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Summary 
 
 
p53 is a tumor suppressor protein often regarded as the guardian of the genome. It is a highly 
connected protein involved in many signaling processes in the cell. The inactivation of p53 
through genetic mutations in TP53 is common in human cancers and can be detected in more 
than 50% of malignant tumors. In acute leukemia however, p53 inactivation is not normally a 
part of leukemogenesis and TP53 is found to be wild-type in >90% of the cases. This thesis 
has sought to elucidate the nature of the p53 protein regulation in acute myeloid leukemia to 
increase our understanding of disease development. The experiments have proposed that p53 
is wild type, expressed and capable of transactivation of target genes. However, p53 
phosphorylation could be correlated to expression of the anti-apoptotic protein Bcl-2 
suggesting that Bcl-2 can function as a downstream block to p53-mediated apoptosis. 
Furthermore, Bcl-2 levels could be associated to a specific mutation in the receptor tyrosine 
kinase Flt3. Flt3 mutation has been found to be a strong predictor of disease relapse in AML, 
and driving Bcl-2 expression, thereby inhibiting the p53 pathway, may propose a new 
important event in leukemogenesis.  

This thesis has further shown that p53 exists as two main isoforms in patient material 
from acute myeloid leukemia. The expression of these was influenced by chemotherapy in 
vivo and induction of one specific form correlated to induction of known p53 target genes.  

The p53 protein has many known sites for post-translational modifications and serves 
as a substrate for many enzymes. The p53 protein may thus be a central node in a large 
network of proteins whose activities are critical for cell life and death. This may suggest that 
specific p53 signatures could serve as a ‘read-out’ for the p53 network. The expression of the 
described p53 isoforms were, using a novel correlation algorithm, found to be correlated to 
several clinical parameters including survival, remission and Flt3 mutation. This could imply 
that p53 may be used as a possible biomarker for clinical stratification of leukemia patients. 
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Preface 
 
 
The p53 protein, which was discovered in 1979 (1,2) was originally described as a cellular 
protein bound to the large T antigen of simian virus 40 (SV40). It was suggested that this 
protein was responsible for SV40 induced cell transformation. Quickly after its discovery it 
became clear that the p53 protein was highly involved in the development of cancer and an 
extensive effort was initiated to elucidate its functions. The p53 encoding gene, TP53, was 
characterized in 1986 (3) demonstrating a 20 kb gene with 11 exons located on the short arm 
of chromosome 17 (4). Allelic deletions of this chromosome region were early associated 
with colorectal carcinomas (5) and it was established that these deletions could be related to 
TP53 (6). Sequencing of TP53 mutations in human cancers later demonstrated that 98% of 
mutations fall within a 600 base-pair region of the gene which encompasses exons 5 through 8 
(7). 

For a long time it was assumed that TP53 was an oncogene, but several studies in the 
late 1980’s suggested that the true effect was in fact tumor suppression, summarized by Baker 
and co-authors (6).  Tumor suppressor genes are genes that control unlimited cellular growth 
either by a repressive effect on cell cycle regulation or promotion of apoptosis. During the 
1990’s the TP53 protein product, p53, was found to execute its regulatory functions by 
controlling both of these cellular processes. 

Since its discovery in 1979 there has been an overwhelming amount of research in the 
p53 field with more than 36000 published papers – almost 3000 in 2005 alone. This 
emphasizes the importance of this protein and the impressive network of cell regulation 
signals it controls. Fully understanding the biology behind this cellular gatekeeper would 
therefore be one of the most important scientific revelations in the history of cancer research, 
aiding the development of novel strategies for treatment including restoration of p53 function 
in tumors with mutant TP53. 
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Introduction 
 
 

Acute myeloid leukemia 
 
Acute myeloid leukemia (AML) is a malignant disease of the myeloid lineage of 
hematopoietic cells which can develop at any stage of the maturation process. The AML cells 
have a differentiation block that results in an accumulation of immature myeloblasts 
ultimately leading to suppression of normal bone marrow function. The clinical signs of AML 
are diverse and nonspecific including fatigue, hemorrhage, infections and fever, all symptoms 
resulting from leukemic infiltration of the bone marrow with resultant cytopenia (8). Acute 
leukemia is diagnosed upon the presence of more than 30% leukemic blasts in the bone 
marrow and cell morphology according to a system suggested by the French-American-
British (FAB) cooperative group (9,10). A new classification for the diagnosis of myeloid 
malignancies was recently proposed by the world health organization (WHO) (11,12) in 
which the blast percentage required in the bone marrow for a disease to be characterized as 
AML has been reduced to 20%. Furthermore, this system recognizes four subgroups of AML; 
1) AML with recurrent genetic abnormalities, 2) AML with multilineage dysplasia, 3) therapy 
related AML, and 4) AML not otherwise categorized (12). Recurring genetic abnormalities 
combined with morphology are thus used as clinical criteria upon diagnosis. 

AML is characterized by a number of non-random genetic defects including several 
chromosomal translocations (13). These cytogenetic aberrations are used to determine the 
prognosis of disease outcome (14-16). To date, approximately 200 different chromosomal 
changes have been detected in AML, some occurring more frequently than others. The more 
common translocations include t(8;21)(q22;q22) resulting in the AML1-ETO fusion protein 
often associated with AML-M2 and t(15;17)(q22;q21) leading to the fusion protein PML-
RARα associated with promyelocytic AML-M3. These are both prognostically favorable 
changes. Aberrations found to give adverse prognosis includes e.g. changes involving 
deletions of chromosomes 5 or 7 (-5/-7) (cytogenetics in acute leukemia is excellently 
reviewed by 16). In the later years gene expression profiling has refined risk stratification of 
AML and it has been shown that particular gene expression signatures can correlate to clinical 
outcome. This is a new methodology that in the future will increase the ability to classify 
leukemia on the molecular level (reviewed in 17). 

Aberrations in oncogenes and transcription factors are also important in determination 
of AML prognosis. One of the most important of these changes is a length mutation found in 
the juxtamembrane region of the receptor tyrosine kinase Fms-like tyrosine kinase 3 (Flt3) 
(18). This mutation is always in-frame but varies in the length of the duplicated area. 
Recently, a second Flt3 mutation, a point mutation in exon 20, was reported which leads to an 
amino acid substitution in residue 835 (D835Y/D835H/D835del) (19). Mutation of Flt3 
results in constitutive activation of the receptor and has recently been found to be the 
strongest separate marker for disease relapse (20). 
 Further prognostic indicators for AML can be found in the Bcl-2 family of proteins. 
Over-expression of the antiapoptotic Bcl-2 protein leads to prolonged survival of malignant 
cells and is associated with chemoresistance (21). Recently, the ratio of Bcl-2 to the 
proapoptotic family member Bax was established to predict disease outcome in AML (22). 
This ratio will control the choice between cell survival and death and greatly influence disease 
progression. 
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TP53 in AML 
Loss of p53 function due to mutations in the TP53 gene is very common in human cancers. 
TP53 mutation frequencies vary among different tumor types but have in some solid tumors 
been detected in more than 50% of patients (7,23,24). In AML however, TP53 mutations are 
less common with an occurrence below 10% (25-27). TP53 mutations in AML are associated 
with cytogenetic aberrations involving chromosome 17p monosomy (28) as well as secondary 
leukemia (29) and have been known to correspond with resistance to chemotherapy and 
ultimately lower complete remission rates (30). 
 

Signaling pathways in AML 
AML is a disease characterized by numerous genetic defects including improper activation of 
signaling pathways leading to inappropriate regulation of cell division and apoptosis (13). 
Two crucial signal transduction networks known to be active in AML progenitors are the 
signal transducer and activator of transcription protein (STAT) pathway (31,32) and the 
Ras/mitogen activated protein kinase (MAPK) pathway (33). One of the most important 
negative prognostic factors in AML, the receptor tyrosine kinase Flt3, is thought to act 
upstream of both the STAT and Ras/MAPK pathways. It has been shown that Flt3 activation 
through a length mutation in the juxtamembrane region will lead to constitutive activation of 
STAT5 and MAPK (34). A recent study demonstrated that these signaling pathways display 
distinct network profiles in malignant cells and these profiles can be related to Flt3 and 
disease outcome in AML (35). 
 

Treatment 
Induction therapy for AML has for decades consisted of a combination of an anthracycline 
(daunorubicin, idarubicin) and cytosine arabinoside (AraC). AraC is given by continuous 
infusion at 200 mg/m2 for seven days, while anthracyclines are given as an intravenous 
infusion for 30 min a day at 45 mg/m2 for the three first days of AraC treatment (36). 
Remission is achieved when the bone marrow contains <5% leukemic blasts (8). After 
remission is achieved, consolidation treatment consisting of high dose AraC (3000 mg/m2) 

administered in a 3-hour infusion every 12 hours (twice daily) on days 1, 3 and 5 is initiated. 
This course of treatment is repeated 3 times for a total of 4 consolidations (36). Bone marrow 
transplantation (BMT) is often offered as a consolidation treatment to younger patients (<60 
years) after first remission. Patients may be offered this treatment based on their previous risk 
assessment and both allogenic and autologous BMT can be considered. Patients with good-
risk cytogenetics are often treated with chemotherapy alone, while intermediate or bad-risk 
patients are offered BMT as consolidation (reviewed in 37).  
 Over the years many new treatment options for AML have been proposed. One of the 
greatest successes has been the introduction of all-trans retinoic acid (ATRA) in the 
management of promyelocytic leukemia (AML-M3) (38,39). Other molecular targets for 
treatment involve Flt3 and several inhibitors of this particular kinase have been developed and 
tested in early clinical trials (40-42). It has been suggested that the use of such inhibitors in 
combination with additional therapy will significantly improve clinical outcome in AML (43). 
Regulation of gene expression through the use of histone deacetylase inhibitors (HDACi) has 
also been suggested for AML therapy. This is still experimental treatment but has 
demonstrated biological effects in several clinical trials (reviewed in 44). Another 
experimental treatment was recently reported where it was shown that direct targeting of p53 
by Nutlin, a small molecule inhibitor of the p53-Mdm2 interaction (45) exhibited a promising 
anti-leukemic effect (45). Nutlin is only effective in cells with wild-type p53 and could 
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provide a great improvement in the management of a disease where the TP53 gene is only 
occasionally mutated. 
 

The p53 protein 
 
The p53 protein is a 393 amino acid protein (46) composed of five main structural and 
functional domains (Figure 1). The N-terminal domain consists of residues 1 through 42 and 
is the main regulatory sequence for activation of p53 as a transcription factor (47). The 
domain contains several amino acids available for modification (Table 1) and also contains 
binding sites for proteins of the transcription machinery (48,49) and for other protein partners, 
of which the most important is the negative regulator Mdm2 (50,51). 

The amino acids localized from residue 61 through 94 constitute a proline rich domain 
that contains five repeats of the sequence PXXP (52). The PXXP motif creates a binding site 
for SH3 (src homology 3) domains (53) which are common domains found in many signaling 
proteins. This p53 domain thus functions as a unique signaling component and has been 
shown to be very important for efficient growth suppression (52). 

Activation of p53 as a transcription factor involves direct binding of the protein to 
DNA. This contact involves a DNA-binding domain located between amino acids 102 and 
292 (54). The p53 protein binds to DNA in a sequence specific interaction and mapping of 
binding sequences revealed a consensus binding site consisting of two copies of a ten base 
pair motif; 5’-PuPuPuC(A/T)(T/A)GPyPyPy-3’ separated by 0-13 base pairs (55). Wild type 
p53 binds to this sequence as a tetramere with each subunit recognizing five nucleotides of the 
20 base pair motif (56). Binding of p53 to DNA is also dependent on the binding of zinc, 
defining p53 as a zinc metalloprotein (54). The DNA binding domain sequence coincides with 
the major mutation hot spots found in exons 5 through 8 (7). This explains why tumor derived 
p53 mutants are defective in DNA binding. 

Binding of p53 to DNA requires oligomerization of the protein as it binds only as a 
tetramere (56). The protein domain responsible for tetramerization corresponds to amino acids 
319 through 360 (57) and consists of an α helix and a β strand (58). This domain ensures the 
formation of a symmetric tetramere consisting of a dimer of dimers where the interface is 
mediated by helix-helix contacts (58). The tetramerization domain also contains a nuclear 
export signal (NES) between amino acids 340 and 351 and the formation of a protein tetramer 
masks this NES, thereby ensuring nuclear retention of the active p53 transcription factor (59). 
A nuclear localization signal (NLS) also maps to this domain at positions 316 – 322 and 
mediates the migration of the protein into the cell nucleus in cooperation with two separate 
NLS’s located further downstream in the sequence in the regions 369-375 and 379-384 (60). 

The specific DNA binding function of p53 requires rigid control of its function. This 
control is provided by the C-terminal regulatory domain consisting of amino acids 364 
through 393 (61). Regulation of DNA binding is thought to be achieved through 
conformational changes where the molecule adapts either a low- or high-affinity DNA 
binding state (62). Modification of the C terminal domain through post-translational 
modifications like phosphorylation or acetylation will change the conformation from low- to 
high-affinity (63). A second negative regulatory sequence has been identified between amino 
acids 80 and 93 and it has been suggested that the two separate domains contribute 
cooperatively in maintaining p53 in the low-affinity DNA binding conformation (64).  
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Posttranslational modifications of p53 
 
The p53 protein is activated by a number of stress signals (Figure 1). Stress such as ionizing 
and UV radiation, chemotherapeutics, hypoxia and other signals are known to influence p53 
activity by affecting the activity of kinases, acetyl transferases and other modifying enzymes. 
Specific residues are known to be modified rapidly following exposure to certain signals 
(reviewed in 65). Modification is accomplished through the addition of small proteins or 
chemical groups to the p53 protein. Already when p53 first was described in 1979 it was 
identified as a phosphoprotein (2). After more than 25 years of research it has become clear 
that there are a number of different modifications (Table 1) with unique functions that 
contribute to the sophisticated regulation of this complex protein. 
 

Phosphorylation 
Stress induced activation of p53 is to a great extent controlled through phosphorylation. 
Phosphorylation is the most common signal for protein activation in a cell and p53 has a 
number of serines and threonines available for accepting phosphate groups (Table 1). The 
phosphate functional group is a chemical group that increases the acidity of the p53 protein 
and may be used to distinguish differences in the level of modifications of p53 protein 
isoforms.  

