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ABSTRACT 
The development of multicellular organisms requires a balance between the cellular 

processes of proliferation, differentiation and death. These processes are important 

throughout the whole life of the organism. Daily, the DNA in our cells is under attack 

by agents that can cause damage. Thus, the cells have developed mechanisms to 

manage the DNA damage through activation of pathways leading to cell cycle arrest, 

DNA repair, and/or cell death. However, sometimes the damage affect the signaling 

pathways of cell cycle arrest, DNA repair and cell death, which then greatly enhances 

the risk of malignant transformation.  

Anticancer treatments aim to induce either cell cycle arrest or cell death, effects 

mediated by proteins such as p53 and p73. P53 is mutated in many tumors and 

consequently its role in the regulation of cell cycle and apoptosis is impaired. P73 is 

rarely mutated in human tumors. The P73 gene gives rise to many different protein 

isoforms, including transcriptionally active (TA) p73 isoforms and amino-terminal 

transactivation domain-deficient ΔN) isoforms. TAp73 isoforms are considered to act 

as tumor suppressors, whereas the ∆Np73 isoforms acts more like oncogenes, 

counteracting the functions of p53 and TAp73. Nevertheless, TAp73 isoforms are 

found to be overexpressed and to contribute to cellular chemoresistance in some 

tumors.  

On our way to explore the structure-function properties of p73 isoforms, we found that 

the full-length TAp73α isoform can prevent drug-induced apoptosis in small cell lung 

carcinoma cells and that this effect is in part mediated by Hsp72. In contrast, the pro-

apoptotic actions of the shorter TAp73β isoform partially depend on the induction of 

p57Kip2. We characterized the domains within the p73 protein needed for its pro- or 

anti-apoptotic effect and also identified a novel transactivation domain in the carboxy-

terminal region of p73. This transactivation domain was found to be regulated by PKC-

dependent phosphorylation and active on promoters of cell cycle regulatory genes.  

In conclusion, these studies provide a better understanding of the structure-function 

properties of p73 and how different domains selectively affect and regulate cell cycle 

progression and apoptosis. Elucidating the structure-function properties of p73 could 

lead to a better knowledge about how to manipulate the different actions of p73, which 

in turn could lead to the development of better and more efficient cancer treatments.  



 

 

POPULÄRVETENSKAPLIG SAMMANFATTNING 
Utveckling av multicellulära organismer, såsom människor, kräver att det finns en 

balans mellan cellers delning, utveckling och död. De här processerna är viktiga även 

senare i livet, bl.a. för att vår arvsmassa (DNA) ständigt utsätts för påverkan som kan 

ge upphov till skador. Cellerna har utvecklat mekanismer för att skydda sig och dessa 

leder antingen till att cellen slutar dela sig och reparerar skadan, eller om skadorna är 

för omfattande, att cellen dör. Men ibland uppstår skador som påverkar mekanismerna 

som styr celldelning och celldöd, vilket kan leda till ökad risk för att cellen utvecklas 

till en tumörcell. 

Vid cancerbehandling är avsikten att förhindra tumörcellerna att dela sig och/eller att 

eliminera dem. Cancerläkemedel åstadkommer detta genom att aktivera proteiner, t.ex. 

p53 och p73, som kan stoppa celldelning och främja celldöd. Ett stort problem är att 

p53 ofta är förändrat i tumörer och kan då inte utföra sin vanliga funktion och främja 

celldöd. p73 däremot är sällan förändrat i tumörer. p73 förekommer i flera former som 

har olika funktioner i cellen. Vissa former av p73 har samma funktion som p53, d.v.s. 

bidrar till att tumörceller dör efter behandling, medan andra former av p73 tvärtemot 

bidrar till att en tumörcell är resistent mot behandling.  

Med hjälp av tumörceller och cancerläkemedel har vi studerat hur de olika formerna av 

p73 påverkar celldelning och celldöd. Vi har visat att en specifik form av p73 kan göra 

vissa tumörceller resistenta mot cancerbehandling, tvärtemot tidigare uppfattning att 

denna form av p73 enbart ger upphov till celldöd. Dessutom har vi studerat hur olika 

delar (domäner) av p73-proteinet kan påverka och bidra till proteinets olika, och ibland 

motsatta, funktioner. Vi har även karaktäriserat en domän i p73 som särskilt påverkar 

celldelning.  

