA-1 has also been shown to induce expression of miR-34a in the H211 and 

H1155 p53-mutated cells, and knocking down miR-34a decreased the rate of apoptosis 

caused by PRIMA-1. The latter suggests that miR-34a is one of the important 

components of PRIMA-1-induced apoptotic network in the cancer cells expressing 

mutant p53 125. 

 

1.3 OXIDATIVE STRESS  

1.3.1 Oxidative stress in cancer 
Oxidative stress is an imbalance between free radical generation and the antioxidant 

defense system. Redox (reduction-oxidation) regulation has been shown to be an 

important component of malignant cell survival. Although reactive oxygen species 

(ROS) have been considered to cause damage cells, accumulating evidence shows that 

oxidative stress also induces proliferation, gene activation, cell-cycle arrest, and 

apoptosis, depending on the magnitude and duration of oxidative stress activation. The 

most common forms of ROS include superoxide, hydrogen peroxide, and the highly 

reactive hydroxyl radical. 

1.3.2 Oxidative stress as a target in cancer treatment 
In 1997, a study suggested that p53 might induce apoptosis by stimulating the 

production of reactive oxygen species (ROS), where a number of p53-induced genes 

(PIGs) were involved in ROS-mediated apoptosis 126. More recent data suggested that 

oxidative stress induces cytochrome c release from mitochondria and activation of 

caspases, p53, and kinases such as apoptosis signal-regulating kinase 1 (ASK1), c-Jun 

N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (P38 MAPK) 127. 

Recently, new strategies for cancer treatment employed pharmacologic shifting of the 

cellular redox balance in favour of increased intracellular ROS and/or depleting 

protective reducing thiols, such as glutathione, aiming to induction of oxidative stress 

and the subsequent apoptosis 128. Many of the cancer-killing agents such as (ionizing 

radiation, most chemotherapeutic drugs and certain targeted anti-cancer therapies) work 

by a way or another through induction of ROS that block key regulators of the cell 

cycle progression 129.  
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1.3.3 Glutathione in stress response 
Glutathione (GSH) plays an essential role in controlling cellular redox balance and its 

level is considered a significant marker of oxidative stress 130,131. It functions as a 

scavenger of harmful intracellular ROS, preventing ROS-mediated apoptotic signaling 

as well as inhibiting the activity of the stress kinases, ASK1 and p38 132. Several studies 

demonstrated decreased levels of GSH after exposure to certain anticancer drugs such 

as arsenic trioxide 133-135. Reviews by K. Wiman suggest that a reducing environment 

leads to correct p53 folding 120. 

1.3.4 Heat shock proteins in stress response 
Most proteins must fold into defined three-dimensional structures to gain functional 

activity 136. But in the cellular environment, newly synthesized proteins are at great risk 

of aberrant folding and aggregation, potentially forming toxic species.	
  The Heat shock 

proteins (HSPs) HSP70s and HSP90s form the major molecular chaperone system that 

assists correct protein-folding processes in mammalian cells. HSP70 mediates the 

correct folding of de novo synthesized proteins and the disassembly of some native 

protein oligomers 137,138. Under stress conditions, HSP70 proteins play multiple roles in 

preserving the protein homeostasis (known as proteostasis), as it prevents protein 

aggregation, actively unfold, solubilize, and reactivate already formed stable (native) 

protein aggregates and enhance refolding of stress-denatured proteins 139.    

1.3.5 ER stress and unfolded protein response  
Folding and maturation of proteins is a primary function of the endoplasmic reticulum 

(ER), which is driven by a diverse array of molecular chaperones and protein-

modification enzymes for protein folding and quality control 140. Cancer cells are often 

exposed to oxidative stress and other deregulations that cause ER stress. ER stress is a 

signaling cascade activated by the cells aiming to restore a proper protein folding 

environment in the ER 141. ER stress also appears to be a potentially useful response to 

many chemotherapeutic drugs 142. As a coping mechanism towards ER stress, cells 

activate a homeostatic signalling network known as the unfolded protein response 

(UPR). UPR transmits information about the protein folding status in the ER lumen to 

the cytoplasm and the nucleus to coordinate the increase in ER folding capacity. The 

later occur through transcriptional up-regulation of ER protein folding and ER-

associated degradation (ERAD) machinery, which is an ubiquitin-proteasomal-

dependent proteolytic process 143,144. Initially activation of the UPR promotes pro-

survival signalling during which the ER refolds the accumulated miss-folded proteins 
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145. However, if the damage is too extensive and homeostasis cannot be restored, the 

UPR ultimately initiates apoptosis 146,147. Drugs that manipulate UPR may thus have 

beneficial and therapeutic effects against cancer by reactivating and refolding the 

inactive unfolded proteins including transcription factors and tumor suppressor genes. 

1.3.6 Nrf2/HO-1 axis as a stress-protective response 
Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a basic-leucine zipper transcription 

factor that activates the antioxidant responsive element (ARE) and thereby upregulating 

the expression of a variety of downstream genes such as Heme oxygenase 1 (HO-1) 

and NADPH:quinone oxidoreductase 1 (NQO1) 148,149 (Figure 4). The activation of 

Nrf2/HO-1 pathway is a reliable indicator of oxidative stress. This stress response 

pathway represents an important antioxidant homeostatic system that counteracts the 

effects of oxidative stress by detoxification of free radicals and repairing oxidant 

damage to the cells. Several studies have reported the activation of HO-1 to be a 

general cellular-protective response that can be stimulated by a large array of chemical 

and physical agents such as heat shock, heavy metals, ionizing radiation and ROS 150. 

In the absence of cellular stress, Nrf2 is hold within the cytoplasm by an inhibitory 

partner, Kelch-like ECH-associated protein 1 (Keap1), which targets Nrf2 to 

ubiquitination and proteasomal degradation 151. Keap1 has a cysteine-rich surface, 

which is subject to oxidation in cases of oxidative stress, allowing Nrf2 to be liberated 

from Keap1 to translocate to the nucleus 152. In this manner, Keap1 acts as a redox-

sensor that upregulates ARE antioxidant responses through Nrf2. Available evidence 

suggests that Nrf2 inducers may block Nrf2 ubiquitination by altering Keap1 

conformation via reaction with the thiols of specific Keap1 cysteines 153,154.  

 

Though it is an antioxidant and ROS detoxifier, elevated expression of Nrf2 and its 

downstream genes, such as HO-1 has been suggested to confer resistance in some 

cancer cell models. Example for that is MCF-7 cells line resistance to tamoxifen. 

Consequently, knocking down of Nrf2, using Nrf2–siRNA, reversed the cellular 

resistance towards tamoxifen 155. 
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Figure 4. Mechanism of Keap1/Nrf2 activation of HO-1 and subsequent antioxidant action. Satoh T et al. 

PNAS 2006;103:768-773. Reprinted with permission. Copyright (2006) National Academy of Sciences 
156.  

 

Studies on the mechanisms of Nrf2 activation have referred to certain upstream kinases, 

such as mitogen-activated protein kinases (MAPK), GSK-3β, JNK and phosphatidyl-

ionositol-3 (PI3K) kinase/Akt/mTOR pathway 157-161. Deregulation of PI3K/Akt/mTOR 

pathway in some AMLs has been shown to result from constitutive activation of Flt-3 
162,163 and it also leads to drug resistance 164. On the other side, Nrf2 activation in AML 

cells encourages their evasion of chemotherapy-induced cytotoxicity 165,166. Thus, 

pharmacologic targeting of the PI3K/Akt/mTOR pathway may have dual benefit in 

AML. Firstly by inhibiting its key survival networks important in leukemogenesis and 

drug resistance. Secondly, by indirectly targeting the cell survival antioxidant Nrf2/HO-

1 axis, which is an important downstream target of the pI3K pathway 165,167. 
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2 AIMS OF THE THESIS 
 

§ To evaluate the effects of APR-246/PRIMA-1MET on primary AML cells alone 

and in combination with conventional chemotherapeutic drugs and to study 

factors that influence the in vitro sensitivity to APR-246/PRIMA-1MET.  

 

§ To un-biasedly explore the effect of APR-246/PRIMA-1MET on AML cells and 

furthermore to study the effects of the drug on the redox status including the 

role of the Nrf2/HO-1 pathway for the antileukemic effect.   

 
§ To determine the maximum tolerated dose of APR-246/PRIMA-1MET as well as 

to study safety, side effects, pharmacokinetics, biological effects and anti-tumor 

effects in a first-in-man study. 

 

§ To evaluate the epigenetic regulation of miR-34b/c in CLL cells and, 

specifically to this thesis, to study the effects of PRIMA-1 on the transcriptional 

status of miR-34b/c as well as the consequences of over-expression of miR-

34b/c as being a potential tumor suppressor and a down-stream target of p53.  
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3 MATERIALS AND METHODS 
 
3.1 REAGENTS AND DRUGS (PAPER I, II, III & IV) 

PRIMA-1 and APR-246 (PRIMA-1MET) were provided by APREA AB. The 

chemotherapeutic drugs daunorubicin (DNR), doxorubicin, cytarabin (Ara-C), and 

fludarabine were diluted in PBS and kept frozen (–20°C) up to one month. NAC, BSO, 

Wortmannin, 5-aza-2-deoxycytidin (Decitabine) were purchased from Sigma and 

Rapamycin from Invitrogen. APR-246 for the clinical trial (paper III) was a sterile 

solution for infusion and was diluted with 0.9% NaCl before administration. The 

pharmaceutical formulation consists of 150 mg/mL APR-246, 9 mg/mL NaCl and HCl 

(a.q., pH 4). The current shelf life is 30 months when stored at 2 - 8˚C.  

 
3.2 CELL LINES (PAPER I & II) 

KBM3 cells were kindly provided by Dr Beran, MD Anderson, Houston, Texas, 

USA168 and were grown in IMDM culture medium (GIBCO) supplemented with 15% 

FBS (GIBCO) and 2% L-glutamine. NB4 and HL-60 cells were grown in RPMI 

medium supplied with 10% FBS. The cell line was kept at 0,2-0,5x106 cells/ml in a 

humidified 5% CO2 incubator at 37 °C. HG3 cells were provided by Prof Rosenquist in 

Uppsala and kept in RPMI Medium 1640 with Glutamax and HEPES buffer 

(Invitrogen) with 10 % FBS.  

 

3.3 PATIENT SAMPLES (PAPER I & II & IV) 

The regional ethical committee approved all experiments involving human material. In 

paper I, leukemic blast cells from newly diagnosed AML patients were vitally frozen 

and stored at -150°C. Thawed aliquots of frozen samples were cultured in RPMI 1640 

glutamax-1 supplemented with 20% FCS, 25mM HEPES for 24 to 48h immediately 

prior to the experiments.	
  Patient data such as complete remission (CR) and survival rate 

as well as the cytogenetic classification and mutational status of TP53 gene were 

recorded. Cytogenetic investigations were performed after 48h culture according to 

routine procedures 169. In paper II, vitally frozen samples were thawed and incubated 

with APR-246 for detection of mRNA expresion levels of HO-1 and NFE2L2 (Nrf2). 

Fresh AML samples were used for the drug combination studies with APR-246 in 

combination with inhibitors of specified pathways.  
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In paper IV, peripheral blood from CLL patients was collected. Cytogenetic status was 

analyzed using standard protocols and IgHV mutational status by PCR amplification 

and sequencing as previously described 170. All samples contained >70% tumor cells 

according to immunophenotyping. Normal lymphocytes were collected from healthy 

volunteers and from mixed leukocyte DNA from multiple donors (Roche). CD19+ 

normal leukocytes were purchased from 3H Biomedicals.  

 

3.4 CLINICAL TRIAL PROTOCOL AND PATIENT CHARACTERISTICS 
(PAPER III) 

The inclusion criteria for the clinical trial were the following: ≥ 18 years of age; ECOG 

Performance Status (PS) 0-2; life expectancy > 2 months; any hematological malignant 

disease or hormone refractory, metastatic prostate carcinoma. Exclusion criteria were 

uncontrolled infection, HIV-infection, severe cardiac, respiratory renal or hepatic 

insufficiency or previous or current neurologic disorder. Patients were included 

regardless of TP53 mutational status.  

 

The study was approved by the Medical Product Agency (MPA) in Sweden and by 

ethics committees. APR-246 was given intravenously as a 2-hour infusion at four 

consecutive days. Treatment was followed by a safety follow up period of an additional 

17 days after which final safety and tumor load assessments were performed. Starting 

dose was 2 mg/kg with subsequent dose increments to 3, 10, 30, 60 and 90 mg/kg. 

Three patients were treated at each dose level; if no DLT occurred, the dose was 

increased to the subsequent level. In case of DLT in one of three patients, three 

additional patients were treated at the same dose level.  

 

3.5 DLT AND MTD DEFINITIONS (PAPER III)   

During the infusion, dose limiting toxicity (DLT) was defined as study drug related 

Common Terminology Criteria for Adverse Events (CTCAE) grade 1 for 

ataxia/incoordination, tremor and confusion; CTCAE grade 2 for 

somnolence/depressed level of consciousness and seizure and other CTCAE grade 2, 3 

or 4 with relation to study drug. During the follow-up period, DLT was defined as any 

study drug related life-threatening event or non-hematologic Adverse Events (AE) of 

CTCAE grade 3 or 4, hematological AE of CTCAE grade 3 or 4 (prostate cancer) or 
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grade 4 (hematological malignancy). Maximum tolerated dose (MTD) was defined as 

the dose level below the level where DLT occurred in either two of three or two of six 

treated patients.  