Phosphorylation seems to be a highly controlled event with the N-terminus of p53 as 
the main target for initiation of activating signals. Serines 15, 20, 33 and 37 are the main 
initiation sites and phosphorylation of these residues is detected rapidly after stress induction 
(66) as a result of the activity of a number of kinases. Phosphorylation of the N-terminus 
activates p53 partly by attenuation of the p53-Mdm2 complex (described in more detail 
below). Modification of serine 15 and serine 37 will specifically disturb this interaction (67). 
This interference inhibits Mdm2 induced ubiquitination and subsequent degradation, thereby 
contributing to p53 stabilization. Inhibition of p53-Mdm2 interaction is also followed by 
increased recruitment of transcriptional coactivators such as p300 and the p300/CBP-
associated factor (PCAF) (68) and this is followed by increased acetylation of the C-terminus 
as discussed below. 
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Table 1. Overview of p53-residues reported to be modified post-translationally. (A), Acetylation; (M), 
Methylation; (N), Neddylation; (P), Phosphorylation; (U), Ubiquitination. 

Residue Modification Modifying Enzyme Reference 
 
Ser6 

 
Phosphorylation 

 
Unknown kinase 

 
(69) 

Ser9 Phosphorylation Casein Kinase 1 (P) (69) 
Ser15 Phosphorylation ATM (P), ATR (P), Chk2 

(P), DNAPK (P), ERK 
(P), p38 (P) 

(70), (67), (71), (72), 
(73), (74) 

Thr18 Phosphorylation Casein Kinase 1 (P), 
Chk2 (P)  

(75), (71) 

Ser20 Phosphorylation Chk1 (P), Chk2 (P), JNK 
(P) 

(71), (76) 

Ser33 Phosphorylation CAK (P), p38 (P), GSK-
3β 

(77), (78), (79) 

Ser37 Phosphorylation ATR (P), Chk1 (P),  
Chk2 (P), DNAPK (P) 

(67), (71),  (72), (74) 

Ser46 Phosphorylation ATM (P), p38 (P) (70), (77) 
Thr55 Phosphorylation ERK (P) (80) 
Thr81 Phosphorylation JNK (P) (81) 
Ser149 Phosphorylation COP9 Signalosome (P) (82) 
Thr150 Phosphorylation COP9 Signalosome (P) (82) 
Thr155 Phosphorylation COP9 Signalosome (P) (82) 
Lys305 Acetylation p300/CBP (A) (83) 
Ser315 Phosphorylation CDK2 (P) (84) 
Lys320 Acetylation PCAF (A) (85) 
Lys370 Acetylation, 

Ubiquitination, 
Neddylation 

p300/CBP (A), Mdm2 
(N, U), p300 (U) 

(86), (87), (88), (89) 

Ser371 Phosphorylation PKC (P) (90) 
Lys372 Acetylation, 

Ubiquitination, 
Methylation, Neddylation 

p300/CBP (A), Set9 (M), 
Mdm2 (N, U), p300 (U) 

(91), (86), (87), (88), (89) 

Lys373 Acetylation, 
Ubiquitination, 
Neddylation 

p300/CBP (A), Mdm2 
(N, U), p300 (U)  

(86), (87), (88), (89) 

Ser376 Phosphorylation PKC (P) (92), (93) 
Ser378 Phosphorylation PKC (P)  (92), (93), (94) 
Lys381 Acetylation, 

Ubiquitination 
p300/CBP (A), Mdm2 
(U), p300 (U) 

(87), (88), (89) 

Lys382 Acetylation, 
Ubiquitination 

p300/CBP (A), Mdm2 
(U), p300 (U) 

(87), (88), (89) 

Lys386 Sumoylation, 
Ubiquitination 

Ubc9 (S), p300 (U) (87), (95), (96), (88) 

Ser392 Phosphorylation p38 (P), PKR (P) (97), (98) 

 
  

Protein phosphatases counteract kinases and thus provide a switch mechanism through 
protein dephosphorylation. It has been shown that multiple phosphatases can dephosphorylate 
both the N- and C-terminus of p53 in vitro, including PP1, PP2A, PP5, Wip1 and Cdc14 (99-
102). PP1 and PP2A specifically interact with p53 and they both dephosphorylate the C-
terminal residue serine 378 (94). PP1 has also recently been reported to dephosphorylate N-
terminal serine 15 (103), while PP2A dephosphorylates N-terminal serine 37 (104). The 
dephosphorylation of p53 by Cdc14 is dependent on protein-protein interaction and upon 
binding to p53, Cdc14 specifically dephosphorylates serine 315 (102). Furthermore, p53 can 
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transactivate the phosphatase Wip1 in response to ionizing radiation. Wip1 subsequently 
dephosphorylates p53, thereby establishing a negative feedback-loop (100).  
 

The ubiquitin family of proteins 
The p53 protein is highly modified by a family of small polypeptides known as the ubiquitin 
protein family. In normal cells, p53 has a short half life with a turnover of about 20 minutes 
due to polyubiquitination, targeting p53 for degradation through the proteasome pathway. 
Covalent binding of ubiquitin to p53 is achieved through direct interaction of p53 with the 
ubiquitin E3 ligase Mdm2 (51,105). Mdm2 mediates monoubiquitination at several C-
terminal lysine residues (106,107), but  monoubiquitination is not sufficient for degradation 
and the presence of a polyubiquitin chain is required. Polyubiquitination is achieved through 
interaction of p53 with the transcriptional co-activator p300 which has an intrinsic ubiquitin 
ligase activity as well as acetyl transferase activity (88). However, this polyubiquitination is 
dependent on the previous monoubiquitination by Mdm2 (88). C-terminal ubiquitination of 
p53 ultimately leads to nuclear export and protein degradation (108).  
 Two type I ubiquitin-like proteins, SUMO-1 and Nedd8, have been found to modify 
p53. Conjugation of the small ubiquitin-like protein SUMO-1 was reported by two 
independent studies in 1999 (95,96). This protein does not appear to target p53 for 
destruction, like ubiquitin, but rather seems to change the ability of the modified protein to 
interact with other cellular proteins thereby increasing p53 transactivation ability (95). It has 
also been shown that the conjugation of SUMO-1 to certain substrates can defend these 
molecules against modification by ubiquitin and thus prevent protein degradation (109) 
offering an additional mechanism for the regulation of p53 activity. Nedd8 is another 
ubiquitin-like molecule reported to be conjugated to p53 by Mdm2 (86). This modification 
appears to have the same negative regulatory effect as ubiquitin and has been reported to 
inhibit p53 transcriptional activities. 
 

Acetylation 
The C-terminal lysine residues functioning as acceptor sites for ubiquitin are also acceptor 
sites for acetyl groups (Table 1). Acetylation by the acetyl transferases CBP, p300 and PCAF 
is, in contrast to ubiquitination, an event that stabilizes and activates the specific DNA 
binding activities of p53 (85,89) and levels of acetylation are significantly raised in response 
to almost every type of stress (110). Because acetyl and ubiquitin compete for the same lysine 
residues, activation and inactivation of p53 function are consequently tightly regulated 
through differences in the activity of modifying enzymes. Further it has been established that 
histone deacetylases HDAC1/2/3 interact with p53 and down-regulate its function by 
deacetylation (111) as also does the oncogenic transcription factor PML-RARα (112). The 
PML-RARα fusion protein is, as previously described, the result of a translocation involving 
chromosomes 15 and 17 (t(15;17)(q22;q21)) in AML-M3 and it has been shown that PML-
RARα mediated deacetylation is dependent on wild-type PML which acts as a bridge between 
p53 and PML-RARα. PML is also required for p53 acetylation by stabilizing the interaction 
between p53 and CBP/p300 (113). 
 In some cases, previous phosphorylation is required for subsequent acetylation of p53. 
A study by Sakaguchi et al (114) revealed that prior phosphorylation of serine 33 and/or 
serine 37 in response to DNA damage enhanced the interaction of p300 and PCAF with p53. 
A second report concluded with increased p300 binding to p53 as a response to 
phosphorylation of serine 15 (68). Other reports have also provided evidence for a 
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phosphorylation-acetylation cascade demonstrating a highly structured and cooperative 
activating process for p53 functions (115). 
 
 

 
 
 
Figure 1. Stress signals induce post-translational modifications on p53. Induction of DNA-damage by signals 
including gamma-irradiation (IR), Ultra-violet radiation (UV) and chemotherapy (doxorubicin), leads to 
extensive modification of the p53 protein by the activity of multiple enzymes. Upon modification, p53 is 
stabilized and activated as a transcription factor. In the absence of stress signals, p53 is ubiquitinated or 
neddylated by Mdm2 and thereby targeted for destruction. 

 

Other modifications 
Recently a novel p53 modification was reported in which the conjugation of a methyl group to 
the p53 C-terminus was implied. Methylated p53 is restricted to the nucleus and this particular 
modification positively affects the stability and activity of the protein (91). Methylation is 
achieved through the activity of the lysine specific methyl-transferase Set9 which adds a 
methyl group to lysine 372 (91). This lysine is also a residue for Nedd8, ubiquitin and acetyl 
modifications (Table 1) and serves as an excellent illustration of the complexity of the 
regulation of the p53 protein. 
 

The function of active p53 protein 
 
In the inactive state p53 is a short lived protein with a turnover of about 20 minutes. Upon 
activation however, it is stabilized through the previously described post-translational 
modifications and can contribute to a number of cellular activities by transactivation of 
specific target genes (Table 2). As many as 1500 genes have been reported to respond to p53 
activation, directly or indirectly as a secondary effect (116). Activation of these genes have 
been reported to regulate multiple functions including cell growth by the induction of cell 
cycle arrest and apoptosis (reviewed in 24), differentiation (117) and senescence (118). It is 
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not fully understood how p53 switches between these activities, but it has been proposed that; 
1) p53 activity is determined by the cooperation of p53 with additional signals, or 2) p53 
activity is determined by the activity of critical kinases and cofactors (119,120). Switching 
between life and death signals is now a field of considerable interest. 
 
Table 2. Selected p53 target genes of relevance in AML and their cellular function. 

Gene name Gene product function Reference 
 
14-3-3σ 

 
Cell cycle arrest 

 
(121) 

BAX Apoptosis (122) 
CDKN1A Cell cycle arrest (123) 
FAS/CD95 Apoptosis (124) 
FDXR Apoptosis (125) 
GADD45 Cell cycle arrest (126), (127) 
KILLER/DR5 Apoptosis (128) 
MDM2 Auto-regulation (129) 
NOXA Apoptosis (130) 
P53CSV Survival (131) 
p53DINP1 Apoptosis (132) 
PUMA Apoptosis (133), (134) 
SES2/Hi95 Survival (135) 
SESN1/PA26 Cell cycle arrest (136) 
WIP1 Apoptosis (100) 

 
 

Cell cycle regulation 
Cell cycle control is dependent on the action of checkpoint proteins and evidence has shown 
that p53 has a checkpoint function in both G1/S and G2/M transition (24,137). The ability of 
p53 to induce G1 growth arrest is correlated with its ability to transactivate the cyclin 
dependent kinase inhibitor p21WAF1/CIP1 (123,138). p21 functions by binding to a number of 
cyclin and cyclin dependent kinase (Cdk) complexes including Cdk2/cyclinE, Cdk2/CyclinA, 
Cdk4/CyclinD2 and Cdk6/CyclinD2 (139) and this interaction inhibits Cdk activity. 
Inhibition of Cdk activity leads to accumulation of hypophosphorylated Retinoblastoma (Rb) 
protein which remains associated with transcription factors such as E2F. This results in failure 
to activate E2F responsive genes, including proliferating cell nuclear antigen (PCNA) which 
is required to initiate DNA synthesis in cell cycle S-phase. The ultimate consequence of this is 
G1 arrest. It has lately been shown that transcription of p21 also may function as a signal for 
choice of p53 activity. It has been reported that the transcription factor Myc is recruited to the 
p21 promoter by the DNA-binding protein Miz-1. This interaction blocks p53 transactivation 
of p21 and leads to a switch from a cytostatic to apoptotic p53 response (140). 
 Cell cycle arrest in the G2-M transition has also been reported upon p53 activation 
(137,141). This involves the transcriptional down-regulation of Cyclin B1 (142) as this cyclin 
in complex with the Cdc2 (Cdk1) is the major regulatory factor required for entry into 
mitosis. Cdc2 can also be inhibited in order to achieve G2-M arrest by transcriptional 
activation of Gadd45 which can bind directly to Cdc2 to inhibit its activity (126) or 
transcriptional activation of 14-3-3σ which binds to the Cdc2 regulator Cdc25C (121,143). 
 

Regulation of Apoptosis  
Triggering apoptosis is a major function of p53 and it has been suggested that this may be 
controlled through mechanisms involving both transcriptional activation of target genes and a 
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nontranscriptional pathway (reviewed in 144). Many p53-regulated genes are known to 
regulate both the extrinsic apoptotic pathway involving death receptors (e.g. KILLER and 
FAS), and the intrinsic pathway involving the mitochondria. The principal mechanism has 
been suggested to be the intrinsic pathway with ultimate mitochondrial release of cytochrome 
c (145). This pathway involves p53 mediated transactivation of proapoptotic Bcl-2 family 
proteins, described below.  

In addition to activation of apoptosis inducers, p53 can also transcriptionally repress 
anti-apoptotic proteins like Bcl-2, Bcl-XL and Survivin thereby preventing cell survival (120). 
Transcriptional repression is, in contrast to transcriptional activation, not fully understood and 
the precise mechanism for this apoptosis regulation remains to be determined. 
 Recently, a transcriptional independent role for p53 in the induction of apoptosis has 
been suggested. This involves a model where activated p53 is redistributed to the 
mitochondria where it forms complexes with Bcl-2 and Bcl-XL thus stimulating the release of 
cytochrome c by interfering with the antiapoptotic properties of these proteins (146). This has 
been implicated to be associated with a polymorphism found at codon 72 in the TP53 gene 
resulting in a protein expressing either a proline or an arginine in position 72. Expression of 
the arginine 72 variant has been suggested to be related with a higher apoptotic potential due 
to increased localization to the mitochondria (147,148).  
 

The Bcl-2 protein family 
The Bcl-2 proteins have a great impact on cell survival and death. The family contains both 
pro-apoptotic and anti-apoptotic proteins that are known to control the intrinsic apoptotic 
mechanism. By localizing to the mitochondria these proteins control the permeabilization of 
the outer mitochondrial membrane and thereby regulate the release of cytochrome c to the cell 
cytosol. The Bcl-2 family is classified in three sub-groups; 1) the anti-apoptotic proteins 
containing BH1-4 domains (Bcl-2, Bcl-XL, Bcl-w, Mcl-1, A1/Bfl-1), 2) the pro-apoptotic 
proteins containing BH1-3 domains (Bax, Bak, Bok/Mtd) and 3) Pro-apoptotic BH3-only 
proteins (Bid, Bim/Bod, Bad, MAP-1, Bmf, Bik/Nbk, Blk, Noxa, Puma, Hrk/DP5) (Bcl-2 
proteins are reviewed in 149,150). The p53 protein is able to mediate apoptosis through 
transcriptional activation of Bax (122), Puma (134) and Noxa (130) which are all pro-
apoptotic Bcl-2 proteins. These pro-apoptotic proteins promote apoptosis upon 
heterodimerization with an anti-apoptotic family member. In many cancers, including AML, 
the ratio of pro- versus anti-apoptotic proteins is useful in determination of prognosis (22).  
 