Våra studier bidrar till att förklara hur olika former av p73 påverkar celldöd och 

celldelning, och hur detta beror av proteinets olika domäner. Därtill visar våra studier 

att en och samma form av p73 kan ha olika effekter på celldelning och celldöd, 

beroende på celltyp och omgivning. Vi visar även att p73 spelar en viktig roll i 

reglerandet av celldelning, då vi identifierat en domän hos p73 som har egenskaper 

specifika för detta.  

Studierna leder till en bättre förståelse för de olika p73-formerna, vad de har för 

specifik funktion, och hur de påverkar cellers överlevnad och död. Detta ger oss bättre 

kunskap om möjligheterna att påverka och styra dessa processer, vilket kan leda till att 

vi får fram bättre och mer effektiva behandlingsmetoder mot cancer. 
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1  INTRODUCTION 
 
1.1 LIFE AND DEATH OF CELLS 

 
The life of multicellular organisms, like humans, begins with a single cell that develops 

into a fully formed individual [1]. This development requires a balance between the 

cellular processes of proliferation, differentiation and death [2], processes which are 

important throughout the whole life of the organism. Proliferation is required to 

increase the number of cells during development, and to replace cells that are lost due 

to injury or have a high turnover, i.e. die by means of programmed cell death [1]. 

Differentiation of stem cells is needed to produce and replace the various types of 

specialized cells that make up tissues and organs [3]. Programmed cell death is 

important when forming structures, for instance fingers and toes, in controlling cell 

numbers, and in the elimination of compromised cells, such as cells infected by 

viruses or harboring mutations [1].  

 

Daily, the DNA in our cells is subjected to agents and events that can cause damage, 

e.g. oxidative stress and replication errors [4]. The cells have developed mechanisms to 

manage the DNA damage through the activation of pathways leading to cell cycle 

arrest, DNA repair, and/or cell death. However, sometimes the damage affects the 

signaling pathways regulating cellular proliferation, DNA repair and death, which then 

greatly enhances the risk of malignant transformation [5]. Although DNA damage-

induced mutations can result in a vast number of different types of cancers, it is 

suggested that the “seven hallmarks of cancer” are common features shared between all 

human tumors. These seven alterations collectively dictates malignant cell growth and 

are: 1) self-sufficiency in growth signals, 2) disregard of signals to stop proliferation or 

differentiation, 3) limitless proliferation,  4) sustained angiogenesis, 5) evasion of 

programmed cell death, 6) tissue invasion and metastasis [6], and 7) immune evasion 

[7]. It was suggested that the minimal requirements for neoplasia are defective 

apoptotic pathways and loss of cell cycle control, i.e. suppressed cell death and 

deregulated cell proliferation [8].   
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Hence, a tumor is defined by uncontrolled proliferation and reduced cell death [8].  

Therefore, anticancer treatments aim to induce either cell cycle arrest or cell death [9], 

effects that are in part mediated by proteins from the p53-family [10, 11].  

 

1.2 THE P53-FAMILY 
 
When discovered in 1979, P53 was thought to be an oncogene1 [13, 14]. However, in 

1989, its role as a tumor suppressor gene2 was finally revealed [15].  Almost 20 years 

after the discovery of p53, two homologues were identified, namely p73 and p63 [16, 

17]. These proteins, together with p53, constitute the p53 family of transcription factors 

[17, 18]. Transcription factors, as the name imply, bind to DNA and controls gene 

transcription.  Defining features of transcription factors are that they contain a DNA 

binding domain (DBD) and a transactivation domain (TAD).  The three p53 family 

members have high sequence similarity with regards to the DBD, TAD and the 

carboxy-terminal oligomerization domain (OD). In line with their sequence homology, 

there is a certain degree of functional overlap between the proteins [19]. Intriguingly, 

the P53, P63 and P73 genes encode several protein isoforms due to alternative 

promoters and differential splicing. Two promoters give rise to either full-length 

p53/TAp63/TAp73 isoforms, or truncated ΔNp53/ΔNp63/ΔNp73 isoforms, the latter 

lacking the amino-terminal TAD. Besides, alternative splicing results in isoforms with 

different carboxy-terminals. For p53 and p63, three carboxy-terminal protein isoforms 

have been detected, designated α, β and γ. For p73, nine carboxy-terminal transcripts 

have been detected; α, β, γ, δ, ε, ζ, η, η1 and θ [18]. The longest carboxy-terminal 

isoforms of p63 and p73 (p63α and p73α) contain an additional domain called sterile 

alpha motif (SAM), a domain involved in protein-protein interactions [19]. 