 

3.6 ASSESSMENTS, BLOOD CHEMISTRY AND PHARMACOKINETICS 
(PAPER III)   

Vital signs assessments and neurologic examinations were performed frequently during 

and after the infusion. Blood chemistry, urine sampling and ECG was performed daily 

during days of treatment and then twice weekly until day 21 in the cycle. A bone 

marrow aspirate was performed for TP53 mutational analysis in hematological patients. 

Blood sampling for PK analyses was performed on each day of treatment. PK samples 

were taken before the start of the infusion, at 30, 60, 120 (end of infusion), 135, 150 

minutes and 3, 4, 6, 10 and 24 hours after start of the infusion. 

 

3.7 ASSAY OF CYTOTOXICITY (PAPER I & II) 

Exposed cells in duplicate were compared to unexposed cells in quadruplicate. Drugs 

were added to the cells at 0.5x105 cells/ml and the incubations were continued for 4 

days. All experiments were performed in triplicate. For determination of drug 

cytotoxicity, cells were extracted in 1.25% trichloracetic acid (TCA) and an automated 

bioluminescence assay was used to determine the ATP levels 171-173. ATP Kit SL 144-

041 (Bio Thema, Haninge, Sweden) was used.  

 

3.8 FLOW CYTOMETRIC ANALYSIS  

3.8.1 Flow cytometric detection of Bax, Bcl-2 and p53  (Paper I) 
Antibodies to detect the expression of p53, Bax, Bcl-2 and active caspase-3 were 

purchased from Becton Dickinson. An all leucocyte CD45 antibody was used to locate 

the leukemic cell population174 and as isotype controls mouse IgG1, differently 

conjugated antibodies from BD were used. After incubation cells were stained 

according to manufacturer’s instructions and fixed and permeabilized and then 

analyzed on a FACSCalibur (BD). 

3.8.2 Flow cytometric analysis of ROS content (Paper II) 
Primary AML patient cells and KBM3 cells were incubated in the appropriate medium 

supplemented with FBS. Cells were treated with 2.5, 5, 15 and/or 25µM APR-246 for 

3, 8, 24 and 48 hrs. Medium was discarded under subdued lighting and replaced with 50 
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µM of the cell-permeant probe 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) 

for 20 min at 37°C. Cells were analyzed immediately by flow cytometry (FACScan). 

As a positive control, cells were loaded with H2-DCFDA as above with hydrogen 

peroxide (100 µM) added 15 min before harvesting the cells for flow cytometry 175. 

3.8.3 Pharmacodynamic studies by flow cytometry (Paper III) 
Cells were isolated by Lymphoprep. For myeloid and B-cell-derived tumors, normal T-

cells were excluded from analysis by magnetic MicroBeads carrying anti-human CD3 

antibodies followed by purification on magnetic LS column (Miltenyi Biotec). 

Flowcytometry analyses were performed on the FACSCalibur instrument. Antibodies 

against NOXA, DcR2, Bax, PUMA and cleaved Caspase-3 were purchased from 

Calbiochem, Abcam, Santa Cruz and Cell Signaling Technologies. The Annexin V 

Apoptosis Detection Kit I (BD) was used for Annexin/PI analyses. Samples were fixed 

with etanol, washed and treated either with RNase A/propidium iodide or with primary 

antibodies. FACS data were analyzed by FCS Express 3.0 software. 

 

3.9 QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION (PCR) 
(PAPER I & II) 

Total RNA was isolated using RNeasy plus mini kit (Qiagen) and cDNA synthesis 

was performed by SuperScript™ RT-PCR system (Invitrogen). Q-RT-PCR was 

performed on the StepOne plus Sequence Detector (Applied Biosystems) 176 using 

SYBR green PCR master mix (MM) together with primers for p14ARF, HO-1, 

SLC7A11, RIT1, ABL and GAPDH while the Universal TaqMan MM was used for 

NFE2L2 (Nrf2) and ACTB (β-actin) TaqMan assays. All samples were normalized to 

one or more of the housekeeping genes β-actin, ABL or GAPDH and the relative 

expression of each gene in the drug-treated samples was calculated and normalized to 

the PBS-treated samples 177, 178.  

 

3.10 MUTATION ANALYSIS OF THE TP53 (PAPER I & III) 

Genomic DNA was isolated using QIAamp DNA Blood Mini Kit. Mutation analysis of 

exons 5-8 (including all TP53 mutational hot spots) was performed in all ex vivo treated 

AML samples (Paper I) as well as in vivo treated patients (Paper III). DNA was 

amplified using PCR primers covering exons 5-8 179. Obtained sequences were 

compared to the reference sequence NC_000017 (www.ncbi.nlm.nih.gov) and 
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deviations were recorded as mutations or polymorphisms. Detected mutations were 

confirmed by a second mutational analysis of the original DNA sample. 

 

3.11 GENE EXPRESSION ARRAYS  

3.11.1 Affymetrix Microarray Analysis (Paper II) 
RNA was extracted according to Qiagen protocol and used microarray analysis on 

Affymetrix platform 1.0 according to manufacturer’s instruction at the BEA core 

facility at Karolinska Univeristy Hospital, Huddinge.  

3.11.2 NimbleGen Microarray Analysis (paper III) 
Total RNA was purified according to Qiagen protocol. Purity and concentration were 

measured by Bioanlyzer (Agilent). After extraction, mRNA was subjected to analysis 

of global gene expression using NimbleGen microarrays (Roche Diagnostics). Data 

were analyzed by IPA software (Ingenuity Systems, Inc.). Supervised clustering was 

performed on the geometric sample means of the respective patient arrays using 

complete linkage hierarchical clustering with the Euclidean distance between each 

patient array as distance metric. 

 

3.12 FLUORESCENCE DETECTION OF TOTAL GLUTATHIONE IN LIVE 
AML CELLS BY THIOLTRACKER (PAPER II) 

Primary AML patient cells were exposed to APR-246 as described, washed and treated 

with 300µl of 20µm Thioltracker Violet dye working solution (Molecular Probes®)180. 

Cell were analyzed in a chamber of a microscope 8-chamber Nunc* Lab-Tek II 

Chamber and RPMI-primed CyGEL™ Sustain were directly overlaid on the cells 181. 

Cells were imaged and processed with fluorescence microscope182. 

 

3.13 IMMUNOFLUORESCENCE DETECTION OF NRF2 PROTEIN (PAPER 
II) 

Cells were washed and resuspended in PBS for cytospin on Superfrost Gold slides. 

Cells were fixed and permeabilized with 4% (w/v) paraformaldehyde and incubated 

with primary mouse antihuman Nrf2 antibody (c-20, Santa Cruz) for 2 hours at room 

temperature, washed, and then incubated with FITC-labeled goat anti-mouse IgG 

antibody. Washed cells were then incubated with DAPI stain and coverslips were 

mounted with prolonged Gold anti-fade reagent. Images were captured on a confocal 

microscope equipped with a 3D digital microscopy workstation 183. 
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3.14 CELL TRANSFECTION BY NEON ELECTROPORATION SYSTEM 
(PAPER II & IV) 

In paper II, KBM3 cells were transfected with Nrf2 siRNA or scramble control siRNA 

(Qiagen), while in paper IV, HG3 cells were transfected with either MiRIDIAN® 

miR34b, miR34c or the miRNA mimic control. Transfection was performed using the 

Neon electroporation system according to the manufacturers protocol 184. For KBM3 

the optimized settings were: 1350 volts, 2 pulses with a band width of 20 ms; while for 

HG3 they were 1450 volts, 3 pulses with a band width of 10 ms. The electroporated 

reaction was done in a 10µl Neon tip added to the wells and incubated at 37 C° for 24 

hr before experiments. The BLOCK-iT™ Fluorescent Oligo control (Invitrogen) was 

used as an indicator of transfection efficiency of electroporation in HG3 cells which 

was evaluated by fluorescent microscope.  

 

3.15 METHYLATION, EXPRESSION AND CHIP ANALYSIS (PAPER IV) 

DNA was extracted and bisulfite treated using the EZ DNA Metylation Kit. DNA 

methylation analysis was performed using methylation specific PCR amplification and 

melting curve analysis (MS-MCA) 185. Validation of BTG4/miR-34b/c methylation was 

done by bisulfite pyrosequencing, performed on a PyroMark Q24 platform186. Primers 

were designed using the Oligo1.0 software (Molecular Biology Insights) or with the 

PyroMark Assay Design software (Qiagen). Gene expression was analyzed using qRT-

PCR with RNU6 as control gene for miR-34b/c and β2-microglobulin for BTG4 on an 

ABI StepOnePlus machine. Chromatin Immunoprecipitation (ChIP) was performed 

using Magnetic LowCell ChIP kit from Diagenode (Denville), using antibodies against 

H3K27me3, H2Az and H3 from Abcam 187.  

 

3.16 STATISTICS (PAPER I & II & IV) 

Mean values with SEM were used for descriptive statistics. Spearman’s test was used 

to test correlations between the in vitro response to different chemotherapeutic drugs. 

Students T-test or the Mann-Whitney were used for comparisons between groups 

when appropriate and the additive model was used for evaluations of drug 

combinations 188. The relationship between promoter methylation and cytogenetic 

aberrations or IgVH status was analysed by the Chi-square test. All p-values are two 

sided, p<0.05 was regarded as significant.  
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4 RESULTS AND DISCUSSION 
 
4.1 PAPER I 

 

4.1.1 APR-246 induces apoptotic cell death at low concentrations and 
increases p53 expression and Bax/Bcl-2 ratio in AML patient cells 
(paper I) 

 
Given the high frequency of disruption of the p53 pathways in human cancers and the 

role of the TP53 status on the response to chemotherapy 95,105,189,190, ways to restore and 

activate p53 function is an attractive strategy in order to improve anti-tumoral effects of 

chemotherapy. In paper I, we studied the preclinical effects of APR-246 in samples 

from 32 AML patients. The IC-50 value in patient cells was similar or slightly lower 

compared to its parent substance PRIMA-1 (5.0 µM) 191.  The in vitro concentrations 

used in this study are well within the tolerable range obtainable in vivo in the results 

from phase I clinical trial (Paper III). The effect was independent of TP53 mutational 

status as well as of the presence of complex karyotype. However, AML cells with 

mutant TP53 were significantly more resistant in vitro to both DNR (p=0,008) and 

fludarabine (p=0,011) as compared to AML cells with wild-type TP53, a difference that 

could not be found with APR-246. Similar findings were shown for AML samples with 

the prognostically poor complex karyotype being more resistant to conventional 

chemotherapeutic drugs but not to APR-246.  

 

We then studied factors that were associated to in vitro sensititity to APR-246. Data 

showed that p53 protein levels were increased by APR-246 to a significantly higher 

degree in primary AML cells that were in vitro sensitive to APR-246 compared to the 

APR-246 resistant patient cells (Figure 1A). This finding suggests an association 

between the degree of cell death and the effect on p53 protein expression. In response 

to apoptotic stimuli, Bax translocates from the cytoplasm to the mitochondria which 

results in permeabilization of the mitochondrial outer membrane and subsequent 

cytochrome c release to the cytosol and further caspase activation 192. Bcl-2 over-

expression has previously been shown to be associated with prolonged survival of 

malignant cells and chemoresistance in AML 193. Bax/Bcl-2 ratio has been shown to 

correlate to p53 upregulation 194  and it was also found to be highly predictive of 
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outcome in a study on adult AML patients 195.  Consistently, we found a significant 

correlation between sensitivity to APR-246, as defined by less than 50% cell survival, 

and an increased Bax/Bcl-2 ratio (p=0,030) (Figure 1B). Moreover, primary AML cells 

with high levels of p14ARF mRNA (expression ratio >0,26) were significantly more 

sensitive to APR-246 but not to other studied cytostatic drugs. The latter might be 

explained by the fact that p14ARF binds to and stabilizes p53 196-198 resulting in 

prolonged activation of p53.  

 

 

 

APR-246 induces synergism in combination with DNR in AML patient cells (paper I) 

Synergism studies were performed in leukemic cells from all the 32 patients with 

AML. Synergism was evaluated by the additive model, based on a ratio value between 

the found and the expected combination effect, as calculated from the exposure of the 

individual drugs alone 188,199. Cells were incubated alone or  

 

 

Table 1 shows the average combination index values for the whole AML cohort 

subgrouped by FAB-classification, karyotype, TP53 mutational status, CR rate and 

survival using APR-246 at 2.5 µM. A subgroup analysis showed no significant 

differences between the examined groups. For DNR, synergism was seen for almost all 

subgroups and the total cohort whereas for Ara-C and fludarabine, mostly additive 

effects were seen. The reason for this pronounced effect with DNR compared to Ara-C 

and fludarabine is unclear. Anthracyclines act through modulation of a wide range of 

proteins including p53 protein activation. Oyan et al. reported attenuated Bcl-2/Bax and 

Bcl-2/Puma ratios in pro-apoptotic direction after administration of DNR in AML 

patients 200. The synergy of APR-246 in combination with DNR may be explained by 

an augmentation of the p53 activation when DNR is added to APR-246. 
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Table 1. APR-246 combinations with conventional chemotherapeutic 
drugs in vitro in different subgroups of patients with AML 
Category Ara-C Combination (CI) DNR Combination (CI)  Fludara Combination (CI) 

Normal 0.91 0.77 (S) 0.84 

Complex 0.86 0.75 (S) 1.02 

WT p53 0.88 0.74 (S) 0.95 

MT p53 0.88 0.77 (S) 0.95 

CR yes 0.85 0.75 (S) 0.85 

CR no 0.91 0.75 (S) 1.03 

High Survival 0,85 0,76 (S) 0,85 

Low Survival 0,92 0,75 (S) 1,04 

M0  0.96 0.81 1.05 

M1  0.80 (S) 0.66 (S) 1.24 

M2  0.86 0.70 (S) 0.87 

M4 0.98 0.90 0.89 

M5a  0.64 (S) 0.66 (S) 0.81 

M5b 0.91 0.84 0.88 

Multi-lineage 0.89 0.35 (S) 0.82 

Overall 0.88 0.75 (S) 0.95 

Values represent the combination index (CI) where 0.80–1.2 indicates additive, <0.80  
synergistic (S) and >1.2 subadditive effects. APR-246 was used at a concentration  
of 2.5 µM. CR, complete remission; DNR, daunorubicin. 
 