Senescence and differentiation 
Evidence exists for p53 involvement in cellular senescence, but its precise role is not fully 
understood. However, it has become clear that p53 elicits its senescence response in part by 
increasing the expression of p21 thereby slowing or stopping the division rate of the cell 
(118). This seems to be a response to shortening of telomeres which is sensed by the DNA 
damage sensor proteins ATM, Chk1 and Chk2 (151,152). These are all p53 modifying 
enzymes (Table 1) and will trigger p53 activation though it is not known which genes the 
active protein transactivates. Senescence by p53 does however appear to have a tumor 
suppressor effect as the process limits the replicative capacity of cells, thus preventing the 
proliferation of cells that are at different stages of malignancy. 

It has previously been suggested that p53 is implicated in the induction of 
differentiation and that this is associated with G2-M growth arrest (117). p53 dependent 
differentiation of acute leukemia cell lines has also been reported together with findings of 
different p53 protein levels at distinct stages of cell maturation (153,154). Furthermore, a role 
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for p53 in the differentiation of mouse embryonic stem cells (ESC) was recently reported 
(155). This specific p53 activity relied on phosphorylation of serine 315 and the authors 
speculate whether p53 induces differentiation of ESCs into other cell types that undergo 
efficient p53-dependent cell-cycle arrest and apoptosis as a mechanism for p53 to maintain 
genetic stability.  
  

Variants of the p53 protein 
 
Major variants of the p53 protein may be formed through alternative splicing of mRNA or 
protein cleavage. To date, the human p53 gene has been reported to hypothetically encode 
nine isoforms, resulting from variously spliced mRNA (156). These are the full length 
protein, three N-terminally truncated isoforms translated from an alternative point of initiation 
at codon 40, or by alternative splicing of intron 2 (156-158), two C-terminally truncated 
isoforms produced by alternative splicing of intron 9 (156,159) and three isoforms produced 
from an internal promoter in intron 4 (156). In addition, truncated p53 protein products are 
known produced as a result of protease action, most likely through an autoproteolysis 
mechanism (160,161). In fact, one of the p53 cleavage products, p35, has protease activity 
and can cleave the full length p53 protein to generate an alternate protein product (160). 
 The different p53 isoforms are known to have different functions. Most is known 
about the N-terminally truncated isoform ∆Np53, also termed p47. This isoform lacks the 40 
most extreme N-terminal amino acids and thus has impaired transcriptional activation 
capacity. Also, it does not complex with the negative regulator of p53; Mdm2 (157). 
Furthermore, this isoform has been shown to have a dominant negative effect on full length 
p53 (157,158) thus repressing transcriptional activity and growth suppression mediated by full 
length p53. p47 was also shown to modify p53 localization and inhibit p53 degradation most 
likely due to deficient ubiquitination resulting from impaired ability to complex with Mdm2 
(158). 
 Bourdon et al. recently reported that all nine p53 isoforms known are expressed in 
normal human tissue in a tissue-dependent manner (156). They also report differential binding 
of these isoforms to p53-responsive promoters and alternate apoptotic responses. At least one 
additional isoform apart from p47 was suggested to be dominant negative toward full length 
p53 (∆133p53).  
Taken together these studies suggest a major role for p53 isoforms in the regulation of p53-
mediated responses to cell stress and further studies are required to elucidate the complex 
organization of expression of p53 proteins. 
  

The p53 family of proteins 
 
The p53 protein is part of a family of proteins that includes p63 (162-164) and p73 (165). 
These proteins are also transcription factors and share structural and functional similarities 
with p53 having a transactivation domain, a DNA binding domain and an oligomerization 
domain mediating tetramerization. Sequence homology between p53 and its family members 
enables p63 and p73 to bind to p53 DNA-binding sites, thereby transactivating p53 target 
genes. 

Many different isoforms of the p63 and p73 proteins are known. The p63 gene 
expresses six mRNA variants that encode six protein isoforms, and the p73 gene expresses at 
least 35 mRNA variants that theoretically could encode 28 protein isoforms. So far, 14 p73 
protein isoforms have been described (156). Both p63 and p73 have been shown to express N-
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terminally deleted isoforms that exert dominant negative effects on both themselves and p53 
(162,166). It is becoming increasingly clear that most p63 and p73 isoforms have specific and 
distinct activities, many being able to induce apoptosis (167-169) or cell cycle arrest 
(167,170) through specific transcriptional activation of target genes. 
 

Mouse models to elucidate p53 biology 
 
The generation of knock-out and knock-in mouse models has provided profound insights into 
the role and importance of upstream and downstream signals of the p53 protein, elucidating 
the importance of p53 functionality (reviewed by 171,172). It was early shown that p53-/- 
mice were highly prone to tumor development (173-175), thereby establishing the critical 
tumor suppressor functions of this protein. Analysis of such mouse models, where p53 loss-
of-function promotes tumorigenesis, has helped to elucidate the role of p53 as a cell cycle 
checkpoint and regulator of apoptosis. To increase knowledge of the mechanisms of cancer 
initiation and progression, knock-in mouse models have now been established to mimic p53 
mutations known from human tumors. A hot spot mutation commonly observed in human 
cancers, p53R175H (murine p53R172H), was recently shown to increase tumor frequency in mice. 
These mice developed tumors with the same latency as p53+/- mice but more often developed 
carcinomas with metastasis (176). This indicated that mutant p53 protein was dominant in 
activity, either through a dominant-negative effect or a dominant gain-of-function effect. The 
same results were also obtained in two new studies were mouse models of the Li- Fraumeni 
syndrome were established. This confirmed that mutant p53 expressed under physiological 
control has enhanced oncogenic potential beyond the simple loss of p53 function (177,178). It 
was also suggested that functional inactivation of p63 and p73 through binding to mutant p53 
may increase tumor and metastasis potential (178). This has also been proposed in a recent 
publication and suggests a more significant role for the p53 family (179). 
 To assess the role of p53 post-translational modifications in vivo, investigators have 
begun to generate knock-in mice with single phosphorylation sites altered. Analysis of the 
serine 18 (equal to human serine 15) phosphorylation site by a p53S18A mutant, has shown that 
this site specifically regulates the apoptotic function of p53 and is not required for p53-
mediated tumor suppression (180). A p53S389A (human serine 392) mutant revealed that 
phosphorylation of this site is an important response following UV irradiation, but not for γ-
radiation. Mutant mice were compromised in transcriptional activation of p53 target genes 
and apoptosis after exposure to UV (181). Further studies of such mouse models will 
presumably aid in elucidating the specific roles of single modifications and the ways in which 
these different modifications are interrelated. 
 

Li-Fraumeni syndrome 
 
In human disease, the classical example of the consequences of a p53 loss-of function is 
offered by the cancer syndrome Li-Fraumeni (LFS). This is a familial cancer syndrome first 
described by F. Li and J. Fraumeni in 1969 (182). Generally, LFS is caused by a germline 
TP53 mutation (183,184) and 70% of LFS families have been found to carry this genetic 
alteration (185). In contrast to other inherited cancer syndromes, which are predominantly 
characterized by site-specific cancers, LFS presents with a variety of tumor types. The 
patients with this syndrome share clinical criteria involving (i) childhood malignancies, (ii) 
common malignancies such as soft tissue sarcomas osteosarcomas, breast cancer, brain 
tumors and adrenocortical carcinoma (186), and (iii) relatives diagnosed with the typical 
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malignancies before the age of 60. In later years LFS families with no TP53 mutation have 
been found to carry mutations in p53 regulating kinases like Chk2 (187), thereby disturbing 
the p53 pathway and perturbing p53-dependent cell cycle control and apoptosis. This family 
syndrome is characterized as Li-Fraumeni-like syndrome (LFL). 
 Recently it has been suggested that the p53 family members, p63 and p73, may play a 
role in general tumorigenesis and LFS (178,179,188). This suggests interplay between these 
proteins and should be elucidated further in order to improve our understanding of the biology 
behind this disease. 
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Aims of the study 
 
The main aim of this thesis has been to describe the regulation of wild type p53 protein in 
acute myeloid leukemia. The study has focused on the following topics: 
 
 
1) Study of the relationship between AML signaling networks and p53 phosphorylation to 

elucidate the role of important signaling molecules in the development of AML.  
 
2) Study of the regulation of p53 isoform expression and p53 target gene activation during in 

vivo therapy in AML patients to determine a role for p53 protein in the treatment response 
pathways. 

 
3) Examination of the correlation between p53 isoform expression and clinical parameters in 

AML patients in order to investigate the implications of a diverse and heterogenic 
expression of p53 protein in AML 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 - 21 -



Methodological considerations 
 

Two dimensional electrophoresis and immunoblotting (2DI) 
Much of this thesis is based on the visualization of p53 protein using two-dimensional 
electrophoresis (189). This is undoubtedly the best way to portray the complexity of p53 
constituted by differential isoform expression and differing modifications at the post-
translational level. The use of two-dimensional electrophoresis enables the detection of 
isoforms with differences in both isoelectric point (pI) and molecular weight (MW). Since 
p53 is highly regulated by post-translational modifications, many isoforms will have 
detectable differences only in pI and not in mass. These isoforms can not be distinguished 
using standard gel electrophoresis and their separation is therefore dependent on the two-
dimensional electrophoresis methodology. 
 Unmodified p53 has a pI of 6.4, but different modifications will change the protein 
properties (Table 3). For example, both phosphorylation and acetylation confer negative 
charges to the protein and cause an acidic shift of the isoforms; the higher number of 
modifications, the more acidic the protein. Other modifications like ubiquitin, Sumo-1 and 
Nedd-8 are larger protein entities with sizes of approximately 10 kDa. These modifications 
will not affect the isoelectric point to a great extent, but rather cause the appearance of larger 
forms of the p53 protein that appears as a typical laddering pattern as previously described for 
ubiquitination (190). Taken together, the existence of p53 isoforms varying in molecular mass 
or electrical charge makes two-dimensional electrophoresis an absolute requirement to have 
the best picture of isoform expression. 
 
Table 3. Properties of p53 post-translational modifications. 

Functional group Number of 
Amino acids 

Size pI Shift 

 
Phosphate 

  
80 Da 

  
Acidic 

Acetyl  42 Da  Acidic 
Methyl  14 Da      - 
Ubiquitin 76 8.57 kDa 6.56 Ladder 
Nedd-8 81 9.07 kDa 7.99 Ladder 
SUMO-1 101 11.56 kDa 5.34 Ladder 

 
 
 
The 2DI technique also offers a reliable and reproducible method for detection of p53 protein 
isoforms in our material. Fixed protocols with precast gels are used in all experiments, for 
both primary cells and cell lines, and little variation is detected between untreated samples of 
the same origin (Figure 2). 
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Figure 2. The 2DI method offers reproducible results with little variation due to technical issues. This figure 
represents three independent experiments and p53 isoforms are detected in the cell line LNCaP with no prior 
stimulation of the cells. 

 

Correlation of two-dimensional gel protein patterns with biological parameters 
The expression of p53 protein detected by 2DI is highly heterogeneous in AML patient 
material. Correlation of distinct isoform distribution patterns to specific subsets of patient 
characteristics was an important and challenging task in the analysis of our patient data. 
Several techniques to distinguish groups of patients with similar protein patterns were 
attempted:  

• Manual alignment and signal quantification using gel imaging equipment 
• Manual gridding of area of interest 
• Software for two-dimensional gels 
• Computed correlation algorithm 

Rather than relying on software, manual alignment of the gels and quantification of areas of 
interest based on the definition of a grid was initially attempted. This gave a measure of the 
intensity of the signal in one defined area on the gel (Figure 3). The intention was for this to 
be used in order to identify patients with increased intensity in specific areas of the gel and 
see whether these signals coincided with specific clinical parameters. However, in many cases 
background noise was measured as significant signal, making it impossible to distinguish the 
real protein signal from signal due to noise. This made it difficult to reliably identify patient 
subgroups without manually removing false signals. This method also chose to focus on the 
region of the gel images expressing p53. By selecting only one region important areas of the 
gel may have been missed and the approach was therefore changed into reading the entire 
image, to ensure that no information was lost in the processing. 
 
 

 
 
Figure 3. Patient gels were manually aligned based on the location of the p53 spots. Intensity of expression was 
measured in arbitrary units and detected for regions 1 – 80, defined as areas of interest. 
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Current proteomics software like PDQuest (BioRad) can be used to detect spots and 
changes in spot expression, but they are not able to distinguish changes in the shape of a spot 
because they use Gaussian modeling to create a synthetic spot image. This synthetic image is 
processed to enable distinction between overlapping spots, but makes it impossible to detect 
whole distribution patterns in a gel because every spot is singled out. Commercial software 
also detects noise as protein signal, again forcing the manual removal of false signal. The 
correlation of signal to clinical parameter also has to be done separately as the software can 
not handle this.  

Due to the described technical problems, manual analysis and commercial software 
based analysis failed in retrieving p53 immunoblot features that were significantly correlated 
with clinical parameters. To enable reliable correlations between protein distribution and 
patient characteristics a correlation algorithm was written. After manual alignment of images 
the algorithm generated a composite image containing the statistical correlation of clinical 
features. Location and volume of the protein signal was detected and related to a biological 
characteristic based on several parameters. 