Consequently, the three proteins and their numerous isoforms are not functionally 

redundant, and as established in knockout mice, the proteins have their own unique 

functions. In transgenic knockout mice for either P53, P63 or P73, the  diverse 

                                                 
1 Oncogenes were at first identified as retroviral genes which can transform normal cells into cancer cells. 
However, most oncogenes are derived from normal cellular genes, so called proto-oncogenes. The proto-
oncogenes may become oncogenes either by incorporation of a retrovirus into the genetic material or, 
more commonly, by mutation of the cellular DNA. By definition, an oncogene confers malignant 
properties to a cell. Oncogenes are typically dominant, and so mutation in one allele is sufficient for its 
manifestation [12]. 
2 In their normal state, tumor suppressor genes encode proteins that act to suppress cell proliferation or 
to promote cell death. Tumor suppressors become involved in tumorigenesis when they acquire 
mutations that result in a loss of function. In contrast to oncogenes, only when both alleles are 
damaged the effect becomes apparent [12]. 
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functions of these proteins are reflected by different developmental phenotypes, and 

dissimilar grades of cancer susceptibility [18].   

 
1.3  A ROLE FOR THE P53 FAMILY DURING DEVELOPMENT  

 
1.3.1 p53  
P53 knock-out mice show a high rate of spontaneous tumors [20] (as will be discussed 

below, see section 1.4.1), and at first they seemed to have no apparent developmental 

phenotype. Although, later it was discovered that a large number of embryos (~23%) 

die in utero as a result of midbrain exencephaly, a neural tube malformation [21, 22]. 

The developmental phenotype reflects an important role for p53 at the time of neural 

tube closure [21]. During nervous system development, neurons are overproduced and 

those cells that do not make the appropriate connections are sorted out and eliminated 

by apoptosis, partially dependent on p53 [23]. The developmental phenotype seen in 

P53-deficient mice could for this reason either be due to a deficit in progenitor cell 

apoptosis, or a result of the P53-null parents having an abnormally high frequency of 

mutations in the haploid gametes [21]. At first, it was hard to explain why only a small 

fraction (~23%) of the P53-deficient mice displayed a developmental phenotype. 

However, after the discovery of the p53-family members p63 and p73 in the late 

1990’s, the  partial phenotype could somewhat be explained by the two new family 

members playing a  compensatory role in a P53-null background [24]. 

 

1.3.2 p63  
p63 is essential for the survival of epithelial stem cells. Here, the amino-terminal 

truncated ΔN isoform is predominantly expressed and critical for the maintenance of 

progenitor cells necessary for a sustained epithelial development and morphogenesis 

[17, 25, 26]. Consequently, P63-deficient mice are distinguished by a loss of stem cells 

in epithelial tissues [27], and suffer from epithelial defects [28] such as truncated limbs 

and absence of hair follicles, teeth, or mammary and salivary glands [26, 29].  

 

Mutations in the human P63 gene were shown to be associated with Ectrodactyly 

Ectodermal dysplasia–Clefting (EEC) syndrome [30, 31] and Ankyloblepharon and 

Ectodermal dysplasia-Clefting (AEC) syndrome, and to contribute to Limb–Mammary 

Syndrome (LMS) [31] and Acro-dermato-ungual-lacrimal-tooth malformations 

(ADULT) [32]. The sites of mutations in the P63 gene seem to differ between the 
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various syndromes. Mutations found in EEC mostly affect the DBD and hence the 

DNA binding properties of p63. Mutations found in AEC resides in the SAM domain 

and might therefore affect the interaction of p63 with other proteins [33]. In contrast, 

P63 mutations seen in ADULT seems to confer gain-of-function properties to the 

protein, promoting the transcriptional activity of ΔNp63 [32]. 