4.1.2 Combination studies with APR-246 in KBM3 cells 
In order to further evaluate the importance of the time sequence by which the cells are 

exposed to the drugs, we examined the sensitivity to APR-246 in the KBM3 cell line. 

Using the additive model 201, we could confirm the occurrence of synergism between 

APR-246 and conventional chemotherapeutic drugs. The AML cell line KBM3 was 

exposed to 10 and 15 µM of  APR-246 in combination with the chemotherapeutic drugs 

DNR, Ara-C and fludarabine either simultaneously or with 24 hour pre-incubation with 

either APR-246 or the cytotoxic drugs. Using simultanuous co-incubation, synergism 

was found only with fludarabine at the highest concentration of APR-246 (Table 2). To 

study whether pre-incubation with APR-246, with the aim of activating p53 before 

adding the cytostatic drugs 202, could create more potent synergism, cells were pre-

incubated with APR-246 for 24 hours before the addition of the cytotoxic drug (Table 

2). Pre-incubation with APR-246 induced synergism with all cytotoxic drugs in KBM3 

cells. However, when pre-incubating cells with the cytotoxic drugs, synergism was 

seen only with fludarabine. The effects may differ between different time schedules and 

pre-exposure of APR-246 seems to give more favorable combination effects. In an 

overall judgment of the rate of synergism induced by APR-246 in combiantion with 

conventional chemotherapeutic drugs, in our hands, APR-246 compared favourable to 
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other experimental drugs, such as tyrosine kinase inhibitors 203. This suggests that APR-

246 has a favorable mechanism of action for combinations with other drugs. The fact 

that pre-incubation showed the best combination effects could be explained by the fact 

that pre-incubation in APR-246 restores the p53 function before the exposure of drugs 

that exert its effects, at least in part, through p53-dependent mechanisms. The p53 

transcription factor trans-activates a wide range of pro-apoptotic genes involved in 

cancer cell elimination, which seems to be essential for response to chemotherapy in 

AML 204. The reason why AML patient cells and KMB3 cells differed with respect to 

which chemotherapeutic drug that induced best synergism is unclear. It may reflect a 

difference between primary cells and cell lines as well as between AML cells with 

different genetic background. This needs to be further addressed in several cell lines 

with different genetic abnormalities.  

 

Table 2. Impact of drug exposure timing effects with APR-246 in combination 
with chemotherapeutic drugs 

Cytostatic 
APR-246 

conentration 
Simultanous 

incubation (CI) 

APR-246 
pretreatment 

(CI) 

Cytostatic 
pretreatment 

(CI) 

DNR 
10µM 0,95 0,96 0,90 

15µM 0,92 0,76 (S) 0,88 

Ara-C 
10µM 0,82 0,85 1,07 

15µM 0,88 0,65 (S) 1,08 

Fluda 
10µM 0,81 0,79 (S) 0,68 (S) 

15µM 0,61 (S) 0,60 (S) 0,48 (S) 

Values represent combination index (CI) after either simultaneous incubation or 24 h pretreatment 
 with either APR-246 or a chemotherapeutic drug in KMB3 cells. Cell viability is measured after 4-d 
incubation from start of incubation with the first drug. CI below 0.80 represents synergistic effect (S). 
 
 
4.2 PAPER II 

4.2.1 APR-246 preferentially upregulates genes related to oxidative 
stress and unfolded protein response 

 
In order to investigate the cellular effects of APR-246 on AML cells, we performed 

global gene expression using Affymetrix arrays on KMB3 AML cells after APR-246 

exposure. The most upregulated genes were found to be genes preferentially related to 
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defence mechanisms occurring in response to oxidative stress and heat shock. Three of 

the genes related to protection against ROS; HO-1, SLC7A11, and RIT1 were also 

confirmed by real-time RT-PCR showing a concentration-dependent up-regulation 

between 4 to 14 fold. GO analysis revealed that the most upregulated genes were 

associated with apoptosis, response to protein stimulus, response to unfolded protein 

and cell death. In addition to a protective response against oxidative stress, the global 

gene expression profiling showed that APR-246 also induces elements of UPR such as 

molecular chaperones and heat shock proteins (HSPs) involved in protein folding, 

including HSP70 (HSPA1A and HSPA1B) and HSP40 (DNAJB1 and DNAJB9), 

suggesting that APR-246 induces endoplasmic reticulum (ER) stress and UPR 205 

leukemia cells.  Similarly, it has been reported previously that certain ROS-generating 

drugs such as Fenritinide, induce a pattern of ROS-mediated apoptosis induction, which 

is accompanied by the activation of endoplasmic reticulum (ER) stress and Nrf2. 206. 

 

4.2.2 APR-246 induce intracellular ROS production and reduction in 
glutathione 

 
We could confirm that APR-246 can affect intracellular ROS production in AML cells 

by FACS analysis. Figure 2 shows a dose- and time-dependent increase in ROS 

production in AML KBM3 cells, which was also confirmed in AML patient cells. 

Furthermore, increased HO-1 levels have previously been associated to depletion of 

intracellular glutathione 207. We could also detect a significant dose-dependent 

depletion of glutathione in AML patient cells in response to a 24-hour exposure of 

APR-246 as seen by immunofluorescence. Glutathione (GSH) is a ubiquitously 

expressed tripeptide that serves as the largest source of non-protein thiol groups within 

the cell and plays an important role in controlling the redox balance. Among its 

important intracellular functions is the detoxification of ROS and maintenance of a 

normal redox state 208. BSO, a potent and specific inhibitor of the synthesis of GSH, 

was used in combination with APR-246 in KBM3 cells, which exerted massive 

augmentation of the cytotoxic response towards APR-246 (Figure 3A).  
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Assuming that up-regulation of HO-1 is essential for the effect of APR-246, we 

confirmed that this up-regulation was dependent on ROS production by co-exposing 

cells to APR-246 with a ROS scavenger, NAC. Up-regulation of HO-1 by APR-246 

was significantly inhibited by NAC exposure. Another finding supporting the role of 

ROS production on the effect of APR-246, is the effect of the combination of NAC 

with APR-246 which showed significantly decreased the cell killing by APR-246 in the 

leukemic cells (Figure 3B). Similarly it has been shown that GSH depletion overcomes 

resistance to arsenic trioxide in arsenic-resistant cell lines and that their low GSH 

content causes the sensitivity to arsenic 133,209.  

 

 

 

Prima-meth induction of ROS after 42h in KBM3 cells
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Fig. 2 
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4.2.3 APR-246 induced activation of Nrf2 and effects of down-regulation 
of Nrf2 by siRNA  

 
Transactivation of HO-1 is regulated through binding of Nrf2 to antioxidant response 

elements (AREs) in the HO-1 promotor 149,210,211. Upstream of the binding and 

activation of the HO-1 promotor, Nrf2 translocates from the cytosol into the nucleus 

when redox balance is shifted towards the oxidative side.  

 

Figure 4. APR-246 treatment in KBM3 cells induced Nrf2 nuclear translocation.  

 
Therefore, we analyzed the sub-localization of the Nrf2 protein in AML cells exposed 

to APR-246. As shown in Figure 4, APR-246 induced an increase in expression and a 

nuclear translocation of Nrf2 protein in KMB3 cells. We further aimed to investigate 

the role of Nrf2 activation for the induction of HO-1 and for the antileukemic effects of 

APR-246 in AML cells. To study this we transiently knocked down Nrf2 using siRNA, 

which resulted in suppression of APR-246-induced expression of HO-1 cells (Figure 

5A). Furthermore, siRNA transfected cells showed an increased sensitivity to the 

antileukemic effects of APR-246 which suggests a role for Nrf-2 for the antitumoral 

effects of APR-246 (Figure 5B).  
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4.2.4 PI3K/mTOR inhibition counteracts APR-246-induced Nrf2 
translocation and HO-1 activation and induce synergistic cell 
killing with APR-246  

 
Interpreting the Nrf2/HO-1 response to APR-246 exposure as a protective response 

against the antileuekmic effects of APR-246, we aimed to counteract this response 

pharmacologically in order to increase the antileukemic activity by combination 

therapy. As the PI3K/mTOR pathway previously has shown to be an upstream 

mediator of Nrf2 activation 212,213, we used inhibitors of this pathway in combination 

with APR-246. Cells were pre- and co-exposed to the pan PI3K inhibitor wortmannin 

and the mTOR inhibitor rapamycin. Both these inhibitors prevented APR-246 induced 

activation and nuclear translocation of the Nrf2 protein. Furthermore, wortmannin and 

rapamycin inhibited APR-246 induced up-regulation of HO-1 mRNA. Moreover, our 

data showed that wortmannin and rapamycin acted synergistically with APR-246 in 

reducing cell viability, suggesting a role for combination therapies with PI3K/mTOR 

inhibition together with APR-246 (Figure 6A and 6B). We suggest that drugs acting on 

the PI3K and mTOR pathways should be further evaluated in animal models and, if 

results are confirmed, that such combinations should be used in clinical trials. 
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4.3 PAPER III 

 
In this study, we evaluated APR-246 in a first-in-human trial with the main aims to 

establish the maximum tolerated dose (MTD), assess PK and to evaluate safety, but 

also biological and clinical effects. The study included hematological malignances 214-

216 and refractory prostate cancer patients. The trial was initiated at 2 mg/kg and 

patients were subsequently treated at the following dose levels: 3, 10, 30, 60 and 90 

mg/kg.  

4.3.1 Toxicity and pharmacokinetics 
Generally, APR-246 was well tolerated and the toxicity profile was distinctly different 

from that of conventional chemotherapeutic drugs. In total, 38 AEs in 12 patients were 

judged as related to the study drug (Table 3). The most common side effects related to 

the study drug were fatigue followed by dizziness, headache and confusion and other 

neurological side effects such as muscle spasms and sensory disturbances. The side 

effects typically occurred at the end of the infusion or shortly after the infusion and 

continued for hours or in some cases days. All side effects were reversible.  There were 

three patients with dose limiting toxicity (DLT) in the study. One patient at 60 mg/kg 

presented with CTCAE grade 3 increase of liver at Day 3. Therapy was stopped at Day 

4 and the symptoms completely normalized within 10 days. However, no effects have 

been observed on liver enzymes in in vitro preclinical studies and no other evidence of 

hepatic disturbances was seen. The other two DLTs occurred at the 90 mg/kg and were 

judged as mild or moderate. One patient presented with transient mild dizziness 

moderate confusion, mild hallucinations and impaired talking and the third patient with 

DLT presented with transient mild fatigue, dizziness and sensory disturbances. As two 

patients presented with DLT at 90 mg/kg, MTD using a 2 hours IV infusion was 

defined as 60 mg/kg. In preclinical studies, toxicity has been shown to correlate to the 

maximum plasma concentration, which relates to the infusion rate of the drug and not 

to the cumulative dose given. Consequently, and as shown in new animal studies, 

considerably higher doses are expected to be tolerated when the drug is infused at a 

lower infusion rate over a longer period. The effect of higher exposure after prolonged 

infusion is currently evaluated in an extension trial.  
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Table 3. Number of adverse events by CTCAE grade and system organ class. DLT 
is indicated by an asterisk (*). 
System	
  organ	
  class	
   Symptom	
   Grade	
  1	
   Grade	
  2	
   Grade	
  

3/4	
  

Cardiac	
  disorders	
   Atrial	
  fibrillation	
   	
   1	
   	
  

Eye	
  disorders	
   Visual	
  impairment	
   1	
   	
   	
  

GI	
  disorders	
   Nausea	
  

Vomiting	
  

1	
  

1	
  

	
   	
  

General	
  disorders	
  	
   Fatigue	
   3	
   2	
   	
  

Investigations	
   Increased	
  bilirubin	
  	
  

Increased	
  alanine	
  

aminotransferase	
  

Increased	
  aspartate	
  

aminotransferase	
  

1	
   	
   	
  

1*	
  

	
  

1*	
  

Metabolism	
  and	
  nutrition	
  

disorders	
  

Hypocalcaemia	
   	
   1	
   	
  

Nervous	
  system	
  disorders	
   Ageusia/	
  Dysgeusia	
  

Headache	
  

Balance	
  disorder	
  

Sensory	
  disturbance	
  

Dizziness	
  

Muscle	
  contractions	
  involuntary	
  

Dysarthria	
  

Somnolence	
  

2	
  

	
  3*	
  

2	
  

	
  2*	
  

2	
  

	
  

	
  

1	
  

1	
  

	
  

	
  

	
  

	
  

	
  2*	
  

1	
  

	
  

	
  

	
  

	
  

	
  

1	
  

	
  

Psychiatric	
  disorders	
   Confusional	
  state	
  

Dysphemia	
  

Hallucination	
  

	
  

1	
  

1	
  

1	
  

2*	
   	
  

Reproductive	
  system	
  and	
  breast	
  

disorders	
  

Pelvic	
  pain	
   1	
   	
   	
  

Skin	
  and	
  subcutaneous	
  tissue	
  

disorders	
  

Alopecia	
  

Rash	
  

1	
  

1	
  

	
   	
  

Vascular	
  disorders	
   Intra-­‐abdominal	
  hemorrhage	
   	
   	
   1	
  

 

PK data showed neither dose nor time dependency of the drug. A significant correlation 

between clearance and renal function was observed and the metabolic pattern was 

similar in plasma and urine. Systemic exposure to APR-246 increased proportionally 

with the dose and t1/2 in plasma was 4-5 hours. The favorable PK profile with low 

interindividual variation in plasma concentrations enables further clinical development 

of APR-246.   
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4.3.2 Pharmacodymanic and clinical effects 
In 12 out of the 15 patients with hematological malignancies, malignant cells were 

available for mutational analysis of the TP53 gene. TP53 gene mutations were found in 

three (25 %) of analyzed samples (V173M, A355V and a splice site mutation at the 3' 

end of intron 9). Pharmacodynamic and apoptotic studies were performed in the 6 

patients with circulating malignant cells (Table 4). Among them, 4 samples showed cell 

cycle arrest (Figure 7A and 7B) and decrease in cell size, an early sign of apoptosis 217. 