 
Basis for algorithm: 

 
a. The gels are first aligned by detection of a specific spot at a defined pixel location 

in every gel. All gels are rotated to fit this location horizontally. The Y-axis is 
thereafter normalized by determining a scaling factor based on the vertical distance 
between the main p53 isoforms found in the patient material; αp53 and ∆p53 (see 
paper I for explanation of isoforms). In this way, image differences resulting from 
gel preparations are eliminated. 

b. After alignment, the protein expression levels are normalized to allow better 
visualization of the morphology and pattern of the protein detected in different 
areas of the gel. The first step of normalization is the removal of background. This 
is achieved by subtracting or dividing the median background value of a gel from 
the image to give a background intensity of zero. Secondly, expression of the spots 
is normalized by dividing the gel image by the maximum grey value. This makes 
sure that all spots are expressed equally strong. After these steps all background 
values are zero and the maximum protein expression is one. 

c. The correlation image is generated by determining one value for the expression 
signal and one value for a clinical parameter for every pixel in a gel. All values are 
replaced by a specific rank according to the Spearman rank order correlation 
thereby making a ‘normalized’ dataset and a correlation of these normalized data is 
calculated from a standard linear Pearsons correlation. One correlation test is 
performed for every pixel position on the gel based on these datasets. 

d. The correlation test detects the location and the volume of a signal on a gel and 
whether these change or not as a function of the associated biological feature. 
Spots that correlate positively with the biological feature are given one color 
(green) and spots that correlate negatively (anti-correlation) are given a second 
color (brown). Spots that do not change at all are left out of the correlation image. 

e. Gel areas with no signal have a constant intensity and either strongly correlate or 
strongly anti-correlate. This is mathematically correct but gives no information 
because it is constant, and can be removed by applying a filter. This is achieved by 
calculating the standard variance measured on the relative, non-ranked gel 
intensities. This will give a large number where the gel expression varies, but in 
cases of constant expression (empty areas) the number will be zero. 
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f. Correlations using this algorithm may occur by coincidence and therefore a second 
filter is applied to ensure the detection of genuine correlations only. This is done 
by using a significance test typically associated with the Spearman correlation. A 
calculated value close to one means that there is a low probability of the 
correlation having occurred by chance. However, a value close to zero means that 
it is likely that the correlation is coincidental and this signal can be filtered out to 
produce a masked correlation image. 

 
Using this correlation algorithm also eliminated the problem with gel differences in 

background noise because noise was represented as white color. By adding noise to a test 
image, it was actually shown that the correlation image was ‘cleaner’ because the background 
detection of empty areas was reduced. 
 The new algorithm provided a good solution for the analysis of our gel images. The 
technique did not require perfect gels as background noise did not influence the analysis. 
Furthermore, the analysis detected total protein distribution and took into account spot shapes, 
tails and total areas without detecting or selecting single spots. Unfortunately, proper 
alignment of the gels was still a time-consuming task and needs to be further improved. Also, 
the comparison of spot volumes is not yet possible but may be allowed by newer versions of 
the method in the future. 
 

Intracellular flow cytometry 
Intracellular visualization of phospho-proteins by flow cytometry is a technique that has aided 
in providing information about a cell’s immediate functional responses to stimuli. It is a 
powerful technique that now allows the simultaneous analysis of 13 parameters or more (191) 
and has many advantages over western blotting or ELISA (reviewed in 192). The most 
important advantage for its use in the analysis of AML material is that it allows 
multiparameter analysis of small numbers of cells thereby decreasing the need of large protein 
concentrations often required in the application of other immunological methods. It also 
enables monitoring of signaling events in an environment close to the in vivo situation, thus 
eliminating the risk of changes to protein status due to cell purification and protein extraction. 
As such, the technique is invaluable for the successful detection of intracellular phospho-
signaling in limited patient material. 
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Summary of papers 
 
 

Paper I 
The TP53 gene is normally wild type in AML as opposed to other human cancers. We 
investigated whether there is a down-stream block of the p53 pathway that may contribute to 
leukemogenesis in AML. We found that p53 protein was expressed and responded to 
chemotherapy with increased phosphorylation and protein accumulation as is commonly 
observed in normal cells. Subsequently, phosphorylation of specific residues in resting cells 
from 30 AML patients was detected. We found three different subsets of patients differing in 
the level of phosphorylation at serines 15, 20, 37, 46 and 392. One group of patients had low 
levels of p53 phosphorylation. A second group had increased phosphorylation of serines 20 
and 37 and the third group had increased phosphorylation of serines 15, 46 and 392. 
Alterations in the levels of anti-apoptosis protein Bcl-2 is commonly observed in AML. We 
therefore investigated the expression of Bcl-2 in the three identified patient subsets. We found 
increasing levels of Bcl-2 in the patients expressing high levels of phosphorylation at serines 
15, 46 and 392. We further found the high levels of Bcl-2 to be associated with a specific 
mutation in the receptor tyrosine kinase Flt3. This suggests that specific Flt3 signaling may 
lead to accumulation of Bcl-2 which ultimately maintains a downstream block of p53-
mediated apoptosis. 
 

Paper II 
Having found in paper I that TP53 is wild type in our patients, we sought to investigate 
whether p53 protein responded to chemotherapy in AML patients. We sampled 5 patients 
during the first 18 hours of in vivo induction chemotherapy. Using two-dimensional 
electrophoresis and immunoblots we identified two main isoforms of p53. These isoforms 
were denoted αp53 and ∆p53. After treatment an induction of αp53 was observed in the 
patients. Up-regulation of αp53 post treatment was also followed by increased transcription of 
p53 target genes, suggesting a functional protein response. In resting patient cells, ∆p53 was 
the dominating form, but following up-regulation of αp53, ∆p53 was down-regulated. The 
shift in α/∆ ratio was more predominant in malignant than normal cells suggesting that 
malignant cells may have alternate mechanisms for the regulation of p53 isoform expression 
and activity. 
  

Paper III and IV 
The p53 protein is heterogeneously expressed in AML patient material. This may be a result 
of alterations in signaling pathways due to individual differences in leukemogenesis. 
Distinctions in signaling may be related to prognosis and clinical outcome of malignant 
diseases and we investigated whether the patterns of p53 protein could be used in prognostic 
evaluation of AML patients. We wrote a correlation algorithm to test whether alternate p53 
protein patterns could predict clinical outcome in AML. Using this method, we found that 
specific biosignatures of p53 correlated with several clinical parameters. The p53 signature 
could be related to origin of cancer and stage of cell differentiation. Furthermore, expression 
of ∆p53 was correlated with long survival. This isoform was also correlated to remission after 
first course of chemotherapy, supporting the survival correlation. Expression of mutated Flt3 
was correlated to expression of αp53. This suggests that the specific regulation of the p53 
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protein can be used to reflect perturbations in cell signaling networks an may offer a new tool 
in stratification of AML patients. 
 

Paper V 
Li-Fraumeni syndrome is a cancer syndrome caused by germline mutations in the TP53 gene 
or in genes encoding p53 regulatory enzymes. We studied the effect of a new combination 
treatment including ATRA, valproic acid and theophyllamin in an AML patient with LFS. We 
found only miniscule amounts of p53 expressed in the leukemic cells of this patient 
suggesting that all effects of treatment were p53-independent. Furthermore, we detected 
changes in the levels of two membrane molecules, CD11b and CD71, during treatment. We 
also found changes in the activities of signal transducers Stat1, Stat3 and Stat5 after 
stimulation with exogenous cytokines. This could be due to effects of the new combination 
treatment and encourages a further study of the clinical use of these anti-leukemic drugs. 
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General discussion 
 
 
Leukemia has been described for centuries and treatment of this patient-group has been a 
constant challenge. The first successful treatment of AML was described in the 1930’s when a 
man was reported to have entered remission after receiving radiation, arsenic and thorium-X 
(193,194). Since this early stage of therapy the availability and diversity of therapeutics have 
gone through a revolution and median survival for AML patients is constantly increasing. 
Since the introduction of anthracyclines in combination with AraC in the early 1970’s the 
treatment response rates have improved dramatically. Bone marrow transplants were also 
introduced in the mid 1970’s, further improving overall survival for this patient group. 
However, even though anti-leukemic treatment is improving, the overall disease-free survival 
still does not exceed 50%.  A major concern is the large number of older patients (>60 years) 
who can not get the most intensive treatment because of therapy-related toxicity. It is 
therefore necessary to find new molecular targets to improve treatment specificity, thereby 
increasing efficiency and lowering toxicity with the ultimate goal of increased survival rates. 
 The p53 network is a good candidate in the search of new targets for treatment. The 
p53 protein is a highly connected node in the cell, so even though the protein it self is wild 
type in sequence in AML, other changes in the p53 network can change the specificity of its 
action. In a heterogeneous disease like AML which is characterized by such a myriad of 
genetic defects, it is highly likely that such alterations might take place. This thesis has 
therefore aimed to describe the nature of the p53 network by focusing on the regulation of the 
protein itself in the leukemic cell. 
 

Signal transduction in AML 
In general, cancers are derived from a single abnormal cell where changes in the cell’s DNA 
have occurred. Normally one DNA mutation is not enough for a cell to loose growth control 
and for AML a ‘two-hit’ model of leukemogenesis has been proposed (195). This hypothesis 
implies that two mutations with different consequences are needed in collaboration for AML 
to develop. The first type of mutation is a class I mutation that confers a proliferative and/or 
survival advantage to cells, the second is a class II mutation that primarily will impair 
hematopoietic differentiation and subsequent apoptosis (Table 4). In collaboration these two 
types of mutations will lead to rapidly dividing immature cells invading the blood stream. 
This causes loss of the functions of normal blood cells and ultimately leads to the symptoms 
of leukemia. 

The class I mutation known to be most prominent in AML to date is a length mutation 
(LM) in the receptor tyrosine kinase Flt3 (18). Normally, signal transduction pathways 
involving this receptor (and other receptor tyrosine kinases) are activated through the 
stimulation of external binding of a ligand which leads to receptor dimerization, auto-
phosphorylation and ultimately phosphorylation and activation of Src homology 2 (SH2) or 
phosphotyrosine binding (PTB) domain containing proteins. These activated proteins then 
recruit signaling molecules which cause activation of several downstream pathways, including 
the Ras pathway, effecting cell proliferation, differentiation and apoptosis (reviewed in 196) 
(Figure 4). When mutated, the Flt3 receptor is constitutively active and the signaling control 
provided by ligand binding is therefore lost leading to constant signaling that drives the 
downstream cell regulatory pathways (reviewed in 197).  
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Table 4. (Table adapted from 198). Class I and II mutations associated with development of AML according to 
the ‘two-hit’ model. Class I provides a growth advantage and class II impairs hematopoietic differentiation. 
AML1-COPINE VIII could be viewed as a unique mutation since the resultant fusion protein may possess both 
class I and class II activities. 

Class I mutations  Class II mutations 
   
BCR-ABL  CBFβ-MYH11 
N-RAS  AML1-ETO 
K-RAS  TEL-AML1 
c-KIT (exon 8)  PML-RARα 
c-KIT (Asp816)  NUP98-HOXA9 
FLT3 (ITD)  PU.1 
FLT3 (Asp 835)  C/CEPα 
PTPN11  AML1 
NF1  AML1-AMP19 
TEL-PDGFRβ   

 ? AML1-COPINE VIII 
 

 

 
 

Other studies have shown the presence of two separate Flt3 length mutations in our 
patient material (R. Hovland, unpublished observations). The mutations are distinguished by 
the presence of a single Y591 phosphorylation site (Flt3-LM-SPY591) or an amplified Y591 
phosphorylation site (Flt3-LM-AmpY591). In paper I we found that the Flt3-LM-AmpY591 
mutant correlated to increased levels of Bcl-2. A speculative mechanistic explanation for this 
can be provided by the STAT proteins. Mutated Flt3 has previously been described to drive 
signaling of Stat5 in AML (199). The STAT proteins control cell proliferation and 
differentiation and induction of Stat5 through Flt3 signaling increases the transforming 
potential of hematopoietic cells. Furthermore, Stat5 has been reported to induce the 
transcription of the anti-apoptotic Bcl-2-family proteins Bcl-2 and Bcl-XL (200) thereby 
increasing cell survival signaling. Different potential in driving Stat5 signaling may explain 
the differences in Bcl-2 expression between the specific Flt3 mutations.  
 Many cancers develop due to mutations in the tumor suppressor p53. This will permit 
uncontrolled cell growth that would normally lead to cell cycle arrest or early apoptosis. In 
AML however, p53 seems to be wild type. How do the malignant AML cells overcome this 
obstacle? We report in paper I that the different Flt3 mutations cause differential expression 
of Bcl-2. A possible hypothesis relating to the increased survival signals conferred by mutant 
Flt3-LM-AmpY591 suggests that this might block signaling downstream of wild type p53 
thus overriding the normal p53 response. It has recently been shown that activation of 
receptor tyrosine kinase ErbB can override DNA damage induced growth arrest in breast 
cancer (201) suggesting that p53 cell cycle arrest or apoptosis could be potentially blocked 
through increased signaling by mutant Flt3. Furthermore, several of the enzymes known to 
modify p53 can be controlled by signaling through Flt3, including ERK which is also found to 
phosphorylate Bcl-2 and in some cases increases Bcl-2 anti-apoptotic activity (202). This may 
lead one to imagine a situation where the malignant cell is committed to survival and chooses 
to focus signal transduction towards proliferation and survival molecules. 
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Figure 4. Upon binding of Flt3 ligand to the receptor, the receptor dimerizes and auto-phosphorylates. This 
causes binding of proteins with SH2 domains (SHC/Stat5) to the receptor. SHC activates Ras which further 
causes activation of several kinases that can stimulate survival by phosphorylation of anti-apoptotic protein Bcl-
2 or cell death by phosphorylation of p53. The active Flt3 receptor also recruits the kinase JAK2 and Stat5 will 
bind to the active Flt3-JAK2 complex through its SH2 domain. Upon binding, Stat5 is phosphorylated by JAK2 
and is released from the receptor. It thereafter dimerizes and the dimer is translocated to the nucleus where it 
stimulates transcription of genes related to cell proliferation and survival. 