 

1.3.3 p73 
Expression of p73 is increased in the nervous system [34]. In sympathetic neurons 

within the developing brain, p73 is predominantly expressed as the amino-terminal 

truncated (ΔN) isoform [35]. p73 might mediate survival and migration of neurons, 

which is an action essential for the constant remodeling of the hippocampus all 

throughout life [36]. In fact, p73 was suggested to be one of the earliest checkpoints in 

the neuronal apoptotic cascade [37]. The relative expression of the full-length (TA) and 

the truncated (ΔN) p73 isoforms was suggested to modulate apoptosis and thereby the 

number of neurons during development [38]. However, the preventive effect of ΔNp73 

on apoptosis is not only limited to developing neurons. ΔNp73 seems to be required as 

a survival factor in adult neurons in response to stresses like DNA damage and trauma 

[39]. That is probably why abnormalities in ΔNp73 expression may predispose to an 

accelerated loss of neurons, as in neurodegenerative disorders [38].  

 

P73-deficient mice suffer from severe defects like hippocampal dysgenesis, 

hydrocephalus, abnormalities in pheromone receptors, increase in chronic infections 

and inflammation. Due to the chronic infections the majority of P73-knockout mice die 

before two months of age [34]. However, the relevance of P73-knockout mice, with 

regards to the function of specific isoforms, can be argued against. The many p73 

isoforms have such diverse functions, and the P73-knockout mice lack them all. 

Recently though, Tomasini and colleagues constructed TAP73-specific knockout mice, 

thus still expressing functional ΔNp73 isoforms. The TAP73-deficient mice were 

infertile and, similar to P73-null mice, suffered from hippocampal dysgenesis. From 

these studies it is obvious that the developmental phenotypes seen in P73-deficient 

mice ascend from the absence of both amino-terminal isoforms. For instance, the lack 

of ΔNp73 isoforms result in a loss of neural tissue, and TAp73 isoform-deficiency is a 

cause for hippocampal dysgenesis. However, one could still argue for the need of single 

isoform deletion models. Since the transgenic mice so far only distinguish between the 
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amino-terminal isoforms and do not take into account the vast number of carboxy-

terminal isoforms [40].  

 

1.3.4 Interplay between p53, p63 and p73 
The p53-family of proteins has key regulatory functions for the survival and/or death of 

developing neurons [23, 35, 37, 41, 42]. During development of sympathetic neurons, 

TAp63 and p53 seem to have similar functions in mediating neuronal death. p53-

induced apoptosis in developing neurons rely on the presence of TAp63. In contrast, 

TAp63 can induce apoptosis in the absence of p53 [42]. Regarding p73, the ΔN 

isoform, which is the predominant form in the developing brain, seem to play an 

essential role in developing sympathetic neurons by counteracting p53-, TAp73- and, 

potentially also, TAp63-mediated cell death [27, 34, 35, 38, 43]. ΔNp73 exerts its 

inhibitory function either via competition for binding sites in the promoters of target 

genes, or via direct inhibitory protein-protein interactions [35, 36, 44, 45].  

It has been proposed that levels of ΔNp73 and TAp63/p53 are regulated by survival 

versus death signals, respectively [43]. Ultimately, the balance of p53/TAp63/TAp73 

relative to ΔNp63/ΔNp73 determine whether a neuron lives or dies [37]. Therefore, the 

vulnerability of adult neurons to stresses could be affected by increasing the relative 

ratio of ΔNp73 to p53 and/or TAp63 [43].  
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1.4 THE P53-FAMILY IN CANCER 

 
When a cell undergoes alterations that predispose it to become cancerous, checkpoints 

are triggered to prevent the development of tumors. These checkpoints either initiate 

cell cycle arrest and repair of the damage, or elimination of the affected cell by means 

of apoptosis [46]. However, alterations affecting the pathways of cell cycle regulation 

and apoptosis enhance the risk of malignant transformation [5]. Treatment of tumors 

with chemotherapeutic drugs aims to trigger cellular checkpoints that induce cell cycle 

arrest and/or apoptosis [9, 46]. Proteins from the p53-family was shown to be involved 

in both cell cycle regulation and apoptosis [10, 11]. 