Annexin-V staining was analyzed in 3 patients; all of them showed increased apoptosis. 

Upregulation of pro-apoptotic BAX expression was found in 5 out of 6 tested patients, 

consistent with previous in vitro studies 214,218-220 (paper I).  

 
 Likewise, the p53-responsive genes PUMA and NOXA were upregulated in 3 and 2 

patients, respectively, showing that APR-246 can activate p53 downstream targets in 

tumor cells in vivo.  

Table 4. Flowcytometry analysis of circulating malignant cells at base line 
compared to after 4 days treatment of APR-246. 
 

Patient Dose 

(mg/kg) 

Diagnosis TP53 

mutation 

Sub-

G1 

Cell 

cycle 

Cell 

size 

Annexin 

V -PI 

DcR2 NOXA BAX PUMA 

5-02 10  AML mutated 0 S↓ 

G2/M↑ 

↓ ND + - + +++ 

3-01 10 T-PLL wt 0 0 0 ND - + ++ ++++ 

7-01 30 T-PLL ND 0 0 0 ND - ++ +++ +++ 

5-03 60 CLL mutated 0 S↓ 

G2/M↑ 

↓ + + - ++ - 

3-02 60 AML wt 0 S↓ 

G2/M↑ 

↓ ++ - - - - 

5-04 60 AML wt 0 S↓ 

G2/M↑ 

0 + - - + - 

“0” represents no effect. For protein signal induction: 0-10 % (- [negative]); 10-20 % (+); 20-40 % (++); 
40-60 % (+++); 60-80 % (++++); 80-100 % (+++++). For Annexin V-PI induction: 1.5-2 fold (+); 2-3 
fold (++); 3-4 fold (+++). 
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There is no obvious explanation for the difference in the detected biological effects 

between different diagnoses, but it is not unexpected that different malignant cells 

respond differently and that the difference in the dynamics of cell proliferation and 

apoptosis of various malignant cell types may have an impact on these events. 

 

Global gene expression array analysis was performed on leukemic cells at baseline and 

at the end of the last infusion in 5 of the patients with peripherally circulating malignant 

cells. Figure 8 shows a heatmap of the most differentially expressed genes. APR-246 

induced similar gene expression patterns in leukemic cells from all treated patients. 

Baseline samples from four patients clustered together, and samples from the same 

patients after APR-246 treatment formed a separate cluster. Interestingly, one baseline 

sample clustered together with the treated samples.  

 

Fig 8. Heat map of most differentially expressed genes 

 
This was the baseline sample of cycle number 2 for the only patient who received a 

second course of APR-246 and thus, these cells hade previously been exposed to APR-

246. The mRNA expression levels for pro-apoptotic genes in the array correlated with 

increased doses of APR-246 (Spearman R = 0.72, p < 0.05). Results from the gene 

ontology (GO) analysis on the most differentially expressed genes revealed a repetitive 

pattern involving genes affecting cell growth, cell death and cellular development.  

Ten of 15 hematological patients were evaluable with respect to clinical response and 

in two of these, the treatment showed signs of clinical effects. One AML patient 
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achieved a response with a reduction in blast percentage in the bone marrow from 46 % 

to 26 %. One NHL patient experienced a minor response on a CT scan and three 

patients showed stable disease. Both these patients were among the three patients that 

carried TP53 mutations. Although an interesting finding, these patients are two few to 

draw any firm conclusion regarding the association between TP53 mutational status 

and clinical effect.  

 

In total, the results suggest that APR-246 is safe and has a favourable PK profile and 

when given according to the study protocol, APR-246 induces relevant biological 

effects and examples of clinical effects on tumor burden. A strong rationale and a major 

promise for APR-246 is combination therapy with other drugs. Importantly, APR-246 

has shown synergistic effects in vitro in AML patient cells, especially in combination 

with daunorubicin 221(paper I), suggesting that APR-246 should be evaluated in 

combination with standard induction therapy.  

 

4.4 PAPER IV 

4.4.1 The BTG4/miR-34b/c shared promoter is methylated in CLL but not 
in normal leukocytes and associated with better outcome in CLL 

 
Five of the six genes within the small deleted region at 11q previously described 222 

were selected for methylation analysis (POU2AF1, SNFLK2, PPP2R1, LAYN, 

BTG4/miR-34b/c). Interestingly, we found that BTG4-miR-34b/c shared promoter was 

methylated in 48% (25/52) of the CLL samples, but not in peripheral blood 

mononuclear cells from healthy controls (n=2), in CD19 positive lymphocytes from 

healthy controls (n=2), or in commercially available mixed leukocyte DNA from 

multiple donors. Kaplan-Meier curve analysis of overall survival (OS) in 47 samples 

revealed that samples with methylation had significantly better OS than those without 

in univariate analysis, however, the statistical significance was lost in multivariate 

analysis.   

 

The miR-34b/c analogue miR-34a is located on chromosome 1p and has been 

previously been implicated as a tumor suppressor in CLL 223, making the discovery of 

methylation of the miR-34b/c promoter highly interesting. In addition, the miR-34 

family has been described as a downstream targets of, and responsive to p53 224,225. 
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4.4.2 The miR34b/c promoter is associated with repressive histone 
marks in both normal lymphocytes and CLL 

 
In order to study the relation between expression and methylation, we analyzed miR-

34b/c expression by qRT-PCR in normal peripheral blood and in CLL cells. In 

concordance with previous studies, miR-34b/c were not expressed either in normal 

cells or CLL cells 223.  As expression was suppressed also in unmethylated normal B-

cells, we speculated whether miR34b/c could be epigenetically silenced by H3K27 

trimethylation  (H3K27me3) and then through an epigenetic switch be methylated in 

CLL. We performed ChIP experiments against H3K27 trimethylation (H3K27me3) and 

the histone variant H2Az, which is associated with active transcription. We found high 

levels of H3K27me3 in normal CD19+ lymphocytes consistent with epigenetic 

silencing without DNA methylation, and lower, but still measurable levels, in 5/5 CLL 

samples (p=0.024) regardless of promoter methylation levels. No systematic difference 

of H2AZ levels was detected between normal CD19+ and CLL cells. To validate the 

specificity of the ChIP, the presence of H3K27me3 was analyzed in GADPH and 

SERPINA. As expected, H3K27me3 was found to be less associated with 

transcriptionally active GADPH than with repressed SERPINA. 

 

4.4.3 Transfection of miR-34b and c incresaes apoptosis in HG3 CLL 
cells  

 
In order to study the role of miR-34b/c as a tumor suppressor, we transfected HG3 cells 

with either miR-34b, miR-34c or mock microRNA using the Neon transfection system. 

The transfection efficacy was more than 90 %. Over-expressing both miR-34b and c 

each increased the number of apoptotic cells compared to mock transfected suggesting 

a tumor suppressor role in CLL cells (Figure 9A- 9B).  
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4.4.4 Doxorubicin induces miR-34b/c expression in normal leukocytes 
and selectively in CLL cases according to promoter methylation 
status 

 
To study whether miR-34b/c expression could be induced by stimuli in normal and 

malignant B-cells, we next incubated primary CLL cells and normal CD19+ 

lymphocytes with doxorubicin, an anthracyclin known to upregulate p53 226. 

Experiments are shown in figure 10. We found that miR-34b/c was selectively 

upregulated in samples that were unmethylated (<30% methylation) compared to 

methylated samples (p=0.038). Decitabine incubation could also induce miR-34b/c 

transcripts, but seemingly, the difference between promoter methylated and 

unmethylated samples was attenuated (p=0.61). The p53 activating substance PRIMA-

1 also induced miR-34b/c expression although there was no statistically significant 

difference in the degree of up-regulation between methylated and unmethylated 

samples. The levels of H3K27me3 did not infer different expression levels of miR-

34b/c when samples were incubated with PRIMA-1 or Decitabine (p=0.61). We 

conclude that silenced miR-34b/c expression can be induced by stress signals such as a 

through exposure to a cytotoxic drug, an effect that seem to be dependent on 

methylation status.  
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5 CONCLUSIONS 
 

I. AML cells are sensitive to APR-246 at clinically relevant concentrations and in 

vitro-sensitivity correlates to up-regulation of the p53 protein, increased activity 

of caspase 3, increased bax/bcl-2 ratio and the expression of the p53-regulating 

gene; p14ARF. In addition, APR-246 acts synergistically together with 

conventional AML drugs such as daunorubicin, Ara-C and fludarabine. 

Specifically strong synergism was found with daunorubicin in primary AML 

cells. Data may also suggest that pre-incubation with APR-246 before exposing 

the cells to chemotherapy result in more favorable antileukemic effects.  

 

II. APR-246 induces oxidative stress in AML cells manifested by an increase in 

ROS, depletion of GSH as well as induction of genes that protect cells from 

oxidative stress. The drug activates the Nrf2/HO-1 pathway and by inhibiting this 

pathway, the sensitivity to APR-246 can be significantly increased. Inhibition of 

the PI3K/mTOR pathway can counteract the nuclear translocation of the Nrf2 

protein and its activation of HO-1 leading to synergistic cell killing of AML cells. 

This creates a rational for further evaluation of APR-246 in combination with 

PI3K and mTOR inhibitors. 

 

III. A first-in-man study with APR-246 showed that the drug is safe and has a 

favorable pharmacokinetic profile. The maximum tolerated dose was 60 mg/kg 

using a 2 hours infusion and the dose limiting toxicity was mainly hepatic 

toxicity, dizziness, sensory disturbances and confusion. APR-246 shows 

biological effects including activation of the p53 pathway in tumor cells during 

drug exposure in vivo as well as examples of clinical effects. This study provides 

important data for further development of phase II clinical protocols with 

extended exposures to the drug as well as combination therapies.  

 

IV. The miR-34b/c promoter is epigenetically silenced by DNA methylation in 

chronic lymphocytic leukemia. Our data suggests that miR-34b/c undergo an 

epigenetic switch from silencing by H3K27 trimethylation in normal B-cells to 

methylation in CLL. miR-34b/c expression can be induced by doxorubicin and 

PRIMA-1, both activators of p53. Induction of doxorubicin correlates to the 
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methylation status of the miR-34b/c promoter. Over-expression of miR-34b and c 

in the CLL cell line HG3 induces an increment in the number of apoptotic cells.  

 



 

 42 

6 PRELIMINARY RESULTS  
 

Preliminary results:  

 

Our gene expression array in the AML cell line KBM3 revealed that c-myc was among 

the top 10 most down-regulated genes. We have confirmed down-regulation of c-myc 

by APR-246 by real-time PCR in myeloid cell lines and in cells from patients with 

AML. C-myc is a transcription factor with oncogenic properties that has a crucial role 

for transformation in some hematological malignancies such as Burkitt’s lymphoma.  

C-myc has also been suggested as participating in the transformation of AML with 

trisomy 8.  

 

In addition, we have found that APR-246 inhibits phosphorylated ERK 1/2 and MAPK 

on protein level and that the expression of the dual specificity phospahatase 1 (DUSP1),  

the gene regulating dephosphorylation and inactivation of the ERK/MAPK pathway, is 

increased by APR-246. As analyzed by western blot analysis, APR-246 could initially 

activate the stress kinase p38 MAPK in the first 24 hour, with concurrent gradual 

increase of ROS production. At later time points, p38 MAPK showed marked 

inhibition which coincides with parallel time-course increase of the mRNA expression 

level of the stress-buffering gene HO-1, an oxidative-stress-related phenomenon which 

was reported previously by Silva and Cunha et al 227. Moreover, ERK1/2 

phosphorylation was inhibited by APR-246 in a time- and dose-dependent manner. 

Preincubation with NAC, a ROS scavenger blunted the inhibitory effect on ERK 1/2 

and p38 MAPK placing them as downstream targets of ROS. In addition, we have 

shown synergistic effects of APR-246 combination with the MEK1/2 inhibitor 

PD988059 and the MAPK inhibitor SB203580.   

  

These results may provide a mechanism of action for how APR-246 affects changes of 

cell survival kinases in AML cells and how it inhibits c-myc.  
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Suggested future studies:   

 

1. To further confirm down-regulation of c-myc by APR-246 in cell lines and in cells 

from patients with other types of hematological malignancies.  

 

2. To determine the role of DUSP-1 for inactivation of the ERK/MAPK pathway and 

for c-myc inhibition.  

 

3. To further investigate the effects of APR-246 in combinations with inhibitors of c-

myc pathways, such as: (R)-Roscovitine, 10058-F4 and BML-P605.  