 

Expression of p53 protein isoforms in AML 
Many proteins are expressed as several unique protein isoforms due to alternative splicing of 
their genes. It has been estimated that ~70-80% of human genes are alternatively spliced 
(203,204) and this generates a highly complex proteome. A random sample of 50 alternatively 
spliced genes revealed that nearly 75% were involved in signal transduction (reviewed in 
205). The different isoforms of all these signal transducers may have unique properties due to 
specific tissue of expression, cellular location or unique post-translational modifications.  
 The TP53 gene has recently been found to transcribe nine distinct protein isoforms 
(156). These p53 variants are expressed in a tissue-dependent manner suggesting that their 
expression can be selectively regulated and they also seem to have distinct transcriptional 
activities thereby regulating alternate cellular functions (156). We have detected two main 
isoforms of p53 and find these expressed in all cell lines and primary cells tested. The 
isoforms vary in size and distribution. The αp53 variant has a molecular weight of about 53 
kDa and is assumed to correspond to full length p53. ∆p53 is around 47 kDa and is possibly a 
truncated version of the protein. Both isoforms are detected by antibodies directed towards the 
N-terminal domain of p53 (Bp53-12 and DO-1; epitopes at residues 20-25) and ∆p53 can thus 
not be the previously reported p47 because this variant lacks the 40 most extreme N-terminal 
residues (157). It is unlikely that the size difference between these two main forms is due to 
post-translational modifications like neddylation, sumoylation or ubiquitination as these 
protein entities are too large to cause a 6 kDa change (Table 3). Phosphorylation and 
acetylation are assumed to cause the horizontal spread of the isoforms as these are known to 
change the pI of a protein. The αp53 isoform seems to be much more predisposed to these 
modifications than does ∆p53. This suggests that ∆p53 lacks sites known to be modified, 
although we can not conclude which sites these would include. 
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In paper II we found an up-regulation of αp53 combined with down-regulation of 
∆p53 in response to chemotherapy. This was a much stronger event in leukemic than in 
normal cells and could be due to the nature of cancer cells versus fully matured normal 
leukocytes. Knowing that the expression of p53 isoforms varies with cell type, it is very likely 
that p53 isoforms detected in malignant cells will hold unique qualities as opposed to the 
normal cell counterpart. The leukemic and normal cells are at very different stages in the 
differentiation process and will presumably respond differently to certain stimuli, including 
chemotherapy. We observed a less efficient regulation of the p53 isoforms in normal cells 
than in AML blasts. This was most noticeable for the ∆p53 variant. As the αp53 variant is 
assumed to be the full-length p53 protein, the variable ∆p53 regulation could suggest an 
important distinction in the p53 pathway regulation in normal versus malignant blood cells. 
An explanation could be that ∆p53 holds qualities that may control the activity of αp53, 
possibly by repression of activity. This repression might be reversed in malignant cells, 
meaning that the ability of a cancer cell to modulate αp53 and ∆p53 activity may have an 
influence on chemoresistance.  
 Characterization of the main p53 isoforms expressed in AML would strengthen the 
findings in paper II. This would allow us to learn, in more detail, what the specific effect of 
αp53 is as opposed to ∆p53 and whether this has specific consequences for transcription of 
target genes in AML patient material. 
 

Activities of different p53 protein isoforms 
p53 isoforms are subject to a high level of post-translational modifications, and dysregulation 
or alternate expression of the modifying enzymes could lead to distinct regulation of p53 
proteins in AML blasts versus normal blood cells. We also know that several of the reported 
p53 isoforms lack important parts of regulatory domains making them less available for 
modification, including parts of the N- and C-terminal domains (156). Post-translational 
modifications are, to a great extent, the key to regulation of p53 activity and differences in a 
cell’s ability to apply these regulatory modifications could have great impact on protein 
signaling and transactivation of target genes.  

We observed in paper II an up-regulation of known p53 target genes in cells from 
AML patients undergoing chemotherapy in vivo, including both inducers of apoptosis and cell 
survival factors. The question is whether this bias is due to a unique feature of the malignant 
cell’s response to DNA damage induction. Paper I identified an increased expression of the 
pro-survival protein Bcl-2 in a subset of patients, and this unexpectedly correlated to 
increased p53 phosphorylation. We therefore suggested that the p53 pathway is inactivated 
downstream of p53 signaling and that this is related to cancer cell survival commitment. This 
could offer an explanation for the gene expression bias as it would allow the transcription of 
apoptosis inducers but that these would be inactivated on protein level to allow survival 
signaling. The specific expression of p53 isoforms in AML cells could contribute to specific 
gene activation as it has been proposed that regulation of RNA splicing can be a factor that 
may contribute to the development of malignant diseases by controlling the specific 
expression of protein isoforms with distinct activities. The regulation of splicing is therefore 
now emerging as an intriguing new field in cancer research. 
 

The p53 family members p63 and p73 
Neither p63 nor p73 are targets of inactivating mutations in human cancers, however they 
may still play a central role in tumorigenesis. For both p63 and p73, N-terminally deleted 
dominant-negative proteins (∆Np63, ∆Np73) that inhibit all three family members have been 
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described. These isoforms might play an active oncogenic role in some human cancers. In 
AML there is increasing evidence that p73 may be implicated in leukemogenesis. It has been 
reported that ∆Np73 is ubiquitously expressed in AML, with the exception of AML-M3 
(206). It was also recently reported that mutations in the p73 gene cause the expression of 
mutant protein which may play a role in the development of AML (207). Furthermore, it has 
been shown that p73 is induced by a wide variety of chemotherapeutic drugs and blocking 
p73 activity can lead to chemoresistance (207). Both p63 and p73 protein can be detected in 
our material. p63 can be observed using the p53 specific antibody and is found to be 
expressed in nearly half of the patients, often in more than one isoform. Unfortunately, we 
have not looked at the regulation of the p63 and p73 proteins during chemotherapy, but this 
may be an important supplement to the study of p53 in AML as the expression of these family 
members now have been reported to seemingly associate with the prognosis of other 
malignant diseases (208,209). Furthermore, in an AML patient with LFS, p63 expression was 
not detected while p73 was found to be down-regulated during treatment in vivo, as described 
in paper V. Previous studies have suggested that mutant p53 may inactivate p63 and p73 in 
LFS (178,188) thus additionally suggesting the importance of p53 family evaluation. 
 

Prognostic markers in cancer – a role for p53 protein analysis? 
Risk stratification of patients in AML and other malignant diseases is achieved using 
prognostic markers to identify patients with different probabilities of clinical outcome. 
Prognostic markers are therefore important instruments in the evaluation and management of 
diseases. For AML, cytogenetic abnormalities and disease relapse after induction 
chemotherapy have been recognized as the most important prognostic markers (14). However, 
close to 50% of patients diagnosed with de novo AML have a normal karyotype (210) and 
new molecular markers are therefore warranted to improve prognostic stratification. Recently 
several independent markers have been reported, such as the previously discussed Flt3 
abnormalities, partial tandem duplication of the mixed lineage leukemia (MLL) gene (211), 
mutations of nucleophosmin (212), mutations of transcription factor C/EBPα and expression 
of the BAALC (brain and acute leukemia, cytoplasmic) protein (210). 
 Gene arrays have previously made it possible to study the genetic signature of a tumor 
and in breast cancer it has been shown that each tumor displays a distinct gene expression 
portrait (213). We are now however, moving into a new era were the application of 
proteomics will be increasingly important in terms of identifying proteins that are over-
expressed or altered in cancer cells since the gene expression patterns do not always correlate 
with changes at the functional protein level (214). Using proteomic techniques enables the 
detection of post-translational modifications attributed to proteins and thereby makes it 
possible to discover functional differences that can not be determined from genomic 
information. As such, the protein signature of a highly connected signaling molecule might 
provide an extensive insight into the regulation of the AML proteome based on protein 
partners and the activity of enzymes conferring post-translational modifications.  

It has been suggested that signaling pathways involving p53 cannot be understood by 
looking at isolated components of the network and that it is essential to consider the entire 
network in order to comprehend the full potential of this highly connected protein (215). This 
means that mutation of the TP53 gene is not the only marker that should be considered in 
prognostic evaluation of a patient. Aberrations in a p53 modifying enzyme, protein partner or 
any other member of the p53 network could potentially have dramatic effects on the control of 
cell life and death.  
 Recently it has been reported that p53 mutational status is associated with a gene 
expression signature in breast cancer (216). The authors report that the transcriptional p53 
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fingerprint can be used to predict prognosis and therapeutic response. In paper III and IV the 
p53 protein signature was used to evaluate the same characteristics. It was found that survival 
and chemoresistance could be correlated to the expression of specific p53 isoforms in AML. 
This may indicate that the p53 protein signature, serving as a ‘read-out’ for the p53 network, 
could be used as a novel biomarker for clinical outcome in this particular disease. 
 

Li-Fraumeni syndrome in AML 
LFS is not usually associated with AML and presentation of a patient with this diagnosis in 
our clinic offered a unique opportunity to study the effects of a functional knock-out of the 
p53 protein. Paper II described the regulation of p53 isoforms in patients undergoing 
chemotherapy and an up-regulation of the full-length protein followed by a decrease of the 
truncated ∆p53 and induction of p53 target genes was shown. The LFS patient had only 
miniscule amounts of p53 and no protein induction as a response to therapy was observed. We 
did however detect changes in membrane molecule expression and in phosphorylation of 
important signaling molecules. The up-regulation of CD11b and down-regulation of CD71 
can both be explained by the effect of ATRA treatment (217,218). Stat1, Stat3 and Stat5 
responses were more surprising. Stat3 and Stat5 are both implicated in growth factor 
regulated control of myelopoiesis (219) and can be constitutively activated in response to 
altered signaling in leukemic blasts (220). However, ATRA has previously been reported to 
induce Interferon (IFN) γ responsive signaling in AML (221,222) and the opposite effect was 
observed in cells from the LFS patient examined, as described in paper V. Stat-activity was 
reduced upon treatment and this was a p53-independent effect as no p53 protein could be 
detected. The patient was treated with ATRA in combination with the histone deacetylase 
inhibitor valproic acid and theophyllamine. The combination treatment may account for the 
unexpected signaling effect and should be further investigated in the treatment of AML. 
 

The normal cell counterpart of AML 
A technical problem faced upon preparation of this thesis has been finding an appropriate 
control-system for AML. AML blasts are not fully matured blood cells. They are released into 
the blood stream at early differentiation stages and are as such, not completely comparable to 
mature peripheral blood leukocytes. We therefore tried to include CD34+ stem cells as a 
control for undifferentiated cells. However, these cells are not perfect controls either because 
they are sampled from patients with multiple myeloma or non-Hodgkin’s lymphoma after 
mobilization with disease specific chemotherapy and granulocyte colony stimulating factor 
(G-CSF). Using stem cells from non-AML patients who have undergone pre-treatment is of 
course suboptimal and not entirely comparable to leukemic cells. A second concern regarding 
the CD34+ cells is that chemosensitivity might be changed as a result of previous exposure to 
this particular class of agents. Therefore, to achieve fully comparable results, these concerns 
must be considered.  

The desired control for AML cells would be bone marrow from healthy individuals. 
Unfortunately, the supply of such material is limited and alternatives have therefore been 
considered necessary for our experiments. 
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Conclusions 
 
 
Previous studies have shown that the TP53 gene is mainly wild type in AML and the results 
gained in our material correlate with these studies. The work in this thesis has also shown that 
p53 is accumulated and phosphorylated in response to DNA damage induced by 
chemotherapy and that known p53 target genes are transcribed after induction chemotherapy 
in vivo suggesting that p53 is a functional protein in AML. Furthermore, it has been shown 
that specific Flt3 mutations may lead to abrogation of p53-mediated apoptosis by maintaining 
a downstream block of p53 signaling through driving increased expression of Bcl-2.  In 
patients undergoing treatment, it was found that the regulation of p53 isoforms post 
chemotherapy is a distinct event in malignant compared to normal cells. However, in cells 
from a Li-Fraumeni patient where p53 was not detected, several p53-independent effects of 
treatment were also detected. This included changes in membrane molecule expression and 
activity of signal transducers. 
 The use of a novel correlation technique, suggests that the biosignature of p53 protein 
can be used as a marker for clinical outcome in AML. Specific isoforms of p53 were found to 
correlate to survival, remission and Flt3 mutational status suggesting that changes in signaling 
pathways may contribute to distinct regulation of this highly connected protein. 
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Future perspectives 
 
 
As discussed, differential regulation of p53 protein isoforms in AML patients has been 
described. To date, it has not been possible to identify the exact nature of these isoforms and 
their cellular functions. Describing the physical properties of these isoforms would be of great 
importance towards elucidating the mechanisms of AML development. Many p53 isoforms 
that may harbor distinct activities have been previously described in the literature. These 
might have potential significance for chemosensitivity and AML disease course and it would 
therefore be interesting to determine the functions of the isoforms found expressed in our 
patient material and to associate isoform expression to disease characteristics like; AML 
subtypes, treatment response and survival. The two main isoforms presented in this thesis, 
αp53 and ∆p53, may represent differently spliced mRNA encoded by p53. Analysis of p53 
splice forms in the clinical material may elucidate the representation and regulation of p53 
mRNA in AML. This could also be extended to include p63 and p73 variants that have been 
shown to regulate p53 functionality. 

Furthermore, it is necessary to perform a more complete mapping of all the post-
translational modifications found on the p53 protein isoforms. The optimal technology has to 
be carefully determined, particularly if multiple modifications on the same p53 molecule have 
to be determined in order to predict biological impact. Multiple labeling using intracellular 
flow cytometry will not determine whether these are located on the same molecule or in 
different pools of p53 in the cell. Mass spectrometric analysis of immunoprecipitated proteins 
might offer a valuable method to perform such experiments. However, this technique may not 
provide the complete information about combinations of modifications if the protein is 
trypsinated before analysis, and an intact protein analysis may be necessary.  

The indication of p53 as a biomarker for prognostic purposes is based on a new 
correlation technique. Further testing of this algorithm on cell lines and clinical material is 
needed to determine its importance. A new and extended set of AML patients should be 
tested. Furthermore, cell model systems with mutagenized p53 could elucidate the roles of 
specific residues on the bioprofile as could also modulation of signal transduction pathways 
by small interfering RNA and small molecule inhibitors. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 - 35 -



References 
 
1. Linzer DI, Levine AJ. (1979) Characterization of a 54K dalton cellular SV40 tumor antigen present in 

SV40-transformed cells and uninfected embryonal carcinoma cells. Cell. 17:43-52. 

2. Lane DP, Crawford LV. (1979) T antigen is bound to a host protein in SV40-transformed cells. Nature. 
278:261-3. 

3. Lamb P, Crawford L. (1986) Characterization of the human p53 gene. Mol Cell Biol. 6:1379-85. 

4. van Tuinen P, Rich DC, Summers KM, Ledbetter DH. (1987) Regional mapping panel for human 
chromosome 17: application to neurofibromatosis type 1. Genomics. 1:374-81. 

5. Vogelstein B, Fearon ER, Hamilton SR, et al. (1988) Genetic alterations during colorectal-tumor 
development. N Engl J Med. 319:525-32. 

6. Baker SJ, Fearon ER, Nigro JM, et al. (1989) Chromosome 17 deletions and p53 gene mutations in 
colorectal carcinomas. Science. 244:217-21. 

7. Hollstein M, Sidransky D, Vogelstein B, Harris CC. (1991) p53 mutations in human cancers. Science. 
253:49-53. 

8. Lowenberg B, Downing JR, Burnett A. (1999) Acute myeloid leukemia. N Engl J Med. 341:1051-62. 

9. Bennett JM, Catovsky D, Daniel MT, et al. (1985) Proposed revised criteria for the classification of acute 
myeloid leukemia. A report of the French-American-British Cooperative Group. Ann Intern Med. 
103:620-5. 