 

1.4.1 p53  
One of the most intensively studied molecules in tumor biology is the tumor suppressor 

protein p53. The vast interest in this specific protein is based on two observations. First, 

the encoding gene, P53, is by far the most commonly mutated gene in human tumors. 

Second, P53-knockout mice and mice expressing mutant p53 are very prone to 

develop both spontaneous and induced tumors [20, 47]. Around 50% of all human 

tumors display inactivation of P53 due to mutations. An additional part of human 

tumors show functional inactivation of the p53 protein due to viral infections or as a 

result of alterations in genes whose products influence the actions of p53 (as reviewed 

in [48]). Most P53 mutations are located within the DBD and interferes with p53 

capacity to bind DNA [49]. A majority of p53 downstream events are subscribed to its 

ability to transactivate target genes involved in cell cycle progression and apoptosis. 

Consequently, P53 mutations lead to deregulation of target genes. Thereby the  pivotal 

role of p53 in regulation of cell cycle and induction of apoptosis is impaired [50]. Other 

P53 mutations results in p53 variants that can bind to and inactivate wild type p53, p63 

and p73 by forming non-functional complexes [51-53]. Yet, other P53 mutations result 

in p53 protein that acquire the ability to control genes not regulated by wild-type p53, 

e.g. the oncogene c-Myc and the multi-drug resistance gene Mdr1 [54, 55].   

 

1.4.2 p63  
In tumor biology, one of the most obvious differences between the members of the 

P53-family is that P63 and P73, in contrast to P53, are not classic Knudson-type tumor 
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suppressor genes3. P63 and P73 are very rarely mutated in human tumors. With the 

exception of mutations linked to developmental diseases, very few P63 mutations have 

been detected in tumors. Instead, the P63 gene is frequently amplified in squamous cell 

carcinomas and overexpressed in certain lung cancers and squamous cell carcinomas 

of the head and neck [57]. Similar to the partial developmental phenotype in P53-

deficient mice, only some knockout mice heterozygous (+/-) or homozygous (-/-) for 

P63 are prone to develop cancer [58, 59].  Here as well, one might speculate that the 

differences in cancer susceptibility of P63-knockout mice can to some extent be 

explained by the two other family members playing a compensatory role. 

 

1.4.3 p73 
The P73 gene is located on chromosome 1p36, a region frequently deleted in 

neuroblastoma, melanoma and breast cancer [16]. In neuroblastoma, more than 50% 

P73 loss of heterozygosity (LOH)4 was identified (for review see [19]). Due to the 

structural and functional similarity of p73 and p53, and the chromosomal location of 

P73, it was initially suggested that P73 was, like P53, a tumor suppressor gene. To be 

considered a classical tumor suppressor gene, the remaining P73 allele in tumors with 

1p36 deletions would need to be mutated or inactivated, for example due to promoter 

hypermethylation or imprinting5 (for review see [61]).   

The P73 gene is rarely mutated in tumors (less then 0.5% [19]) and in neuroblastoma 

the remaining P73 allele only shows a mutation frequency of 1% [62].  

Inactivation of P73 due to promoter hypermetylation and subsequent loss of mRNA 

expression has been reported in hematological malignancies like acute lymphoblastic 

leukemia (ALL) [20, 51, 63-66] and Burkitt’s lymphomas [67]. P73 was also found 

hypermethylated in 94% of all NK-cell lymphomas [68], which is one of the highest 

known frequencies of methylation silencing in human malignancies. In contrast, 

malignancies like  chronic myelogenous leukemia (CML) [69] and acute myelogenous 

leukemia (AML) [69, 70] show an increase in p73 expression, particularly shorter 

isoforms, like TAp73ε (for full review see [71]).  