 

4. To determine the role of mutations of the TP53 gene, the effects of APR-246 in cells 

with mutated compared to null and wild type TP53 should be explored. 
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7 FUTURE PERSPECTIVES  
 

APR-246 is the first substance targeting cells with mutated p53 that has been taken into 

studies in humans. As TP53 mutations are the most common mutations to occur in 

cancer and as their presence often is related to a high degree of therapy resistance, the 

drug has the potential to become a major advance in the treatment of malignant diseases 

if proven clinically effective.  

 

Most cancer treatments today consist of combination treatments, most commonly with 

chemotherapeutical substances but also to an increasing degree with new targeted drug. 

APR-246 has shown promising synergism in combination with several commonly used 

chemotherapeutical drug in pre-clinical studies and it is now entering in phase II 

clinical trials in combination with such drugs. This is probably the most likely APR-

246 based treatment approach in short term. However, a very interesting and promising 

development is the use of APR-246 together with other new targeting agents. In this 

thesis, we show that combination of APR-246 and inhibitors of PI3K and mTOR 

inhibitors holds a promise, probably based on its interaction with the Nrf2/HO-1 

pathway. However, there many other potential treatment targets that will require further 

insights into the mechanism of action of APR-246.  

 

Another question is the role of TP53 mutations for the effect of the drug. The drug 

apparently effect cells with mutated as well as wild type TP53, probably through 

folding of the unfolded p53 protein. However, these actions of APR-246 needs further 

studies as well as the role of the short lived MQ metabolite versus the mother substance 

for the antitumoral effects of the drug.  

 

 

 

 

 

 



 

 45 

8 ACKNOWLEDGEMENTS 
This work has been performed at the Clinical Research Center, the Clinical 

Hematology Center, the Department of Medicine at Karolinska University Hospital, 

Huddinge. I would like to express my sincere gratitude to all of you who had 

contributed to accomplish my thesis work, especially: 

 

Associate professor Sören Lehmann, my main supervisor. Thank you for accepting me 

in your lab and for invaluable help throughout all these four years to make the best of 

my existing skills and further develop it. I have learned so much under your guidance, 

especially to not limit my challenges, but to challenge my limits. 

 

Professor Christer Paul, my co-supervisor. I am very grateful for so much invaluable 

opinions in my work. Your input, encouragement, advises and support during my stay 

in the lab had lifted my spirits so much. 

 

Associate professor Beston Nore, my co supervisor. Thank you so much for great 

expert discussions and guidance in the protein-signalling field. I have learned so much 

from you, and your input regarding the cell transfection was very helpful. 

 

Professor Mustapha Hassan, my mentor. Thanks so much for welcoming us when my 

family moved to Sweden and thanks for your efforts to introduce me to the research 

world when I was seeking a PhD position at Karolinska in 2006. I still remember the 

nice barbecuing parties at your garden; it was the first warm family atmosphere we felt 

here. 

 

Special thanks for all of you in the old Hematology lab and HERM; in particular 

professor Eva Hellström-Lindberg, the head of HERM for dedicating unlimited time, 

efforts and enthusiasm to create an outstanding rapidly-growing scientific community 

in HERM in no time. Thanks to:  my dear big sister Monika Jansson, your cheerful 

smile I cherish so much!! To Sofia Bengtzen, for great teaching capabilities, I have 

learned my basic lab techniques from you. To Kerstin Jonsson-Videsäter, for your 

support and help during my start in the lab and being my closet friend since our first 

project in the hematology lab till now. To Ann Svensson, the most kind and warm 

sister I´ve ever met. I never forget you; for you mean so much to me. Many thanks to 



 

 46 

my dear colleagues Maryam Nikpour, Mohsen Karimi, and all the lovely girls we 

shared the office together; Ying, Hani, Simona, Deepika, Teresa and Valle.  

 

I would like to thank also my colleagues and collaborators from the MCG group; the 

very ambitious pharmacist and great mom; Eman Zaghloul, the confocal Microscope- 

and western blot-experts; Dara Mohammad and Alamdar Hussain, thank you for your 

unlimited guidance and help with these techniques and cell transfection. I learned so 

much from both of you, Barak Allah fikom, dear brothers.  

 

Special thanks to our family´s friends in Sweden; my close sister and friend Samah 

Ads and her lovely family, Heba Al-Kilany and her sweet cuties Mariem and Razan, 

also Reem and the adorable Yousef habiby, and my lovely colleagues and friends 

Mona Fares, Rana Saeed and Shahla Ahmed; wish you all the best of everything. My 

dear Sara and Yassoura habiby; I miss our breaks together in Downtown, hope you get 

to know new good friends in Oxford. My so-much-missed friends; Katja Vahedi and 

Fatima-Mia Molander, finally time came to visit each other and call each other. 

Thanks all for the great time; my family and I had spent together with you, with never-

ending support and caring love from you, barak Allah fikom. You compensated us for 

our so-much-missed relatives; we left behind us in Egypt.  

 

Latest and not least, I would like to express my sincere gratitude to my husband Hamdy 

Omar for his continuous encourage to me to keep up, for his support and unlimited 

love.  And to my beloved kids; Omar and Ahmed for being so much patient and 

understanding for the tough time we had together under my PhD studies and my latest 

sickness. I wish I get another chance in this life to compensate you with all what you 

have missed of a lovely, relaxed family life. I will be always dedicating my sole and 

time for just you and your happiness. Special feelings of gratitude to my father, and my 

mother- and father-in-law, for so much care and concern. I dedicate my thesis to the 

loving memory of my mom; Mona Samir who left us in 1995. Mom, I wished you 

could be now with us.  

 

Finally, I end my acknowledgment with these verses “Exalted is your Lord, the Lord of 

might, above what they describe. And peace upon the messengers. And praise to Allah, 

Lord of the worlds.” Quran, Surat As-Safaat 37:180-182. 



 

 47 

9 REFERENCES 
1. Murati A, Brecqueville M, Devillier R, Mozziconacci MJ, Gelsi-Boyer 
V, Birnbaum D. Myeloid malignancies: Mutations, models and management. BMC 
Cancer. 2012;12304. 
2. Rocquain J, Carbuccia N, Trouplin V, et al. Combined mutations of 
asxl1, cbl, flt3, idh1, idh2, jak2, kras, npm1, nras, runx1, tet2 and wt1 genes in 
myelodysplastic syndromes and acute myeloid leukemias. BMC Cancer. 2010;10401. 
3. Abdul-Hamid G. Classification of acute leukemia, acute leukemia - the 
scientist's perspective and challenge. InTech.; 2011. 
4. Harris NL, Jaffe ES, Diebold J, et al. World health organization 
classification of neoplastic diseases of the hematopoietic and lymphoid tissues: Report 
of the clinical advisory committee meeting-airlie house, virginia, november 1997. J 
Clin Oncol. 1999;17(12):3835-3849. 
5. Weinberg OK, Seetharam M, Ren L, et al. Clinical characterization of 
acute myeloid leukemia with myelodysplasia-related changes as defined by the 2008 
who classification system. Blood. 2009;113(9):1906-1908. 
6. Dohner H, Estey EH, Amadori S, et al. Diagnosis and management of 
acute myeloid leukemia in adults: Recommendations from an international expert 
panel, on behalf of the european leukemianet. Blood. 2010;115(3):453-474. 
7. Swerdlow SH, Campo, E., Harris, N.L., Jaffe, E.S., Pileri, S.A., Stein, H., 
Thiele, J., Vardiman, J.W. Who classification of tumours of haematopoietic and 
lymphoid tissues. Vol. Volume 2 (ed 4th Edition, Volume 2). IARC; 2008. 
8. Meani N, Alcalay M. Role of nucleophosmin in acute myeloid leukemia. 
Expert Rev Anticancer Ther. 2009;9(9):1283-1294. 
9. Bacher U, Kohlmann A, Haferlach C, Haferlach T. Gene expression 
profiling in acute myeloid leukaemia (aml). Best Practice & Research Clinical 
Haematology. 2009;22(2):169-180. 
10. Falini B, Mecucci C, Tiacci E, et al. Cytoplasmic nucleophosmin in acute 
myelogenous leukemia with a normal karyotype. N Engl J Med. 2005;352(3):254-266. 
11. Wilson CS, Davidson GS, Martin SB, et al. Gene expression profiling of 
adult acute myeloid leukemia identifies novel biologic clusters for risk classification 
and outcome prediction. Blood. 2006;108(2):685-696. 
12. Chen W, Rassidakis GZ, Medeiros LJ. Nucleophosmin gene mutations in 
acute myeloid leukemia. Arch Pathol Lab Med. 2006;130(11):1687-1692. 
13. Gilliland DG, Griffin JD. The roles of flt3 in hematopoiesis and 
leukemia. Blood. 2002;100(5):1532-1542. 
14. Abu-Duhier FM, Goodeve AC, Wilson GA, Care RS, Peake IR, Reilly 
JT. Genomic structure of human flt3: Implications for mutational analysis. Br J 
Haematol. 2001;113(4):1076-1077. 
15. Yanada M, Matsuo K, Suzuki T, Kiyoi H, Naoe T. Prognostic 
significance of flt3 internal tandem duplication and tyrosine kinase domain mutations 
for acute myeloid leukemia: A meta-analysis. Leukemia. 2005;19(8):1345-1349. 
16. Smith CC, Wang Q, Chin C-S, et al. Validation of itd mutations in flt3 as 
a therapeutic target in human acute myeloid leukaemia. Nature. 2012;485(7397):260-
263. 
17. Thiede C, Steudel C, Mohr B, et al. Analysis of flt3-activating mutations 
in 979 patients with acute myelogenous leukemia: Association with fab subtypes and 
identification of subgroups with poor prognosis. Blood. 2002;99(12):4326-4335. 
18. Pabst T, Mueller BU. Complexity of cebpa dysregulation in human acute 
myeloid leukemia. Clin Cancer Res. 2009;15(17):5303-5307. 



 

 48 

19. Pabst T, Mueller BU. Transcriptional dysregulation during myeloid 
transformation in aml. Oncogene. 2007;26(47):6829-6837. 
20. Osato M. Point mutations in the runx1//aml1 gene: Another actor in runx 
leukemia. Oncogene. 0000;23(24):4284-4296. 
21. Gaidzik V, Dohner K. Prognostic implications of gene mutations in acute 
myeloid leukemia with normal cytogenetics. Semin Oncol. 2008;35(4):346-355. 
22. Hou HA, Huang TC, Lin LI, et al. Wt1 mutation in 470 adult patients 
with acute myeloid leukemia: Stability during disease evolution and implication of its 
incorporation into a survival scoring system. Blood. 2010;115(25):5222-5231. 
23. Mardis ER, Ding L, Dooling DJ, et al. Recurring mutations found by 
sequencing an acute myeloid leukemia genome. N Engl J Med. 2009;361(11):1058-
1066. 
24. Green A, Beer P. Somatic mutations of idh1 and idh2 in the leukemic 
transformation of myeloproliferative neoplasms. N Engl J Med. 2010;362(4):369-370. 
25. Rakheja D, Konoplev S, Medeiros LJ, Chen W. Idh mutations in acute 
myeloid leukemia. Hum Pathol. 2012;43(10):1541-1551. 
26. Bacher U, Haferlach C, Schnittger S, Kohlmann A, Kern W, Haferlach T. 
Mutations of the tet2 and cbl genes: Novel molecular markers in myeloid malignancies. 
Ann Hematol. 2010;89(7):643-652. 
27. Takahashi S. Current findings for recurring mutations in acute myeloid 
leukemia. J Hematol Oncol. 2011;436. 
28. Fernandez-Mercado M, Yip BH, Pellagatti A, et al. Mutation patterns of 
16 genes in primary and secondary acute myeloid leukemia (aml) with normal 
cytogenetics. PLoS ONE. 2012;7(8):e42334. 
29. Schnittger S, Eder C, Jeromin S, et al. Asxl1 exon 12 mutations are 
frequent in aml with intermediate risk karyotype and are independently associated with 
an adverse outcome. Leukemia. 2013;27(1):82-91. 
30. Arber DA, Stein AS, Carter NH, Ikle D, Forman SJ, Slovak ML. 
Prognostic impact of acute myeloid leukemia classification. Importance of detection of 
recurring cytogenetic abnormalities and multilineage dysplasia on survival. Am J Clin 
Pathol. 2003;119(5):672-680. 
31. Larson RA. Is secondary leukemia an independent poor prognostic factor 
in acute myeloid leukemia? Best Pract Res Clin Haematol. 2007;20(1):29-37. 
32. Marie JP, Legrand O. Mdr1/p-gp expression as a prognostic factor in 
acute leukemias. Adv Exp Med Biol. 1999;4571-9. 
33. van den Heuvel-Eibrink MM, Wiemer EA, de Boevere MJ, et al. Mdr1 
expression in poor-risk acute myeloid leukemia with partial or complete monosomy 7. 
Leukemia. 2001;15(3):398-405. 
34. Wu DP, Yan LZ, Yang L, Chen SN, Wu XJ, Liang JY. [a study of npm1 
and flt3 gene mutations in acute myeloid leukemia]. Zhonghua Nei Ke Za Zhi. 
2007;46(11):907-910. 
35. Wilson CS, Davidson GS, Martin SB, et al. Gene expression profiling of 
adult acute myeloid leukemia identifies novel biologic clusters for risk classification 
and outcome prediction. Blood. 2006;108(2):685-696. 
36. Cloos J, Goemans BF, Hess CJ, et al. Stability and prognostic influence 
of flt3 mutations in paired initial and relapsed aml samples. Leukemia. 
2006;20(7):1217-1220. 
37. Reilly JT. Flt3 and its role in the pathogenesis of acute myeloid 
leukaemia. Leuk Lymphoma. 2003;44(1):1-7. 
38. Dohner K, Schlenk RF, Habdank M, et al. Mutant nucleophosmin (npm1) 
predicts favorable prognosis in younger adults with acute myeloid leukemia and normal 
cytogenetics: Interaction with other gene mutations. Blood. 2005;106(12):3740-3746. 