10. Bennett JM, Catovsky D, Daniel MT, et al. (1976) Proposals for the classification of the acute 
leukaemias. French-American-British (FAB) co-operative group. Br J Haematol. 33:451-8. 

11. Jaffe E, Harris N, Stein H, Vardiman J, eds. (2001) World health organization classification of tumours: 
Pathology and genetics of tumours of haematopoietic and lymphoid tissues. Lyon, France: IARC Press.  

12. Vardiman JW, Harris NL, Brunning RD. (2002) The World Health Organization (WHO) classification of 
the myeloid neoplasms. Blood. 100:2292-302. 

13. Appelbaum FR, Rowe JM, Radich J, Dick JE. (2001) Acute myeloid leukemia. Hematology (Am Soc 
Hematol Educ Program). 62-86. 

14. Grimwade D, Walker H, Oliver F, et al. (1998) The importance of diagnostic cytogenetics on outcome in 
AML: analysis of 1,612 patients entered into the MRC AML 10 trial. The Medical Research Council 
Adult and Children's Leukaemia Working Parties. Blood. 92:2322-33. 

15. Schoch C, Haferlach T, Haase D, et al. (2001) Patients with de novo acute myeloid leukaemia and 
complex karyotype aberrations show a poor prognosis despite intensive treatment: a study of 90 patients. 
Br J Haematol. 112:118-26. 

16. Mrozek K, Heerema NA, Bloomfield CD. (2004) Cytogenetics in acute leukemia. Blood Rev. 18:115-36. 

17. Bullinger L, Valk PJ. (2005) Gene expression profiling in acute myeloid leukemia. J Clin Oncol. 
23:6296-305. 

18. Nakao M, Yokota S, Iwai T, et al. (1996) Internal tandem duplication of the flt3 gene found in acute 
myeloid leukemia. Leukemia. 10:1911-8. 

19. Abu-Duhier FM, Goodeve AC, Wilson GA, Care RS, Peake IR, Reilly JT. (2001) Identification of novel 
FLT-3 Asp835 mutations in adult acute myeloid leukaemia. Br J Haematol. 113:983-8. 

 - 36 -



20. Gale RE, Hills R, Kottaridis PD, et al. (2005) No evidence that FLT3 status should be considered as an 
indicator for transplantation in acute myeloid leukemia (AML): an analysis of 1135 patients excluding 
acute promyelocytic leukemia from the UK MRC AML10 and 12 trials. Blood.  

21. Campos L, Rouault JP, Sabido O, et al. (1993) High expression of bcl-2 protein in acute myeloid 
leukemia cells is associated with poor response to chemotherapy. Blood. 81:3091-6. 

22. Del Poeta G, Venditti A, Del Principe MI, et al. (2003) Amount of spontaneous apoptosis detected by 
Bax/Bcl-2 ratio predicts outcome in acute myeloid leukemia (AML). Blood. 101:2125-31. 

23. Levine AJ, Momand J, Finlay CA. (1991) The p53 tumour suppressor gene. Nature. 351:453-6. 

24. Levine AJ. (1997) p53, the cellular gatekeeper for growth and division. Cell. 88:323-31. 

25. Schottelius A, Brennscheidt U, Ludwig WD, Mertelsmann RH, Herrmann F, Lubbert M. (1994) 
Mechanisms of p53 alteration in acute leukemias. Leukemia. 8:1673-81. 

26. Fenaux P, Preudhomme C, Quiquandon I, et al. (1992) Mutations of the P53 gene in acute myeloid 
leukaemia. Br J Haematol. 80:178-83. 

27. Wojcik I, Szybka M, Golanska E, et al. (2005) Abnormalities of the P53, MDM2, BCL2 and BAX genes 
in acute leukemias. Neoplasma. 52:318-24. 

28. Fenaux P, Jonveaux P, Quiquandon I, et al. (1991) P53 gene mutations in acute myeloid leukemia with 
17p monosomy. Blood. 78:1652-7. 

29. Ben-Yehuda D, Krichevsky S, Caspi O, et al. (1996) Microsatellite instability and p53 mutations in 
therapy-related leukemia suggest mutator phenotype. Blood. 88:4296-303. 

30. Wattel E, Preudhomme C, Hecquet B, et al. (1994) p53 mutations are associated with resistance to 
chemotherapy and short survival in hematologic malignancies. Blood. 84:3148-57. 

31. Smithgall TE, Briggs SD, Schreiner S, Lerner EC, Cheng H, Wilson MB. (2000) Control of myeloid 
differentiation and survival by Stats. Oncogene. 19:2612-8. 

32. Coffer PJ, Koenderman L, de Groot RP. (2000) The role of STATs in myeloid differentiation and 
leukemia. Oncogene. 19:2511-22. 

33. Platanias LC. (2003) Map kinase signaling pathways and hematologic malignancies. Blood. 101:4667-79. 

34. Hayakawa F, Towatari M, Kiyoi H, et al. (2000) Tandem-duplicated Flt3 constitutively activates STAT5 
and MAP kinase and introduces autonomous cell growth in IL-3-dependent cell lines. Oncogene. 19:624-
31. 

35. Irish JM, Hovland R, Krutzik PO, et al. (2004) Single cell profiling of potentiated phospho-protein 
networks in cancer cells. Cell. 118:217-28. 

36. Mayer RJ, Davis RB, Schiffer CA, et al. (1994) Intensive postremission chemotherapy in adults with 
acute myeloid leukemia. Cancer and Leukemia Group B. N Engl J Med. 331:896-903. 

37. Lowenberg B, Griffin JD, Tallman MS. (2003) Acute myeloid leukemia and acute promyelocytic 
leukemia. Hematology (Am Soc Hematol Educ Program). 82-101. 

38. Huang ME, Ye YC, Chen SR, et al. (1988) Use of all-trans retinoic acid in the treatment of acute 
promyelocytic leukemia. Blood. 72:567-72. 

39. Castaigne S, Chomienne C, Daniel MT, et al. (1990) All-trans retinoic acid as a differentiation therapy for 
acute promyelocytic leukemia. I. Clinical results. Blood. 76:1704-9. 

 - 37 -



40. Stone RM, DeAngelo DJ, Klimek V, et al. (2005) Patients with acute myeloid leukemia and an activating 
mutation in FLT3 respond to a small-molecule FLT3 tyrosine kinase inhibitor, PKC412. Blood. 105:54-
60. 

41. Smith BD, Levis M, Beran M, et al. (2004) Single-agent CEP-701, a novel FLT3 inhibitor, shows 
biologic and clinical activity in patients with relapsed or refractory acute myeloid leukemia. Blood. 
103:3669-76. 

42. Fiedler W, Mesters R, Tinnefeld H, et al. (2003) A phase 2 clinical study of SU5416 in patients with 
refractory acute myeloid leukemia. Blood. 102:2763-7. 

43. Heidel F, Solem FK, Breitenbuecher F, et al. (2005) Clinical resistance to the kinase inhibitor PKC412 in 
acute myeloid leukemia (AML) by mutation of Asn-676 in the FLT3 tyrosine kinase domain. Blood.  

44. Bruserud Ø, Stapnes C, Tronstad K, Ryningen A, Anensen N, Gjertsen B. (2005) Protein acetylation and 
the possible use of histone deacetylase inhibitors in acute myelogenous leukemia. Exp Opin Ther Targets. 
Submitted: 

45. Kojima K, Konopleva M, Samudio IJ, et al. (2005) MDM2 antagonists induce p53-dependent apoptosis in 
AML: implications for leukemia therapy. Blood. 106:3150-9. 

46. Harlow E, Williamson NM, Ralston R, Helfman DM, Adams TE. (1985) Molecular cloning and in vitro 
expression of a cDNA clone for human cellular tumor antigen p53. Mol Cell Biol. 5:1601-10. 

47. Unger T, Nau MM, Segal S, Minna JD. (1992) p53: a transdominant regulator of transcription whose 
function is ablated by mutations occurring in human cancer. Embo J. 11:1383-90. 

48. Lu H, Levine AJ. (1995) Human TAFII31 protein is a transcriptional coactivator of the p53 protein. Proc 
Natl Acad Sci U S A. 92:5154-8. 

49. Thut CJ, Chen JL, Klemm R, Tjian R. (1995) p53 transcriptional activation mediated by coactivators 
TAFII40 and TAFII60. Science. 267:100-4. 

50. Kubbutat MH, Jones SN, Vousden KH. (1997) Regulation of p53 stability by Mdm2. Nature. 387:299-
303. 

51. Haupt Y, Maya R, Kazaz A, Oren M. (1997) Mdm2 promotes the rapid degradation of p53. Nature. 
387:296-9. 

52. Walker KK, Levine AJ. (1996) Identification of a novel p53 functional domain that is necessary for 
efficient growth suppression. Proc Natl Acad Sci U S A. 93:15335-40. 

53. Yu H, Chen JK, Feng S, Dalgarno DC, Brauer AW, Schreiber SL. (1994) Structural basis for the binding 
of proline-rich peptides to SH3 domains. Cell. 76:933-45. 

54. Pavletich NP, Chambers KA, Pabo CO. (1993) The DNA-binding domain of p53 contains the four 
conserved regions and the major mutation hot spots. Genes Dev. 7:2556-64. 

55. el-Deiry WS, Kern SE, Pietenpol JA, Kinzler KW, Vogelstein B. (1992) Definition of a consensus 
binding site for p53. Nat Genet. 1:45-9. 

56. Halazonetis TD, Kandil AN. (1993) Conformational shifts propagate from the oligomerization domain of 
p53 to its tetrameric DNA binding domain and restore DNA binding to select p53 mutants. Embo J. 
12:5057-64. 

57. Sakamoto H, Lewis MS, Kodama H, Appella E, Sakaguchi K. (1994) Specific sequences from the 
carboxyl terminus of human p53 gene product form anti-parallel tetramers in solution. Proc Natl Acad Sci 
U S A. 91:8974-8. 

 - 38 -



58. Clore GM, Omichinski JG, Sakaguchi K, et al. (1994) High-resolution structure of the oligomerization 
domain of p53 by multidimensional NMR. Science. 265:386-91. 

59. Stommel JM, Marchenko ND, Jimenez GS, Moll UM, Hope TJ, Wahl GM. (1999) A leucine-rich nuclear 
export signal in the p53 tetramerization domain: regulation of subcellular localization and p53 activity by 
NES masking. Embo J. 18:1660-72. 

60. Shaulsky G, Goldfinger N, Ben-Ze'ev A, Rotter V. (1990) Nuclear accumulation of p53 protein is 
mediated by several nuclear localization signals and plays a role in tumorigenesis. Mol Cell Biol. 
10:6565-77. 

61. Hupp TR, Meek DW, Midgley CA, Lane DP. (1992) Regulation of the specific DNA binding function of 
p53. Cell. 71:875-86. 

62. Halazonetis TD, Davis LJ, Kandil AN. (1993) Wild-type p53 adopts a 'mutant'-like conformation when 
bound to DNA. Embo J. 12:1021-8. 

63. Chiarugi V, Cinelli M, Magnelli L. (1998) Acetylation and phosphorylation of the carboxy-terminal 
domain of p53: regulative significance. Oncol Res. 10:55-7. 

64. Muller-Tiemann BF, Halazonetis TD, Elting JJ. (1998) Identification of an additional negative regulatory 
region for p53 sequence-specific DNA binding. Proc Natl Acad Sci U S A. 95:6079-84. 

65. Appella E, Anderson CW. (2001) Post-translational modifications and activation of p53 by genotoxic 
stresses. Eur J Biochem. 268:2764-72. 

66. Shieh SY, Taya Y, Prives C. (1999) DNA damage-inducible phosphorylation of p53 at N-terminal sites 
including a novel site, Ser20, requires tetramerization. Embo J. 18:1815-23. 

67. Shieh SY, Ikeda M, Taya Y, Prives C. (1997) DNA damage-induced phosphorylation of p53 alleviates 
inhibition by MDM2. Cell. 91:325-34. 

68. Dumaz N, Meek DW. (1999) Serine15 phosphorylation stimulates p53 transactivation but does not 
directly influence interaction with HDM2. Embo J. 18:7002-10. 

69. Higashimoto Y, Saito S, Tong XH, et al. (2000) Human p53 is phosphorylated on serines 6 and 9 in 
response to DNA damage-inducing agents. J Biol Chem. 275:23199-203. 

70. Saito S, Goodarzi AA, Higashimoto Y, et al. (2002) ATM mediates phosphorylation at multiple p53 sites, 
including Ser(46), in response to ionizing radiation. J Biol Chem. 277:12491-4. 

71. Shieh SY, Ahn J, Tamai K, Taya Y, Prives C. (2000) The human homologs of checkpoint kinases Chk1 
and Cds1 (Chk2) phosphorylate p53 at multiple DNA damage-inducible sites. Genes Dev. 14:289-300. 

72. Tibbetts RS, Brumbaugh KM, Williams JM, et al. (1999) A role for ATR in the DNA damage-induced 
phosphorylation of p53. Genes Dev. 13:152-7. 

73. She QB, Chen N, Dong Z. (2000) ERKs and p38 kinase phosphorylate p53 protein at serine 15 in 
response to UV radiation. J Biol Chem. 275:20444-9. 

74. Lees-Miller SP, Sakaguchi K, Ullrich SJ, Appella E, Anderson CW. (1992) Human DNA-activated 
protein kinase phosphorylates serines 15 and 37 in the amino-terminal transactivation domain of human 
p53. Mol Cell Biol. 12:5041-9. 

75. Dumaz N, Milne DM, Meek DW. (1999) Protein kinase CK1 is a p53-threonine 18 kinase which requires 
prior phosphorylation of serine 15. FEBS Lett. 463:312-6. 

76. She QB, Ma WY, Dong Z. (2002) Role of MAP kinases in UVB-induced phosphorylation of p53 at serine 
20. Oncogene. 21:1580-9. 

 - 39 -



77. Bulavin DV, Saito S, Hollander MC, et al. (1999) Phosphorylation of human p53 by p38 kinase 
coordinates N-terminal phosphorylation and apoptosis in response to UV radiation. Embo J. 18:6845-54. 

78. Ko LJ, Shieh SY, Chen X, et al. (1997) p53 is phosphorylated by CDK7-cyclin H in a p36MAT1-
dependent manner. Mol Cell Biol. 17:7220-9. 

79. Turenne GA, Price BD. (2001) Glycogen synthase kinase3 beta phosphorylates serine 33 of p53 and 
activates p53's transcriptional activity. BMC Cell Biol. 2:12. 