                                                 
3 In one pair of chromosomes, a mutation on one allele is either inherited or produced by a first “hit”. 
When, in time, the remaining intact allele is subjected to a mutation, or “hit”, this leads to progression to 
tumor formation [56]. 
4 Loss of one of the genome’s copies of a specific gene or a genetic region [19].  
5 Imprinting is dependent on the parental origin of the allele and due to DNA methylation, a gene is 
expressed unequal from the two alleles, or expression of the gene only occurs from one of the two alleles 
[60]. 
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Concerning imprinting of the remaining P73 allele, many studies have found that P73 

has a biallelic expression and higher p73 mRNA levels in tumor tissue compared to the 

surrounding normal tissue [61]. For instance, breast [72], lung [73], prostate [74], 

ovarian [75, 76], colorectal [77] and esophageal cancers [78] have increased p73 

mRNA levels. Especially overexpression of the ΔNp73 isoforms are regarded as a poor 

prognostic marker in neuroblastoma patients [79]. Intriguingly, an increased expression 

of the TAp73α isoform was found in B-cell chronic lymphocytic leukemia [80], gastric 

adenocarcinoma [81],  bladder cancer [82], and thyroid cancer [83]. The TAp73α 

isoform was also found to have an increased expression and to correlate with poor 

prognosis in ovarian carcinomas [84]. Moreover, TAp73α contributes to cellular 

chemoresistance in an ovarian cancer cell line [85], and represses drug-induced 

apoptosis in small cell lung carcinoma (SCLC) cells [86]. In prostate cancer, there is an 

increase in TAp73α expression with increasing tumor grade (from 52% of total p73 in 

benign prostate hyperplasia to 80% in prostate carcinoma) [87].  

 

It was suggested that in certain non-malignant cells changes in relative expression 

ratios of TA and ΔN p73 proteins may promote tumorigenesis [38]. Hence an altered 

expression rather than loss of function might be involved in tumorigenesis [88]. This 

hypothesis was supported in the study by Tomasini et al, showing that P73-deficient 

mice have developmental defects but no predisposition to form tumors [34], whereas 

TAP73-specific knock-out mice are prone to develop spontaneous tumors. These data 

strongly indicate a tumor-suppressive role for the TAp73 isoforms [40], which is 

further supported by the downregulation of vascular endothelial growth factor (VEGF) 

gene expression [89]. Transcriptional repression of p73 on the VEGF promoter 

suggests a regulatory role for p73 in tumor angiogenesis [89].  

 

1.4.4 Interplay between p53, p63 and p73 
As mentioned above, some p53 mutants can bind to and inactivate wild type p53, p63 

and p73 [51-53]. Studies using knock-out mice showed that neither P63+/- nor P73+/- 

mice displayed a highly penetrant tumor phenotype. However, P63+/- P73+/- mice 

developed tumors at a high frequency. Furthermore, P53+/- P63+/- and P53+/- P73+/- 

mice displayed a higher tumor burden and increased tumor metastasis compared with 

P53+/- mice alone [58]. These studies implicate that interactions between different 

isoforms of  p53, p63 and p73 may indeed influence tumor development [18]. 
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1.5 p73 

 
The expression and activity of p73 isoforms can be modulated at 3 different levels; 1) 

transcriptional regulation of P73 gene expression, determining which amino-terminal 

isoform is produced; 2) post-transcriptional regulation of gene expression by the use of 

alternative carboxy- and amino-terminal splicing, determining which specific isoform is 

expressed, and; 3) post-translational modifications, influencing the stability of the 

protein, interactions with other proteins, and specificity to target genes [90].  

 

1.5.1 Regulation of P73 gene expression 
The P73 gene contains two promoters: P1, located upstream of exon 1 and the intrinsic 

P2 promoter, located within intron 3. The P1 and P2 promoter give rise to full-length 

TAp73 isoforms, and amino-terminal truncated ΔNp73 isoforms, respectively (Figure 

1) [34]. Upstream of and within the P1 promoter there are putative binding sites for 

transcriptional regulators such as Sp1, AP-2, Egr-1/-2/-3, E2F [91], NFAT, c-Myb, 

Myc and homeobox proteins (Figure 1) [88]. There are also several stretches of CpG 

islands upstream of the P1 promoter [91]. To my knowledge, no direct binding of Sp1, 

AP-2, NFAT, c-Myb or Myc proteins to the P73 promoter has been shown so far. Egr-1 

binds to the P73 P1 promoter [92]. During cell cycling and in response to DNA damage 

the transcription factor E2F directly activates the P73 P1 promoter [45, 93, 94]. 

Whereas n-Myc downregulates p73 by a yet unknown mechanism [95], c-Myc induces 

expression from the P73 P1 promoter via the transcriptional upregulation of E2F [45]. 