 

 49 

39. Schlenk RF, Dohner K, Krauter J, et al. Mutations and treatment outcome 
in cytogenetically normal acute myeloid leukemia. N Engl J Med. 2008;358(18):1909-
1918. 
40. Schiller J, Praulich I, Krings Rocha C, Kreuzer KA. Patient-specific 
analysis of flt3 internal tandem duplications for the prognostication and monitoring of 
acute myeloid leukemia. Eur J Haematol. 2012;89(1):53-62. 
41. Marcucci G, Haferlach T, Dohner H. Molecular genetics of adult acute 
myeloid leukemia: Prognostic and therapeutic implications. J Clin Oncol. 
2011;29(5):475-486. 
42. Wakita S, Yamaguchi H, Omori I, et al. Mutations of the epigenetics-
modifying gene (dnmt3a, tet2, idh1/2) at diagnosis may induce flt3-itd at relapse in de 
novo acute myeloid leukemia. Leukemia. 2012. 
43. Thiede C, Koch S, Creutzig E, et al. Prevalence and prognostic impact of 
npm1 mutations in 1485 adult patients with acute myeloid leukemia (aml). Blood. 
2006;107(10):4011-4020. 
44. Tallman MS, Gilliland DG, Rowe JM. Drug therapy for acute myeloid 
leukemia. Blood. 2005;106(4):1154-1163. 
45. Yates J, Glidewell O, Wiernik P, et al. Cytosine arabinoside with 
daunorubicin or adriamycin for therapy of acute myelocytic leukemia: A calgb study. 
Blood. 1982;60(2):454-462. 
46. Rowe JM, Tallman MS. Intensifying induction therapy in acute myeloid 
leukemia: Has a new standard of care emerged? Blood. 1997;90(6):2121-2126. 
47. Rowe JM. Is there a role for intensifying induction therapy in acute 
myeloid leukaemia (aml)? Best Pract Res Clin Haematol. 2009;22(4):509-515. 
48. Pollyea DA, Kohrt HE, Medeiros BC. Acute myeloid leukaemia in the 
elderly: A review. British Journal of Haematology. 2011;152(5):524-542. 
49. Mandelli F, Vignetti M, Suciu S, et al. Daunorubicin versus mitoxantrone 
versus idarubicin as induction and consolidation chemotherapy for adults with acute 
myeloid leukemia: The eortc and gimema groups study aml-10. J Clin Oncol. 
2009;27(32):5397-5403. 
50. Juliusson G, Antunovic P, Derolf A, et al. Age and acute myeloid 
leukemia: Real world data on decision to treat and outcomes from the swedish acute 
leukemia registry. Blood. 2009;113(18):4179-4187. 
51. Koreth J, Schlenk R, Kopecky KJ, et al. Allogeneic stem cell 
transplantation for acute myeloid leukemia in first complete remission: Systematic 
review and meta-analysis of prospective clinical trials. JAMA. 2009;301(22):2349-
2361. 
52. Lee JH, Yoon SS, Jung CW, et al. Allogeneic hematopoietic cell 
transplantation for acute leukemia in first relapse or second remission. Korean J 
Hematol. 2010;45(2):95-101. 
53. Keating S, Suciu S, de Witte T, et al. Prognostic factors of patients with 
acute myeloid leukemia (aml) allografted in first complete remission: An analysis of 
the eortc-gimema aml 8a trial. The european organization for research and treatment of 
cancer (eortc) and the gruppo italiano malattie ematologiche maligne dell' adulto 
(gimema) leukemia cooperative groups. Bone Marrow Transplant. 1996;17(6):993-
1001. 
54. Yanada M, Matsuo K, Emi N, Naoe T. Efficacy of allogeneic 
hematopoietic stem cell transplantation depends on cytogenetic risk for acute myeloid 
leukemia in first disease remission: A metaanalysis. Cancer. 2005;103(8):1652-1658. 
55. Gluzman DF. Who classification of lymphoid malignancies. Exp Oncol. 
2012;34(4):377-378. 



 

 50 

56. Campo E, Swerdlow SH, Harris NL, Pileri S, Stein H, Jaffe ES. The 2008 
who classification of lymphoid neoplasms and beyond: Evolving concepts and practical 
applications. Blood. 2011;117(19):5019-5032. 
57. E.S. Jaffe NLH, H. Stein, J.W. Vardiman. World health organization 
classification of tumours: Pathology and genetics of tumours of haematopoietic and 
lymphoid tissues. Vol. . Lyon: IARC press; 2001. 
58. Hossfeld DK. E.S. Jaffe, n.L. Harris, h. Stein, j.W. Vardiman (eds). 
World health organization classification of tumours: Pathology and genetics of tumours 
of haematopoietic and lymphoid tissues. Annals of Oncology. 2002;13(3):490-491. 
59. Freedman AS, Boyd AW, Berrebi A, et al. Expression of b cell activation 
antigens on normal and malignant b cells. Leukemia. 1987;1(1):9-15. 
60. Freedman AS, Nadler LM. Immunologic markers in non-hodgkin's 
lymphoma. Hematol Oncol Clin North Am. 1991;5(5):871-889. 
61. Freedman AS, Boyd AW, Bieber FR, et al. Normal cellular counterparts 
of b cell chronic lymphocytic leukemia. Blood. 1987;70(2):418-427. 
62. Gaidano G, Fo, xE, Robin, Dalla-Favera R. Molecular pathogenesis of 
chronic lymphocytic leukemia. The Journal of Clinical Investigation. 
2012;122(10):3432-3438. 
63. Hallek M, Cheson BD, Catovsky D, et al. Guidelines for the diagnosis 
and treatment of chronic lymphocytic leukemia: A report from the international 
workshop on chronic lymphocytic leukemia updating the national cancer institute-
working group 1996 guidelines. Blood. 2008;111(12):5446-5456. 
64. Molica S, Mauro FR, Giannarelli D, et al. Differentiating chronic 
lymphocytic leukemia from monoclonal b-lymphocytosis according to clinical 
outcome: On behalf of the gimema chronic lymphoproliferative diseases working 
group. Haematologica. 2011;96(2):277-283. 
65. Mao J, Mao ZR, Zhou R. [research progress on prognostic markers of 
chronic lymphocytic leukemia]. Zhejiang Da Xue Xue Bao Yi Xue Ban. 
2010;39(3):250-256. 
66. Liu X, Fortin K, Mourelatos Z. Micrornas: Biogenesis and molecular 
functions. Brain Pathol. 2008;18(1):113-121. 
67. Marcucci G, Mrozek K, Radmacher MD, Bloomfield CD, Croce CM. 
Microrna expression profiling in acute myeloid and chronic lymphocytic leukaemias. 
Best Pract Res Clin Haematol. 2009;22(2):239-248. 
68. Babashah S, Soleimani M. The oncogenic and tumour suppressive roles 
of micrornas in cancer and apoptosis. Eur J Cancer. 2011;47(8):1127-1137. 
69. Mraz M, Pospisilova S. Micrornas in chronic lymphocytic leukemia: 
From causality to associations and back. Expert Rev Hematol. 2012;5(6):579-581. 
70. Chang TC, Wentzel EA, Kent OA, et al. Transactivation of mir-34a by 
p53 broadly influences gene expression and promotes apoptosis. Mol Cell. 
2007;26(5):745-752. 
71. Lehmann S, Ogawa S, Raynaud SD, et al. Molecular allelokaryotyping of 
early-stage, untreated chronic lymphocytic leukemia. Cancer. 2008;112(6):1296-1305. 
72. Levine AJ. P53, the cellular gatekeeper for growth and division. Cell. 
1997;88(3):323-331. 
73. McKinney C PC. 25 years of p53 research: Springer; 2005. 
74. Bode AM, Dong Z. Post-translational modification of p53 in 
tumorigenesis. Nat Rev Cancer. 2004;4(10):793-805. 
75. Beckerman R, Prives C. Transcriptional regulation by p53. Cold Spring 
Harb Perspect Biol. 2010;2(8):a000935. 
76. Stiewe T. The p53 family in differentiation and tumorigenesis. Nat Rev 
Cancer. 2007;7(3):165-168. 



 

 51 

77. Laptenko O, Prives C. Transcriptional regulation by p53: One protein, 
many possibilities. Cell Death Differ. 2006;13(6):951-961. 
78. Jin S, Levine AJ. The p53 functional circuit. J Cell Sci. 2001;114(Pt 
23):4139-4140. 
79. Wu X, Deng Y. Bax and bh3-domain-only proteins in p53-mediated 
apoptosis. Front Biosci. 2002;7d151-156. 
80. Chipuk JE, Kuwana T, Bouchier-Hayes L, et al. Direct activation of bax 
by p53 mediates mitochondrial membrane permeabilization and apoptosis. Science. 
2004;303(5660):1010-1014. 
81. Soengas MS, Alarcon RM, Yoshida H, et al. Apaf-1 and caspase-9 in 
p53-dependent apoptosis and tumor inhibition. Science. 1999;284(5411):156-159. 
82. Nicolier M, Decrion-Barthod A-Z, Launay S, Prétet J-L, Mougin C. 
Spatiotemporal activation of caspase-dependent and -independent pathways in 
staurosporine-induced apoptosis of p53wt and p53mt human cervical carcinoma cells. 
Biology of the cell / under the auspices of the European Cell Biology Organization. 
2009;101(8):455-467. 
83. Janssen K, Pohlmann S, Janicke RU, Schulze-Osthoff K, Fischer U. 
Apaf-1 and caspase-9 deficiency prevents apoptosis in a bax-controlled pathway and 
promotes clonogenic survival during paclitaxel treatment. Blood. 2007;110(10):3662-
3672. 
84. Acehan D, Jiang X, Morgan DG, Heuser JE, Wang X, Akey CW. Three-
dimensional structure of the apoptosome: Implications for assembly, procaspase-9 
binding, and activation. Mol Cell. 2002;9(2):423-432. 
85. Brown CJ, Lain S, Verma CS, Fersht AR, Lane DP. Awakening guardian 
angels: Drugging the p53 pathway. Nat Rev Cancer. 2009;9(12):862-873. 
86. Moll UM, Wolff S, Speidel D, Deppert W. Transcription-independent 
pro-apoptotic functions of p53. Curr Opin Cell Biol. 2005;17(6):631-636. 
87. Naoufal Z, Guido K. The mitochondrion in apoptosis: How pandora's box 
opens. Nature Reviews Molecular Cell Biology. 2001;2. 
88. Esposti MD, Dive C. Mitochondrial membrane permeabilisation by 
bax/bak. Biochemical and Biophysical Research Communications. 2003;304(3):455-
461. 
89. Chen F, Wang W, El-Deiry WS. Current strategies to target p53 in 
cancer. Biochem Pharmacol. 2010;80(5):724-730. 
90. Peller S, Rotter V. Tp53 in hematological cancer: Low incidence of 
mutations with significant clinical relevance. Hum Mutat. 2003;21(3):277-284. 
91. Ahmed AA, Etemadmoghadam D, Temple J, et al. Driver mutations in 
tp53 are ubiquitous in high grade serous carcinoma of the ovary. J Pathol. 
2010;221(1):49-56. 
92. Soussi T. Tp53 mutations in human cancer: Database reassessment and 
prospects for the next decade. Adv Cancer Res. 2011;110107-139. 
93. Freed-Pastor WA, Prives C. Mutant p53: One name, many proteins. 
Genes Dev. 2012;26(12):1268-1286. 
94. Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature. 
2000;408(6810):307-310. 
95. Blandino G, Levine AJ, Oren M. Mutant p53 gain of function: 
Differential effects of different p53 mutants on resistance of cultured cells to 
chemotherapy. Oncogene. 1999;18(2):477-485. 
96. Wang P, Reed M, Wang Y, et al. P53 domains: Structure, 
oligomerization, and transformation. Mol Cell Biol. 1994;14(8):5182-5191. 
97. Soussi T, Beroud C. Assessing tp53 status in human tumours to evaluate 
clinical outcome. Nat Rev Cancer. 2001;1(3):233-240. 