80. Yeh PY, Chuang SE, Yeh KH, Song YC, Cheng AL. (2001) Nuclear extracellular signal-regulated kinase 
2 phosphorylates p53 at Thr55 in response to doxorubicin. Biochem Biophys Res Commun. 284:880-6. 

81. Buschmann T, Potapova O, Bar-Shira A, et al. (2001) Jun NH2-terminal kinase phosphorylation of p53 
on Thr-81 is important for p53 stabilization and transcriptional activities in response to stress. Mol Cell 
Biol. 21:2743-54. 

82. Bech-Otschir D, Kraft R, Huang X, et al. (2001) COP9 signalosome-specific phosphorylation targets p53 
to degradation by the ubiquitin system. Embo J. 20:1630-9. 

83. Wang YH, Tsay YG, Tan BC, Lo WY, Lee SC. (2003) Identification and characterization of a novel 
p300-mediated p53 acetylation site, lysine 305. J Biol Chem. 278:25568-76. 

84. Blaydes JP, Luciani MG, Pospisilova S, Ball HM, Vojtesek B, Hupp TR. (2001) Stoichiometric 
phosphorylation of human p53 at Ser315 stimulates p53-dependent transcription. J Biol Chem. 276:4699-
708. 

85. Liu L, Scolnick DM, Trievel RC, et al. (1999) p53 sites acetylated in vitro by PCAF and p300 are 
acetylated in vivo in response to DNA damage. Mol Cell Biol. 19:1202-9. 

86. Xirodimas DP, Saville MK, Bourdon JC, Hay RT, Lane DP. (2004) Mdm2-mediated NEDD8 conjugation 
of p53 inhibits its transcriptional activity. Cell. 118:83-97. 

87. Honda R, Tanaka H, Yasuda H. (1997) Oncoprotein MDM2 is a ubiquitin ligase E3 for tumor suppressor 
p53. FEBS Lett. 420:25-7. 

88. Grossman SR, Deato ME, Brignone C, et al. (2003) Polyubiquitination of p53 by a ubiquitin ligase 
activity of p300. Science. 300:342-4. 

89. Gu W, Roeder RG. (1997) Activation of p53 sequence-specific DNA binding by acetylation of the p53 C-
terminal domain. Cell. 90:595-606. 

90. Youmell M, Park SJ, Basu S, Price BD. (1998) Regulation of the p53 protein by protein kinase C alpha 
and protein kinase C zeta. Biochem Biophys Res Commun. 245:514-8. 

91. Chuikov S, Kurash JK, Wilson JR, et al. (2004) Regulation of p53 activity through lysine methylation. 
Nature. 432:353-60. 

92. Chernov MV, Bean LJ, Lerner N, Stark GR. (2001) Regulation of ubiquitination and degradation of p53 
in unstressed cells through C-terminal phosphorylation. J Biol Chem. 276:31819-24. 

93. Waterman MJ, Stavridi ES, Waterman JL, Halazonetis TD. (1998) ATM-dependent activation of p53 
involves dephosphorylation and association with 14-3-3 proteins. Nat Genet. 19:175-8. 

94. Takenaka I, Morin F, Seizinger BR, Kley N. (1995) Regulation of the sequence-specific DNA binding 
function of p53 by protein kinase C and protein phosphatases. J Biol Chem. 270:5405-11. 

95. Gostissa M, Hengstermann A, Fogal V, et al. (1999) Activation of p53 by conjugation to the ubiquitin-
like protein SUMO-1. Embo J. 18:6462-71. 

 - 40 -



96. Rodriguez MS, Desterro JM, Lain S, Midgley CA, Lane DP, Hay RT. (1999) SUMO-1 modification 
activates the transcriptional response of p53. Embo J. 18:6455-61. 

97. Huang C, Ma WY, Maxiner A, Sun Y, Dong Z. (1999) p38 kinase mediates UV-induced phosphorylation 
of p53 protein at serine 389. J Biol Chem. 274:12229-35. 

98. Cuddihy AR, Wong AH, Tam NW, Li S, Koromilas AE. (1999) The double-stranded RNA activated 
protein kinase PKR physically associates with the tumor suppressor p53 protein and phosphorylates 
human p53 on serine 392 in vitro. Oncogene. 18:2690-702. 

99. Scheidtmann KH, Mumby MC, Rundell K, Walter G. (1991) Dephosphorylation of simian virus 40 large-
T antigen and p53 protein by protein phosphatase 2A: inhibition by small-t antigen. Mol Cell Biol. 
11:1996-2003. 

100. Fiscella M, Zhang H, Fan S, et al. (1997) Wip1, a novel human protein phosphatase that is induced in 
response to ionizing radiation in a p53-dependent manner. Proc Natl Acad Sci U S A. 94:6048-53. 

101. Zuo Z, Dean NM, Honkanen RE. (1998) Serine/threonine protein phosphatase type 5 acts upstream of 
p53 to regulate the induction of p21(WAF1/Cip1) and mediate growth arrest. J Biol Chem. 273:12250-8. 

102. Li L, Ljungman M, Dixon JE. (2000) The human Cdc14 phosphatases interact with and dephosphorylate 
the tumor suppressor protein p53. J Biol Chem. 275:2410-4. 

103. Haneda M, Kojima E, Nishikimi A, Hasegawa T, Nakashima I, Isobe K. (2004) Protein phosphatase 1, 
but not protein phosphatase 2A, dephosphorylates DNA-damaging stress-induced phospho-serine 15 of 
p53. FEBS Lett. 567:171-4. 

104. Dohoney KM, Guillerm C, Whiteford C, et al. (2004) Phosphorylation of p53 at serine 37 is important for 
transcriptional activity and regulation in response to DNA damage. Oncogene. 23:49-57. 

105. Momand J, Zambetti GP, Olson DC, George D, Levine AJ. (1992) The mdm-2 oncogene product forms a 
complex with the p53 protein and inhibits p53-mediated transactivation. Cell. 69:1237-45. 

106. Lai Z, Ferry KV, Diamond MA, et al. (2001) Human mdm2 mediates multiple mono-ubiquitination of 
p53 by a mechanism requiring enzyme isomerization. J Biol Chem. 276:31357-67. 

107. Rodriguez MS, Desterro JM, Lain S, Lane DP, Hay RT. (2000) Multiple C-terminal lysine residues target 
p53 for ubiquitin-proteasome-mediated degradation. Mol Cell Biol. 20:8458-67. 

108. Lohrum MA, Woods DB, Ludwig RL, Balint E, Vousden KH. (2001) C-terminal ubiquitination of p53 
contributes to nuclear export. Mol Cell Biol. 21:8521-32. 

109. Hoege C, Pfander B, Moldovan GL, Pyrowolakis G, Jentsch S. (2002) RAD6-dependent DNA repair is 
linked to modification of PCNA by ubiquitin and SUMO. Nature. 419:135-41. 

110. Ito A, Lai CH, Zhao X, et al. (2001) p300/CBP-mediated p53 acetylation is commonly induced by p53-
activating agents and inhibited by MDM2. Embo J. 20:1331-40. 

111. Juan LJ, Shia WJ, Chen MH, et al. (2000) Histone deacetylases specifically down-regulate p53-dependent 
gene activation. J Biol Chem. 275:20436-43. 

112. Insinga A, Monestiroli S, Ronzoni S, et al. (2004) Impairment of p53 acetylation, stability and function 
by an oncogenic transcription factor. Embo J. 23:1144-54. 

113. Pearson M, Pelicci PG. (2001) PML interaction with p53 and its role in apoptosis and replicative 
senescence. Oncogene. 20:7250-6. 

114. Sakaguchi K, Herrera JE, Saito S, et al. (1998) DNA damage activates p53 through a phosphorylation-
acetylation cascade. Genes Dev. 12:2831-41. 

 - 41 -



115. Warnock LJ, Raines SA, Mee TR, Milner J. (2005) Role of phosphorylation in p53 acetylation and 
PAb421 epitope recognition in baculoviral and mammalian expressed proteins. Febs J. 272:1669-75. 

116. Mirza A, Wu Q, Wang L, et al. (2003) Global transcriptional program of p53 target genes during the 
process of apoptosis and cell cycle progression. Oncogene. 22:3645-54. 

117. Aloni-Grinstein R, Schwartz D, Rotter V. (1995) Accumulation of wild-type p53 protein upon gamma-
irradiation induces a G2 arrest-dependent immunoglobulin kappa light chain gene expression. Embo J. 
14:1392-401. 

118. Atadja P, Wong H, Garkavtsev I, Veillette C, Riabowol K. (1995) Increased activity of p53 in senescing 
fibroblasts. Proc Natl Acad Sci U S A. 92:8348-52. 

119. Vousden KH. (2002) Switching from life to death: the Miz-ing link between Myc and p53. Cancer Cell. 
2:351-2. 

120. Vousden KH, Lu X. (2002) Live or let die: the cell's response to p53. Nat Rev Cancer. 2:594-604. 

121. Hermeking H, Lengauer C, Polyak K, et al. (1997) 14-3-3 sigma is a p53-regulated inhibitor of G2/M 
progression. Mol Cell. 1:3-11. 

122. Miyashita T, Reed JC. (1995) Tumor suppressor p53 is a direct transcriptional activator of the human bax 
gene. Cell. 80:293-9. 

123. el-Deiry WS, Tokino T, Velculescu VE, et al. (1993) WAF1, a potential mediator of p53 tumor 
suppression. Cell. 75:817-25. 

124. Owen-Schaub LB, Zhang W, Cusack JC, et al. (1995) Wild-type human p53 and a temperature-sensitive 
mutant induce Fas/APO-1 expression. Mol Cell Biol. 15:3032-40. 

125. Hwang PM, Bunz F, Yu J, et al. (2001) Ferredoxin reductase affects p53-dependent, 5-fluorouracil-
induced apoptosis in colorectal cancer cells. Nat Med. 7:1111-7. 

126. Zhan Q, Antinore MJ, Wang XW, et al. (1999) Association with Cdc2 and inhibition of Cdc2/Cyclin B1 
kinase activity by the p53-regulated protein Gadd45. Oncogene. 18:2892-900. 

127. Hollander MC, Alamo I, Jackman J, Wang MG, McBride OW, Fornace AJ, Jr. (1993) Analysis of the 
mammalian gadd45 gene and its response to DNA damage. J Biol Chem. 268:24385-93. 

128. Wu GS, Burns TF, McDonald ER, 3rd, et al. (1997) KILLER/DR5 is a DNA damage-inducible p53-
regulated death receptor gene. Nat Genet. 17:141-3. 

129. Barak Y, Juven T, Haffner R, Oren M. (1993) mdm2 expression is induced by wild type p53 activity. 
Embo J. 12:461-8. 

130. Oda E, Ohki R, Murasawa H, et al. (2000) Noxa, a BH3-only member of the Bcl-2 family and candidate 
mediator of p53-induced apoptosis. Science. 288:1053-8. 

131. Park WR, Nakamura Y. (2005) p53CSV, a novel p53-inducible gene involved in the p53-dependent cell-
survival pathway. Cancer Res. 65:1197-206. 

132. Okamura S, Arakawa H, Tanaka T, et al. (2001) p53DINP1, a p53-inducible gene, regulates p53-
dependent apoptosis. Mol Cell. 8:85-94. 

133. Yu J, Zhang L, Hwang PM, Kinzler KW, Vogelstein B. (2001) PUMA induces the rapid apoptosis of 
colorectal cancer cells. Mol Cell. 7:673-82. 

134. Nakano K, Vousden KH. (2001) PUMA, a novel proapoptotic gene, is induced by p53. Mol Cell. 7:683-
94. 

 - 42 -



135. Budanov AV, Shoshani T, Faerman A, et al. (2002) Identification of a novel stress-responsive gene Hi95 
involved in regulation of cell viability. Oncogene. 21:6017-31. 

136. Velasco-Miguel S, Buckbinder L, Jean P, et al. (1999) PA26, a novel target of the p53 tumor suppressor 
and member of the GADD family of DNA damage and growth arrest inducible genes. Oncogene. 18:127-
37. 

137. Bunz F, Dutriaux A, Lengauer C, et al. (1998) Requirement for p53 and p21 to sustain G2 arrest after 
DNA damage. Science. 282:1497-501. 

138. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ. (1993) The p21 Cdk-interacting protein Cip1 is 
a potent inhibitor of G1 cyclin-dependent kinases. Cell. 75:805-16. 

139. Harper JW, Elledge SJ, Keyomarsi K, et al. (1995) Inhibition of cyclin-dependent kinases by p21. Mol 
Biol Cell. 6:387-400. 

140. Seoane J, Le HV, Massague J. (2002) Myc suppression of the p21(Cip1) Cdk inhibitor influences the 
outcome of the p53 response to DNA damage. Nature. 419:729-34. 

141. Stewart N, Hicks GG, Paraskevas F, Mowat M. (1995) Evidence for a second cell cycle block at G2/M by 
p53. Oncogene. 10:109-15. 

142. Innocente SA, Abrahamson JL, Cogswell JP, Lee JM. (1999) p53 regulates a G2 checkpoint through 
cyclin B1. Proc Natl Acad Sci U S A. 96:2147-52. 

143. Peng CY, Graves PR, Thoma RS, Wu Z, Shaw AS, Piwnica-Worms H. (1997) Mitotic and G2 checkpoint 
control: regulation of 14-3-3 protein binding by phosphorylation of Cdc25C on serine-216. Science. 
277:1501-5. 

144. Schuler M, Green DR. (2005) Transcription, apoptosis and p53: catch-22. Trends Genet. 21:182-7. 

145. Schuler M, Green DR. (2001) Mechanisms of p53-dependent apoptosis. Biochem Soc Trans. 29:684-8. 

146. Mihara M, Erster S, Zaika A, et al. (2003) p53 has a direct apoptogenic role at the mitochondria. Mol 
Cell. 11:577-90. 

147. Dumont P, Leu JI, Della Pietra AC, 3rd, George DL, Murphy M. (2003) The codon 72 polymorphic 
variants of p53 have markedly different apoptotic potential. Nat Genet. 33:357-65. 

148. Pim D, Banks L. (2004) p53 polymorphic variants at codon 72 exert different effects on cell cycle 
progression. Int J Cancer. 108:196-9. 

149. Lucken-Ardjomande S, Martinou JC. (2005) Regulation of Bcl-2 proteins and of the permeability of the 
outer mitochondrial membrane. C R Biol. 328:616-31. 