The last observation of a c-Myc-E2F-P73 pathway provides a physical role and/or 

mechanism for TAp73 overexpression in tumors [96].  

 

 
Figure 1. Due to two promoters (P1 and P2) and various regulatory sites the P73 gene gives rise to 
different amino-terminal protein isoforms [27, 88]. 
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Much less is known about the regulation of transcription from the P2 promoter. 

However, due to the presence of a p53-responsive element the P2 promoter can be 

transcriptionally induced by p53 and TAp73 (Figure 1). In turn, ΔNp73 can inhibit the 

actions of p53 and TAp73 either by competition for DNA binding sites and/or by 

oligomerisation with p53 and TAp73, thus creating a negative feedback loop which 

tightly regulates the activity of p53 and TAp73 [97].  

 
1.5.2 p73 protein isoforms 
The human P73 gene can theoretically give rise to 45 mRNA transcripts which in turn, 

could potentially encode 36 different p73 proteins. The number of potential mRNA 

transcripts and potential protein isoforms differ since the P2 promoter give rise to ΔN 

isoforms and alternative amino-terminal splicing of transcripts from the P1 promoter 

give rise to ΔN’ isoforms, ultimately resulting in identical proteins.  

As mentioned above, two promoters, P1 and P2, give rise to numerous potential 

transcripts (Figure 2A). Transcription from the P1 promoter gives rise to full-length 

TAp73 isoforms. Transcription from the P2 promoter results in ΔNp73 variants. The 

latter isoforms do not contain the amino-terminal TAD of the TAp73 isoforms, but 

instead acquires 13 unique amino acid residues at the amino-terminal [98]. The 

transcripts are exposed to both amino- and carboxy-terminal splicing. Amino-terminal 

splicing of mRNA produced from the P1 promoter can give rise to ∆Ex2, ∆Ex2/3 and 

∆N’ transcripts [99, 100]. Carboxy-terminal splicing gives rise to nine different 

carboxy-terminal transcripts named α, β, γ, δ, ε, ζ, η, η1 and θ (Figure 2B) [101-104]. In 

contrast to the differential expression of TA/∆N isoforms, believed to be determined by 

various sets of regulatory elements within each promoter, differential expression of 

carboxy-terminal splicing variants seems to be determined by tissue-specific 

mechanisms of alternative RNA splicing [105].  
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Figure 2. Due to different promoters (P1 and P2), and alternative amino- and carboxy-terminal splicing 
the P73 gene gives rise to various protein isoforms. A) Organization of the P73 gene, showing exons in 
grey and introns in black. B) Amino-terminal p73 variants (left), and carboxy-terminal splicing variants  
of p73 (right)  [19, 106]. 
 

 

The amino-terminal TAD of the TAp73 isoforms is responsible for transactivation of 

target genes [107]. The TAD contacts the basal RNApolII transcriptional machinery, 

and transcriptional regulators such as p300 and CREB-binding protein (CBP) [108]. 

Additionally, a second TAD has been identified in the carboxy-terminal region of p73 

[107, 109]. 

All p73 isoforms contain an OD and a DBD [88]. The OD of p73 accounts for the 

forming of active homo-oligomers, and hetero-oligomers with p63 [110]. Yet, no 

interaction with wild type p53 was detected [51]. The DBD is responsible for sequence-

specific DNA binding, and is the site of interaction with some proteins, such as ASPP1 

and ASPP2 [111]. Additionally, the longest carboxy-terminal isoforms (TAp73α and 

∆Np73α) contain an extended carboxy-terminal and a SAM domain. The carboxy-
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terminal domain is also present in the TAp73ε and TAp73ζ isoforms, and the SAM 

domain in TAp73ζ [102] and in p63α. The SAM domain of p73 and p63 shows 

resemblance to SAM domains in other proteins, mostly transcriptional regulators that 

play important roles in development. Based on the similarity to SAM domains in other 

proteins, it was suggested that the SAM domain of p63 and p73 mediates protein-

protein interactions [112]. TAp73β is often found a more potent transactivator of target 

genes than TAp73α [86, 101, 104, 113-117]. TAp63γ is more transcriptionally active 

than TAp63α [17]. These data suggest that the α isoforms might contain an inhibitory 

and/or regulatory region within their carboxy-terminal [118]. In fact, the carboxy-

terminal of TAp63α can interact with the amino-terminal TAD, and thereby inhibit 

amino-terminal TAD-induced transcriptional activation of target genes [119]. The 

SAM domain and the extreme carboxy-terminus of p73α do not interact with the 

amino-terminal TAD, instead they hinder the amino-terminal TAD of p73 to interact 

with co-activators like p300 [120].  