 

 52 

98. van Oijen MGCT, Slootweg PJ. Gain-of-function mutations in the tumor 
suppressor gene p53. Clinical Cancer Research. 2000;6(6):2138-2145. 
99. Pavletich NP, Chambers KA, Pabo CO. The DNA-binding domain of p53 
contains the four conserved regions and the major mutation hot spots. Genes Dev. 
1993;7(12B):2556-2564. 
100. Kato S, Han S-Y, Liu W, et al. Understanding the function–structure and 
function–mutation relationships of p53 tumor suppressor protein by high-resolution 
missense mutation analysis. Proceedings of the National Academy of Sciences. 
2003;100(14):8424-8429. 
101. Cho Y, Gorina S, Jeffrey P, Pavletich N. Crystal structure of a p53 tumor 
suppressor-DNA complex: Understanding tumorigenic mutations. Science. 
1994;265(5170):346-355. 
102. Brosh R, Rotter V. When mutants gain new powers: News from the 
mutant p53 field. Nat Rev Cancer. 2009;9(10):701-713. 
103. Oren M, Rotter V. Mutant p53 gain-of-function in cancer. Cold Spring 
Harbor perspectives in biology. 2010;2(2). 
104. Xu J, Reumers J, Couceiro JR, et al. Gain of function of mutant p53 by 
coaggregation with multiple tumor suppressors. Nat Chem Biol. 2011;7(5):285-295. 
105. Sigal A, Rotter V. Oncogenic mutations of the p53 tumor suppressor: The 
demons of the guardian of the genome. Cancer Res. 2000;60(24):6788-6793. 
106. Olivier M, Hollstein M, Hainaut P. Tp53 mutations in human cancers: 
Origins, consequences, and clinical use. Cold Spring Harb Perspect Biol. 
2010;2(1):a001008. 
107. Strano S, Dell'Orso S, Di Agostino S, Fontemaggi G, Sacchi A, Blandino 
G. Mutant p53: An oncogenic transcription factor. Oncogene. 2007;26(15):2212-2219. 
108. Stommel JM, Wahl GM. A new twist in the feedback loop: Stress-
activated mdm2 destabilization is required for p53 activation. Cell Cycle. 
2005;4(3):411-417. 
109. Shangary S, Wang S. Targeting the mdm2-p53 interaction for cancer 
therapy. Clin Cancer Res. 2008;14(17):5318-5324. 
110. Vassilev LT, Vu BT, Graves B, et al. In vivo activation of the p53 
pathway by small-molecule antagonists of mdm2. Science. 2004;303(5659):844-848. 
111. Marine JC, Dyer MA, Jochemsen AG. Mdmx: From bench to bedside. J 
Cell Sci. 2007;120(Pt 3):371-378. 
112. Shangary S, Wang S. Small-molecule inhibitors of the mdm2-p53 
protein-protein interaction to reactivate p53 function: A novel approach for cancer 
therapy. Annu Rev Pharmacol Toxicol. 2009;49223-241. 
113. Weill D, Mack M, Roth J, et al. Adenoviral-mediated p53 gene transfer to 
non-small cell lung cancer through endobronchial injection. Chest. 2000;118(4):966-
970. 
114. Clayman GL, el-Naggar AK, Lippman SM, et al. Adenovirus-mediated 
p53 gene transfer in patients with advanced recurrent head and neck squamous cell 
carcinoma. J Clin Oncol. 1998;16(6):2221-2232. 
115. Kigawa J, Terakawa N. Adenovirus-mediated transfer of a p53 gene in 
ovarian cancer. In: Habib N, ed. Cancer gene therapy. Vol. 465: Springer US; 
2002:207-214. 
116. Bykov VJ, Wiman KG. Novel cancer therapy by reactivation of the p53 
apoptosis pathway. Ann Med. 2003;35(7):458-465. 
117. Lambert JM, Gorzov P, Veprintsev DB, et al. Prima-1 reactivates mutant 
p53 by covalent binding to the core domain. Cancer Cell. 2009;15(5):376-388. 



 

 53 

118. Bykov VJ, Issaeva N, Shilov A, et al. Restoration of the tumor suppressor 
function to mutant p53 by a low-molecular-weight compound. Nat Med. 
2002;8(3):282-288. 
119. Lambert JM, Moshfegh A, Hainaut P, Wiman KG, Bykov VJ. Mutant 
p53 reactivation by prima-1met induces multiple signaling pathways converging on 
apoptosis. Oncogene. 2010;29(9):1329-1338. 
120. Wiman KG. Pharmacological reactivation of mutant p53: From protein 
structure to the cancer patient. Oncogene. 2010;29(30):4245-4252. 
121. Bullock AN, Henckel J, DeDecker BS, et al. Thermodynamic stability of 
wild-type and mutant p53 core domain. Proc Natl Acad Sci U S A. 1997;94(26):14338-
14342. 
122. Cory AH, Chen J, Cory JG. Implications of the involvement of the 
endoplasmic reticulum stress pathway in drug-induced apoptosis. Anticancer Res. 
2008;28(2A):681-686. 
123. Farnebo M, Bykov VJN, Wiman KG. The p53 tumor suppressor: A 
master regulator of diverse cellular processes and therapeutic target in cancer. 
Biochemical and Biophysical Research Communications. 2010;396(1):85-89. 
124. Liang Y, Besch-Williford C, Hyder SM. Prima-1 inhibits growth of 
breast cancer cells by re-activating mutant p53 protein. Int J Oncol. 2009;35(5):1015-
1023. 
125. Duan W, Gao L, Wu X, et al. Microrna-34a is an important component of 
prima-1-induced apoptotic network in human lung cancer cells. Int J Cancer. 
2010;127(2):313-320. 
126. Lehmann BD, Pietenpol JA. Targeting mutant p53 in human tumors. J 
Clin Oncol. 2012;30(29):3648-3650. 
127. Polyak K, Xia Y, Zweier JL, Kinzler KW, Vogelstein B. A model for 
p53-induced apoptosis. Nature. 1997;389(6648):300-305. 
128. Ueda S, Masutani H, Nakamura H, Tanaka T, Ueno M, Yodoi J. Redox 
control of cell death. Antioxid Redox Signal. 2002;4(3):405-414. 
129. Engel RH, Evens AM. Oxidative stress and apoptosis: A new treatment 
paradigm in cancer. Front Biosci. 2006;11300-312. 
130. Zitka O, Skalickova S, Gumulec J, et al. Redox status expressed as 
gsh:Gssg ratio as a marker for oxidative stress in paediatric tumour patients. Oncol Lett. 
2012;4(6):1247-1253. 
131. Exner R, Wessner B, Manhart N, Roth E. Therapeutic potential of 
glutathione. Wien Klin Wochenschr. 2000;112(14):610-616. 
132. Menon SG, Goswami PC. A redox cycle within the cell cycle: Ring in the 
old with the new. Oncogene. 2006;26(8):1101-1109. 
133. Davison K, Cote S, Mader S, Miller WH. Glutathione depletion 
overcomes resistance to arsenic trioxide in arsenic-resistant cell lines. Leukemia. 
2003;17(5):931-940. 
134. Han YH, Moon HJ, You BR, Kim SZ, Kim SH, Park WH. Effects of 
arsenic trioxide on cell death, reactive oxygen species and glutathione levels in 
different cell types. Int J Mol Med. 2010;25(1):121-128. 
135. You BR, Park WH. Arsenic trioxide induces human pulmonary fibroblast 
cell death via increasing ros levels and gsh depletion. Oncol Rep. 2012;28(2):749-757. 
136. Hartl FU, Bracher A, Hayer-Hartl M. Molecular chaperones in protein 
folding and proteostasis. Nature. 2011;475(7356):324-332. 
137. Young JC, Agashe VR, Siegers K, Hartl FU. Pathways of chaperone-
mediated protein folding in the cytosol. Nat Rev Mol Cell Biol. 2004;5(10):781-791. 
138. Cyr DM, Neupert W. Roles for hsp70 in protein translocation across 
membranes of organelles. EXS. 1996;7725-40. 



 

 54 

139. Mayer MP, Bukau B. Hsp70 chaperones: Cellular functions and 
molecular mechanism. Cell Mol Life Sci. 2005;62(6):670-684. 
140. Tsang KY, Chan D, Bateman JF, Cheah KS. In vivo cellular adaptation to 
er stress: Survival strategies with double-edged consequences. J Cell Sci. 2010;123(Pt 
13):2145-2154. 
141. Gardner BM, Pincus D, Gotthardt K, Gallagher CM, Walter P. 
Endoplasmic reticulum stress sensing in the unfolded protein response. Cold Spring 
Harb Perspect Biol. 2013;5(3). 
142. Healy SJM, Gorman AM, Mousavi-Shafaei P, Gupta S, Samali A. 
Targeting the endoplasmic reticulum-stress response as an anticancer strategy. 
European Journal of Pharmacology. 2009;625(1–3):234-246. 
143. Vembar SS, Brodsky JL. One step at a time: Endoplasmic reticulum-
associated degradation. Nat Rev Mol Cell Biol. 2008;9(12):944-957. 
144. Bernales S, McDonald KL, Walter P. Autophagy counterbalances 
endoplasmic reticulum expansion during the unfolded protein response. PLoS Biol. 
2006;4(12):e423. 
145. Lin JH, Li H, Zhang Y, Ron D, Walter P. Divergent effects of perk and 
ire1 signaling on cell viability. PLoS One. 2009;4(1):e4170. 
146. Hetz C. The unfolded protein response: Controlling cell fate decisions 
under er stress and beyond. Nat Rev Mol Cell Biol. 2012;13(2):89-102. 
147. Merksamer PI, Papa FR. The upr and cell fate at a glance. J Cell Sci. 
2010;123(Pt 7):1003-1006. 
148. Kang KW, Lee SJ, Kim SG. Molecular mechanism of nrf2 activation by 
oxidative stress. Antioxid Redox Signal. 2005;7(11-12):1664-1673. 
149. Jaiswal AK. Nrf2 signaling in coordinated activation of antioxidant gene 
expression. Free Radic Biol Med. 2004;36(10):1199-1207. 
150. Ryter SW, Otterbein LE, Morse D, Choi AM. Heme oxygenase/carbon 
monoxide signaling pathways: Regulation and functional significance. Mol Cell 
Biochem. 2002;234-235(1-2):249-263. 
151. Kang MI, Kobayashi A, Wakabayashi N, Kim SG, Yamamoto M. 
Scaffolding of keap1 to the actin cytoskeleton controls the function of nrf2 as key 
regulator of cytoprotective phase 2 genes. Proceedings of the National Academy of 
Sciences of the United States of America. 2004;101(7):2046-2051. 
152. Kang M-I, Kobayashi A, Wakabayashi N, Kim S-G, Yamamoto M. 
Scaffolding of keap1 to the actin cytoskeleton controls the function of nrf2 as key 
regulator of cytoprotective phase 2 genes. Proceedings of the National Academy of 
Sciences of the United States of America. 2004;101(7):2046-2051. 
153. Eggler AL, Liu G, Pezzuto JM, van Breemen RB, Mesecar AD. 
Modifying specific cysteines of the electrophile-sensing human keap1 protein is 
insufficient to disrupt binding to the nrf2 domain neh2. Proc Natl Acad Sci U S A. 
2005;102(29):10070-10075. 
154. Zhang DD, Hannink M. Distinct cysteine residues in keap1 are required 
for keap1-dependent ubiquitination of nrf2 and for stabilization of nrf2 by 
chemopreventive agents and oxidative stress. Molecular and Cellular Biology. 
2003;23(22):8137-8151. 
155. Kim SK, Yang JW, Kim MR, et al. Increased expression of nrf2/are-
dependent anti-oxidant proteins in tamoxifen-resistant breast cancer cells. Free Radic 
Biol Med. 2008;45(4):537-546. 
156. Satoh T, Okamoto S-i, Cui J, et al. Activation of the keap1/nrf2 pathway 
for neuroprotection by electrophillic phase ii inducers. Proceedings of the National 
Academy of Sciences of the United States of America. 2006;103(3):768-773. 



 

 55 

157. Surh YJ, Kundu JK, Na HK. Nrf2 as a master redox switch in turning on 
the cellular signaling involved in the induction of cytoprotective genes by some 
chemopreventive phytochemicals. Planta Med. 2008;74(13):1526-1539. 
158. Wang L, Chen Y, Sternberg P, Cai J. Essential roles of the pi3 kinase/akt 
pathway in regulating nrf2-dependent antioxidant functions in the rpe. Invest 
Ophthalmol Vis Sci. 2008;49(4):1671-1678. 
159. Lee YJ, Jeong HY, Kim YB, et al. Reactive oxygen species and pi3k/akt 
signaling play key roles in the induction of nrf2-driven heme oxygenase-1 expression 
in sulforaphane-treated human mesothelioma msto-211h cells. Food Chem Toxicol. 
2012;50(2):116-123. 
160. Bryan HK, Olayanju A, Goldring CE, Park BK. The nrf2 cell defence 
pathway: Keap1-dependent and -independent mechanisms of regulation. Biochemical 
Pharmacology. 2013;85(6):705-717. 
161. Kang KW, Lee SJ, Park JW, Kim SG. Phosphatidylinositol 3-kinase 
regulates nuclear translocation of nf-e2-related factor 2 through actin rearrangement in 
response to oxidative stress. Mol Pharmacol. 2002;62(5):1001-1010. 
162. McCubrey JA, Steelman LS, Franklin RA, et al. Targeting the 
raf/mek/erk, pi3k/akt and p53 pathways in hematopoietic drug resistance. Advances in 
Enzyme Regulation. 2007;47(1):64-103. 
163. McCubrey J, Steelman L, Abrams S, et al. Targeting survival cascades 
induced by activation of ras/raf/mek/erk, pi3k/pten/akt/mtor and jak/stat pathways for 
effective leukemia therapy. Leukemia. 2008;22(4):708-722. 
164. Steelman L, Chappell W, Abrams S, et al. Roles of the raf/mek/erk and 
pi3k/pten/akt/mtor pathways in controlling growth and sensitivity to therapy-
implications for cancer and aging. Aging. 2011;3(3):192-222. 
165. Rushworth SA, Zaitseva L, Murray MY, Shah NM, Bowles KM, 
MacEwan DJ. The high nrf2 expression in human acute myeloid leukemia is driven by 
nf-kappab and underlies its chemo-resistance. Blood. 2012;120(26):5188-5198. 
166. Rushworth SA, Bowles KM, MacEwan DJ. High basal nuclear levels of 
nrf2 in acute myeloid leukemia reduces sensitivity to proteasome inhibitors. Cancer 
Res. 2011;71(5):1999-2009. 
167. Hassane DC, Sen S, Minhajuddin M, et al. Chemical genomic screening 
reveals synergism between parthenolide and inhibitors of the pi-3 kinase and mtor 
pathways. Blood. 2010;116(26):5983-5990. 
168. Andersson BS, Bergerheim US, Collins VP, et al. Kbm-3, an in vitro 
model of human acute myelomonocytic leukemia. Exp Hematol. 1992;20(3):361-367. 
169. Haglund U, Juliusson G, Stellan B, Gahrton G. Hairy cell leukemia is 
characterized by clonal chromosome abnormalities clustered to specific regions. Blood. 
1994;83(9):2637-2645. 
170. Murray F, Darzentas N, Hadzidimitriou A, et al. Stereotyped patterns of 
somatic hypermutation in subsets of patients with chronic lymphocytic leukemia: 
Implications for the role of antigen selection in leukemogenesis. Blood. 
2008;111(3):1524-1533. 
171. Cree IA, Kurbacher CM. Atp-based tumor chemosensitivity testing: 
Assisting new agent development. Anticancer Drugs. 1999;10(5):431-435. 
172. Kangas L, Gronroos M, Nieminen AL. Bioluminescence of cellular atp: 
A new method for evaluating cytotoxic agents in vitro. Med Biol. 1984;62(6):338-343. 
173. Rhedin AS, Tidefelt U, Jönsson K, Lundin A, Paul C. Comparison of a 
bioluminescence assay with differential staining cytotoxicity for cytostatic drug testing 
in vitro in human leukemic cells. Leuk Res. 1993;17(3):271-276. 