150. Korsmeyer SJ. (1999) BCL-2 gene family and the regulation of programmed cell death. Cancer Res. 
59:1693s-1700s. 

151. Herbig U, Jobling WA, Chen BP, Chen DJ, Sedivy JM. (2004) Telomere shortening triggers senescence 
of human cells through a pathway involving ATM, p53, and p21(CIP1), but not p16(INK4a). Mol Cell. 
14:501-13. 

152. d'Adda di Fagagna F, Reaper PM, Clay-Farrace L, et al. (2003) A DNA damage checkpoint response in 
telomere-initiated senescence. Nature. 426:194-8. 

153. Rizzo MG, Zepparoni A, Cristofanelli B, et al. (1998) Wt-p53 action in human leukaemia cell lines 
corresponding to different stages of differentiation. Br J Cancer. 77:1429-38. 

 - 43 -



154. Shen DW, Real FX, DeLeo AB, Old LJ, Marks PA, Rifkind RA. (1983) Protein p53 and inducer-
mediated erythroleukemia cell commitment to terminal cell division. Proc Natl Acad Sci U S A. 80:5919-
22. 

155. Lin T, Chao C, Saito S, et al. (2005) p53 induces differentiation of mouse embryonic stem cells by 
suppressing Nanog expression. Nat Cell Biol. 7:165-71. 

156. Bourdon JC, Fernandes K, Murray-Zmijewski F, et al. (2005) p53 isoforms can regulate p53 
transcriptional activity. Genes Dev. 19:2122-37. 

157. Courtois S, Verhaegh G, North S, et al. (2002) DeltaN-p53, a natural isoform of p53 lacking the first 
transactivation domain, counteracts growth suppression by wild-type p53. Oncogene. 21:6722-8. 

158. Ghosh A, Stewart D, Matlashewski G. (2004) Regulation of human p53 activity and cell localization by 
alternative splicing. Mol Cell Biol. 24:7987-97. 

159. Flaman JM, Waridel F, Estreicher A, et al. (1996) The human tumour suppressor gene p53 is alternatively 
spliced in normal cells. Oncogene. 12:813-8. 

160. Okorokov AL, Ponchel F, Milner J. (1997) Induced N- and C-terminal cleavage of p53: a core fragment 
of p53, generated by interaction with damaged DNA, promotes cleavage of the N-terminus of full-length 
p53, whereas ssDNA induces C-terminal cleavage of p53. Embo J. 16:6008-17. 

161. Molinari M, Okorokov AL, Milner J. (1996) Interaction with damaged DNA induces selective proteolytic 
cleavage of p53 to yield 40 kDa and 35 kDa fragments competent for sequence-specific DNA binding. 
Oncogene. 13:2077-86. 

162. Yang A, Kaghad M, Wang Y, et al. (1998) p63, a p53 homolog at 3q27-29, encodes multiple products 
with transactivating, death-inducing, and dominant-negative activities. Mol Cell. 2:305-16. 

163. Osada M, Ohba M, Kawahara C, et al. (1998) Cloning and functional analysis of human p51, which 
structurally and functionally resembles p53. Nat Med. 4:839-43. 

164. Trink B, Okami K, Wu L, Sriuranpong V, Jen J, Sidransky D. (1998) A new human p53 homologue. Nat 
Med. 4:747-8. 

165. Kaghad M, Bonnet H, Yang A, et al. (1997) Monoallelically expressed gene related to p53 at 1p36, a 
region frequently deleted in neuroblastoma and other human cancers. Cell. 90:809-19. 

166. Grob TJ, Novak U, Maisse C, et al. (2001) Human delta Np73 regulates a dominant negative feedback 
loop for TAp73 and p53. Cell Death Differ. 8:1213-23. 

167. Tomasini R, Seux M, Nowak J, et al. (2005) TP53INP1 is a novel p73 target gene that induces cell cycle 
arrest and cell death by modulating p73 transcriptional activity. Oncogene.  

168. Ramadan S, Terrinoni A, Catani MV, et al. (2005) p73 induces apoptosis by different mechanisms. 
Biochem Biophys Res Commun. 331:713-7. 

169. Gressner O, Schilling T, Lorenz K, et al. (2005) TAp63alpha induces apoptosis by activating signaling 
via death receptors and mitochondria. Embo J. 24:2458-71. 

170. Dohn M, Zhang S, Chen X. (2001) p63alpha and DeltaNp63alpha can induce cell cycle arrest and 
apoptosis and differentially regulate p53 target genes. Oncogene. 20:3193-205. 

171. Lozano G, Zambetti GP. (2005) What have animal models taught us about the p53 pathway? J Pathol. 
205:206-20. 

172. Attardi LD, Donehower LA. (2005) Probing p53 biological functions through the use of genetically 
engineered mouse models. Mutat Res. 576:4-21. 

 - 44 -



173. Donehower LA, Harvey M, Slagle BL, et al. (1992) Mice deficient for p53 are developmentally normal 
but susceptible to spontaneous tumours. Nature. 356:215-21. 

174. Jacks T, Remington L, Williams BO, et al. (1994) Tumor spectrum analysis in p53-mutant mice. Curr 
Biol. 4:1-7. 

175. Purdie CA, Harrison DJ, Peter A, et al. (1994) Tumour incidence, spectrum and ploidy in mice with a 
large deletion in the p53 gene. Oncogene. 9:603-9. 

176. Liu G, McDonnell TJ, Montes de Oca Luna R, et al. (2000) High metastatic potential in mice inheriting a 
targeted p53 missense mutation. Proc Natl Acad Sci U S A. 97:4174-9. 

177. Olive KP, Tuveson DA, Ruhe ZC, et al. (2004) Mutant p53 gain of function in two mouse models of Li-
Fraumeni syndrome. Cell. 119:847-60. 

178. Lang GA, Iwakuma T, Suh YA, et al. (2004) Gain of function of a p53 hot spot mutation in a mouse 
model of Li-Fraumeni syndrome. Cell. 119:861-72. 

179. Flores ER, Sengupta S, Miller JB, et al. (2005) Tumor predisposition in mice mutant for p63 and p73: 
evidence for broader tumor suppressor functions for the p53 family. Cancer Cell. 7:363-73. 

180. Sluss HK, Armata H, Gallant J, Jones SN. (2004) Phosphorylation of serine 18 regulates distinct p53 
functions in mice. Mol Cell Biol. 24:976-84. 

181. Bruins W, Zwart E, Attardi LD, et al. (2004) Increased sensitivity to UV radiation in mice with a p53 
point mutation at Ser389. Mol Cell Biol. 24:8884-94. 

182. Li FP, Fraumeni JF, Jr. (1969) Soft-tissue sarcomas, breast cancer, and other neoplasms. A familial 
syndrome? Ann Intern Med. 71:747-52. 

183. Malkin D, Li FP, Strong LC, et al. (1990) Germ line p53 mutations in a familial syndrome of breast 
cancer, sarcomas, and other neoplasms. Science. 250:1233-8. 

184. Srivastava S, Zou ZQ, Pirollo K, Blattner W, Chang EH. (1990) Germ-line transmission of a mutated p53 
gene in a cancer-prone family with Li-Fraumeni syndrome. Nature. 348:747-9. 

185. Varley JM, McGown G, Thorncroft M, et al. (1997) Germ-line mutations of TP53 in Li-Fraumeni 
families: an extended study of 39 families. Cancer Res. 57:3245-52. 

186. Li FP, Fraumeni JF, Jr., Mulvihill JJ, et al. (1988) A cancer family syndrome in twenty-four kindreds. 
Cancer Res. 48:5358-62. 

187. Bell DW, Varley JM, Szydlo TE, et al. (1999) Heterozygous germ line hCHK2 mutations in Li-Fraumeni 
syndrome. Science. 286:2528-31. 

188. Iwakuma T, Lozano G, Flores ER. (2005) Li-Fraumeni syndrome: a p53 family affair. Cell Cycle. 4:865-
7. 

189. O'Farrell PH. (1975) High resolution two-dimensional electrophoresis of proteins. J Biol Chem. 
250:4007-21. 

190. Fuchs SY, Adler V, Buschmann T, Wu X, Ronai Z. (1998) Mdm2 association with p53 targets its 
ubiquitination. Oncogene. 17:2543-7. 

191. De Rosa SC, Herzenberg LA, Roederer M. (2001) 11-color, 13-parameter flow cytometry: identification 
of human naive T cells by phenotype, function, and T-cell receptor diversity. Nat Med. 7:245-8. 

192. Krutzik PO, Irish JM, Nolan GP, Perez OD. (2004) Analysis of protein phosphorylation and cellular 
signaling events by flow cytometry: techniques and clinical applications. Clin Immunol. 110:206-21. 

 - 45 -



193. Gloor W. (1930) Ein fall von geheilter myeloblastenleukamie. Münch Med Wochenschr. 77:1096-1098. 

194. Beutler E. (2001) The treatment of acute leukemia: past, present, and future. Leukemia. 15:658-61. 

195. Gilliland DG. (2001) Hematologic malignancies. Curr Opin Hematol. 8:189-91. 

196. Schlessinger J. (2000) Cell signaling by receptor tyrosine kinases. Cell. 103:211-25. 

197. Gilliland DG, Griffin JD. (2002) The roles of FLT3 in hematopoiesis and leukemia. Blood. 100:1532-42. 

198. Reilly JT. (2005) Pathogenesis of acute myeloid leukaemia and inv(16)(p13;q22): a paradigm for 
understanding leukaemogenesis? Br J Haematol. 128:18-34. 

199. Spiekermann K, Bagrintseva K, Schwab R, Schmieja K, Hiddemann W. (2003) Overexpression and 
constitutive activation of FLT3 induces STAT5 activation in primary acute myeloid leukemia blast cells. 
Clin Cancer Res. 9:2140-50. 

200. Lord JD, McIntosh BC, Greenberg PD, Nelson BH. (2000) The IL-2 receptor promotes lymphocyte 
proliferation and induction of the c-myc, bcl-2, and bcl-x genes through the trans-activation domain of 
Stat5. J Immunol. 164:2533-41. 

201. Chakravarti P, Henry MK, Quelle FW. (2005) Prolactin and heregulin override DNA damage-induced 
growth arrest and promote phosphatidylinositol-3 kinase-dependent proliferation in breast cancer cells. Int 
J Oncol. 26:509-14. 

202. Ruvolo PP, Deng X, May WS. (2001) Phosphorylation of Bcl2 and regulation of apoptosis. Leukemia. 
15:515-22. 

203. Johnson JM, Castle J, Garrett-Engele P, et al. (2003) Genome-wide survey of human alternative pre-
mRNA splicing with exon junction microarrays. Science. 302:2141-4. 

204. Kampa D, Cheng J, Kapranov P, et al. (2004) Novel RNAs identified from an in-depth analysis of the 
transcriptome of human chromosomes 21 and 22. Genome Res. 14:331-42. 

205. Modrek B, Lee C. (2002) A genomic view of alternative splicing. Nat Genet. 30:13-9. 

206. Rizzo MG, Giombini E, Diverio D, et al. (2004) Analysis of p73 expression pattern in acute myeloid 
leukemias: lack of DeltaN-p73 expression is a frequent feature of acute promyelocytic leukemia. 
Leukemia. 18:1804-9. 

207. Sahu GR, Mishra R, Nagpal JK, Das BR. (2005) Alteration of p73 in acute myelogenous leukemia. Am J 
Hematol. 79:1-7. 

208. Lo Muzio L, Santarelli A, Caltabiano R, et al. (2005) p63 overexpression associates with poor prognosis 
in head and neck squamous cell carcinoma. Hum Pathol. 36:187-94. 

209. Uramoto H, Sugio K, Oyama T, et al. (2004) Expression of deltaNp73 predicts poor prognosis in lung 
cancer. Clin Cancer Res. 10:6905-11. 

210. Bienz M, Ludwig M, Leibundgut EO, et al. (2005) Risk assessment in patients with acute myeloid 
leukemia and a normal karyotype. Clin Cancer Res. 11:1416-24. 

211. Yu M, Honoki K, Andersen J, Paietta E, Nam DK, Yunis JJ. (1996) MLL tandem duplication and 
multiple splicing in adult acute myeloid leukemia with normal karyotype. Leukemia. 10:774-80. 

212. Falini B, Mecucci C, Tiacci E, et al. (2005) Cytoplasmic nucleophosmin in acute myelogenous leukemia 
with a normal karyotype. N Engl J Med. 352:254-66. 

213. Perou CM, Sorlie T, Eisen MB, et al. (2000) Molecular portraits of human breast tumours. Nature. 
406:747-52. 

 - 46 -



214. Anderson L, Seilhamer J. (1997) A comparison of selected mRNA and protein abundances in human 
liver. Electrophoresis. 18:533-7. 

215. Vogelstein B, Lane D, Levine AJ. (2000) Surfing the p53 network. Nature. 408:307-10. 

216. Miller LD, Smeds J, George J, et al. (2005) From The Cover: An expression signature for p53 status in 
human breast cancer predicts mutation status, transcriptional effects, and patient survival. Proc Natl Acad 
Sci U S A. 102:13550-5. 

217. Di Noto R, Lo Pardo C, Schiavone EM, et al. (1996) All-trans retinoic acid (ATRA) and the regulation of 
adhesion molecules in acute myeloid leukemia. Leuk Lymphoma. 21:201-9. 

218. Pushkareva MY, Wannberg SL, Janoff AS, Mayhew E. (2000) Increased cell-surface receptor expression 
on U-937 cells induced by 1-O-octadecyl-2-O-methyl-sn-glycero-3-phosphocholine. Cancer Immunol 
Immunother. 48:569-78. 

219. Benekli M, Baer MR, Baumann H, Wetzler M. (2003) Signal transducer and activator of transcription 
proteins in leukemias. Blood. 101:2940-54. 

220. Spiekermann K, Pau M, Schwab R, Schmieja K, Franzrahe S, Hiddemann W. (2002) Constitutive 
activation of STAT3 and STAT5 is induced by leukemic fusion proteins with protein tyrosine kinase 
activity and is sufficient for transformation of hematopoietic precursor cells. Exp Hematol. 30:262-71. 

221. Gaboli M, Gandini D, Delva L, Wang ZG, Pandolfi PP. (1998) Acute promyelocytic leukemia as a model 
for cross-talk between interferon and retinoic acid pathways: from molecular biology to clinical 
applications. Leuk Lymphoma. 30:11-22. 

222. Dimberg A, Nilsson K, Oberg F. (2000) Phosphorylation-deficient Stat1 inhibits retinoic acid-induced 
differentiation and cell cycle arrest in U-937 monoblasts. Blood. 96:2870-8. 

 

 - 47 -