 

 56 

174. van Stijn A, Kok A, van der Pol MA, et al. A flow cytometric method to 
detect apoptosis-related protein expression in minimal residual disease in acute myeloid 
leukemia. Leukemia. 2003;17(4):780-786. 
175. Yang B, Keshelava N, Anderson CP, Reynolds CP. Antagonism of 
buthionine sulfoximine cytotoxicity for human neuroblastoma cell lines by hypoxia is 
reversed by the bioreductive agent tirapazamine. Cancer Res. 2003;63(7):1520-1526. 
176. Ustiyan V, Wang IC, Ren X, et al. Forkhead box m1 transcriptional 
factor is required for smooth muscle cells during embryonic development of blood 
vessels and esophagus. Developmental Biology. 2009;336(2):266-279. 
177. Slack JL, Bi W, Livak KJ, et al. Pre-clinical validation of a novel, highly 
sensitive assay to detect pml-raralpha mrna using real-time reverse-transcription 
polymerase chain reaction. J Mol Diagn. 2001;3(4):141-149. 
178. Allen CA, Payne SL, Harville M, Cohen N, Russell KE. Validation of 
quantitative polymerase chain reaction assays for measuring cytokine expression in 
equine macrophages. J Immunol Methods. 2007;328(1-2):59-69. 
179. Fransen K, Klintenas M, Osterstrom A, Dimberg J, Monstein HJ, 
Soderkvist P. Mutation analysis of the braf, araf and raf-1 genes in human colorectal 
adenocarcinomas. Carcinogenesis. 2004;25(4):527-533. 
180. Mandavilli BS, Janes MS. Detection of intracellular glutathione using 
thioltracker violet stain and fluorescence microscopy. Current protocols in cytometry: 
John Wiley & Sons, Inc.; 2001. 
181. Upton JP, Valentijn AJ, Zhang L, Gilmore AP. The n-terminal 
conformation of bax regulates cell commitment to apoptosis. Cell Death Differ. 
2007;14(5):932-942. 
182. Kunida K, Matsuda M, Aoki K. Fret imaging and statistical signal 
processing reveal positive and negative feedback loops regulating the morphology of 
randomly migrating ht-1080 cells. J Cell Sci. 2012;125(Pt 10):2381-2392. 
183. Nore BF, Vargas L, Mohamed AJ, et al. Redistribution of bruton's 
tyrosine kinase by activation of phosphatidylinositol 3-kinase and rho-family gtpases. 
Eur J Immunol. 2000;30(1):145-154. 
184. Moore JC, Atze K, Yeung PL, et al. Efficient, high-throughput 
transfection of human embryonic stem cells. Stem Cell Res Ther. 2010;1(3):23. 
185. Guldberg P, Worm J, Gronbaek K. Profiling DNA methylation by 
melting analysis. Methods. 2002;27(2):121-127. 
186. Deneberg S, Grovdal M, Karimi M, et al. Gene-specific and global 
methylation patterns predict outcome in patients with acute myeloid leukemia. 
Leukemia : official journal of the Leukemia Society of America, Leukemia Research 
Fund, UK. 2010;24(5):932-941. 
187. Umlauf D, Goto Y, Feil R. Site-specific analysis of histone methylation 
and acetylation. Methods in molecular biology. 2004;28799-120. 
188. Lepri E, Barzi A, Menconi E, Portuesi MG, Liberati M. In vitro 
synergistic activity of pdn-ifn alpha and nm + ifn alpha combinations on fresh bone-
marrow samples from multiple myeloma patients. Hematol Oncol. 1991;9(2):79-86. 
189. Bossi G, Lapi E, Strano S, Rinaldo C, Blandino G, Sacchi A. Mutant p53 
gain of function: Reduction of tumor malignancy of human cancer cell lines through 
abrogation of mutant p53 expression. Oncogene. 2006;25(2):304-309. 
190. Wiman KG. Restoration of wild-type p53 function in human tumors: 
Strategies for efficient cancer therapy. Adv Cancer Res. 2007;97321-338. 
191. Nahi H, Merup M, Lehmann S, et al. Prima-1 induces apoptosis in acute 
myeloid leukaemia cells with p53 gene deletion. Br J Haematol. 2006;132(2):230-236. 
192. Lucken-Ardjomande S, Martinou JC. Regulation of bcl-2 proteins and of 
the permeability of the outer mitochondrial membrane. C R Biol. 2005;328(7):616-631. 



 

 57 

193. Campos L, Rouault JP, Sabido O, et al. High expression of bcl-2 protein 
in acute myeloid leukemia cells is associated with poor response to chemotherapy. 
Blood. 1993;81(11):3091-3096. 
194. Zhang XH, Yu HL, Xiao R, et al. [neurotoxicity of beta-amyloid peptide 
31-35 and 25-35 to cultured rat cortical neurons]. Zhonghua Yu Fang Yi Xue Za Zhi. 
2009;43(12):1081-1085. 
195. Del Poeta G, Venditti A, Del Principe MI, et al. Amount of spontaneous 
apoptosis detected by bax/bcl-2 ratio predicts outcome in acute myeloid leukemia 
(aml). Blood. 2003;101(6):2125-2131. 
196. Bothner B, Lewis WS, DiGiammarino EL, Weber JD, Bothner SJ, 
Kriwacki RW. Defining the molecular basis of arf and hdm2 interactions. J Mol Biol. 
2001;314(2):263-277. 
197. Sherr CJ. Tumor surveillance via the arf-p53 pathway. Genes Dev. 
1998;12(19):2984-2991. 
198. Weber JD, Kuo ML, Bothner B, et al. Cooperative signals governing arf-
mdm2 interaction and nucleolar localization of the complex. Mol Cell Biol. 
2000;20(7):2517-2528. 
199. Valeriote F, Lin H. Synergistic interaction of anticancer agents: A cellular 
perspective. Cancer Chemother Rep. 1975;59(5):895-900. 
200. Oyan AM, Anensen N, Bo TH, et al. Genes of cell-cell interactions, 
chemotherapy detoxification and apoptosis are induced during chemotherapy of acute 
myeloid leukemia. BMC Cancer. 2009;977. 
201. Chou TC, Otter GM, Sirotnak FM. Schedule-dependent synergism of 
taxol or taxotere with edatrexate against human breast cancer cells in vitro. Cancer 
Chemother Pharmacol. 1996;37(3):222-228. 
202. Selivanova G, Wiman KG. Reactivation of mutant p53: Molecular 
mechanisms and therapeutic potential. Oncogene. 2007;26(15):2243-2254. 
203. Möllgård L, Deneberg S, Nahi H, et al. The flt3 inhibitor pkc412 in 
combination with cytostatic drugs in vitro in acute myeloid leukemia. Cancer 
Chemother Pharmacol. 2008;62(3):439-448. 
204. Nakano K, Vousden KH. Puma, a novel proapoptotic gene, is induced by 
p53. Mol Cell. 2001;7(3):683-694. 
205. Lee JS, Huang TQ, Lee JJ, Pack JK, Jang JJ, Seo JS. Subchronic 
exposure of hsp70.1-deficient mice to radiofrequency radiation. Int J Radiat Biol. 
2005;81(10):781-792. 
206. Wang K, Fang H, Xiao D, et al. Converting redox signaling to apoptotic 
activities by stress-responsive regulators hsf1 and nrf2 in fenretinide treated cancer 
cells. PLoS One. 2009;4(10):e7538. 
207. Hogg N, Singh RJ, Kalyanaraman B. The role of glutathione in the 
transport and catabolism of nitric oxide. FEBS Lett. 1996;382(3):223-228. 
208. Li X. Glutathione and glutathione-s-transferase in detoxification 
mechanisms. General, applied and systems toxicology: John Wiley & Sons, Ltd; 2009. 
209. Dai J, Weinberg RS, Waxman S, Jing Y. Malignant cells can be 
sensitized to undergo growth inhibition and apoptosis by arsenic trioxide through 
modulation of the glutathione redox system. Blood. 1999;93(1):268-277. 
210. Dhakshinamoorthy S, Jaiswal AK. Functional characterization and role of 
inrf2 in antioxidant response element-mediated expression and antioxidant induction of 
nad(p)h:Quinone oxidoreductase1 gene. Oncogene. 2001;20(29):3906-3917. 
211. Itoh K, Chiba T, Takahashi S, et al. An nrf2/small maf heterodimer 
mediates the induction of phase ii detoxifying enzyme genes through antioxidant 
response elements. Biochem Biophys Res Commun. 1997;236(2):313-322. 



 

 58 

212. Chen H-H, Chen Y-T, Huang Y-W, Tsai H-J, Kuo C-C. 4-
ketopinoresinol, a novel naturally occurring are activator, induces the nrf2/ho-1 axis 
and protects against oxidative stress-induced cell injury via activation of pi3k/akt 
signaling. Free Radical Biology and Medicine. 2012;52(6):1054-1066. 
213. Nakaso K, Yano H, Fukuhara Y, Takeshima T, Wada-Isoe K, Nakashima 
K. Pi3k is a key molecule in the nrf2-mediated regulation of antioxidative proteins by 
hemin in human neuroblastoma cells. FEBS Lett. 2003;546(2-3):181-184. 
214. Ali D, Jonsson-Videsater K, Deneberg S, et al. Apr-246 exhibits anti-
leukemic activity and synergism with conventional chemotherapeutic drugs in acute 
myeloid leukemia cells. Eur J Haematol. 2011;86(3):206-215. 
215. Nahi H, Lehmann S, Mollgard L, et al. Effects of prima-1 on chronic 
lymphocytic leukaemia cells with and without hemizygous p53 deletion. Br J 
Haematol. 2004;127(3):285-291. 
216. Nahi H, Selivanova G, Lehmann S, et al. Mutated and non-mutated tp53 
as targets in the treatment of leukaemia. Br J Haematol. 2008;141(4):445-453. 
217. Bortner CD, Cidlowski JA. Apoptotic volume decrease and the incredible 
shrinking cell. Cell Death Differ. 2002;9(12):1307-1310. 
218. Chipuk JE, Maurer U, Green DR, Schuler M. Pharmacologic activation 
of p53 elicits bax-dependent apoptosis in the absence of transcription. Cancer Cell. 
2003;4(5):371-381. 
219. Miyashita T, Reed JC. Tumor suppressor p53 is a direct transcriptional 
activator of the human bax gene. Cell. 1995;80(2):293-299. 
220. Wang T, Lee K, Rehman A, Daoud SS. Prima-1 induces apoptosis by 
inhibiting jnk signaling but promoting the activation of bax. Biochem Biophys Res 
Commun. 2007;352(1):203-212. 
221. Lambert JMR, Gorzov P, Veprintsev DB, et al. Prima-1 reactivates 
mutant p53 by covalent binding to the core domain. Cancer Cell. 2009;15(5):376-388. 
222. Toyota M, Suzuki H, Sasaki Y, et al. Epigenetic silencing of microrna-
34b/c and b-cell translocation gene 4 is associated with cpg island methylation in 
colorectal cancer. Cancer research. 2008;68(11):4123-4132. 
223. Zenz T, Mohr J, Eldering E, et al. Mir-34a as part of the resistance 
network in chronic lymphocytic leukemia. Blood. 2009;113(16):3801-3808. 
224. Fabbri M, Bottoni A, Shimizu M, et al. Association of a microrna/tp53 
feedback circuitry with pathogenesis and outcome of b-cell chronic lymphocytic 
leukemia. JAMA : the journal of the American Medical Association. 2011;305(1):59-
67. 
225. He L, He X, Lim LP, et al. A microrna component of the p53 tumour 
suppressor network. Nature. 2007;447(7148):1130-1134. 
226. Huang J, Yang J, Maity B, Mayuzumi D, Fisher RA. Regulator of g 
protein signaling 6 (rgs6) mediates doxorubicin-induced atm and p53 activation by a 
reactive oxygen species (ros)-dependent mechanism. Cancer research. 2011. 
227. Silva G, Cunha A, Grégoire IP, Seldon MP, Soares MP. The 
antiapoptotic effect of heme oxygenase-1 in endothelial cells involves the degradation 
of p38α mapk isoform. The Journal of Immunology. 2006;177(3):1894-1903. 
 