 

1.5.3 Post-transcriptional regulation of p73 
Post-translational regulation of p73 includes the physical interaction with other proteins 

and post-translational modifications. Both events may affect p73 stability, cellular 

localization and ability to bind to and transactivate specific target genes [121].  

 

Upon DNA damage, a cleaved fragment (CF) of the Protein kinase Cδ (PKCδ) 

phosphorylates p73 at serine residue 289 and subsequently enhances p73-mediated 

apoptosis [122]. p73-mediated apoptosis is also markedly enhanced by Chk1-dependent 

phosphorylation at serine residue 47 [123], and/or by c-Abl-dependent phosphorylation 

at tyrosine residue 99 [124].  The pro-apoptotic response of p73 can be further 

enhanced via c-Abl-dependent p300-mediated acetylation of p73 at lysine residues 321, 

327 and 331, a modification shown to selectively dictate the p73 protein towards 

activation of apoptotic genes [125]. In fact, the decision between induction of either cell 

cycle arrest or apoptosis is suggested to depend on p73 acetylation status [96]. A non-

acetylable mutant of p73 remained active on the promoter of the cell cycle regulator 

P21 (a cyclin-dependent kinase inhibitor (CKI)), but not on the pro-apoptotic gene 

P53AIP1 [125]. Based on this observation, Melino et al suggested that when acetylated, 

the p73 protein would preferentially regulate genes involved in apoptosis [19]. The 

transcriptional co-activator Yap can, depending on its specific post-translational 

modification, affect p73 predisposition to certain target genes. After DNA damage, Yap 
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is activated by c-Abl-dependent phosphorylation, which leads to an increased affinity to 

p73 and selective recruitment of p73 to the promoter of the pro-apoptotic gene Bax 

[126]. In contrast, Yap phosphorylation by Akt suppresses Yap’s ability to promote 

p73-mediated transactivation of pro-apoptotic genes [127].  

 

p73 activity is also influenced by protein interactions. As mentioned above, ASPP1 and 

ASPP2 interact with the DBD of p73 [111, 128]. Binding of ASPP1 or ASPP2 

specifically stimulates the transactivation functions of p73 on promoters of pro-

apoptotic genes like Bax and Puma, but not on the promoters of P21 and the oncogene 

Mdm2 [111]. The pro-apoptotic activity of p73 can as well be stimulated by cleavage of 

p73 carboxy-terminal by the mitochondrial serine protease HtrA2, which leads to a 

shorter protein with an increased  function [129].  

 

p73 can be differentially regulated by ubiquitination. NEDD4-related E3 ubiquitin 

ligase 2 (NEDL2) and RanBP both potentiate p73 transcriptional activity via effects on 

the ubiquitination-status of p73. NEDL2-dependent ubiquitination increases steady-

state p73 levels [130], whereas RanBP increases p73 stability by reducing its 

ubiquitination levels [131]. On the other hand, ubiquitinylation by the ubiquitin E3 

ligase Itch potentiates p73 proteosomal degradation [132]. 

 

The activity of p73 can be negatively regulated by a set of different proteins and 

modifications. The ASPP family member iASPP (i for inhibitory) probably counteracts 

the stimulatory effects of ASPP1 and ASPP2 on p53 pro-apoptotic ability via 

competition for binding to p53 [133]. Given the resemblance between p53 and p73 it is 

possible that iASPP could have a similar effect on p73 [111, 134, 135]. The p73 target 

gene products Cyclin G and Mdm2, both exert negative effects on p73 activity, creating 

negative feedback loops. Whereas Cyclin G binds p73 and promotes its degradation 

through an unknown mechanism [136], Mdm2 inhibits p73 activity via binding to the 

transcriptional co-activator p300. Thereby, Mdm2 cause the disruption of physical and 

functional interactions between p73 and p300 [137]. Receptor for activated C kinase 

(RACK)-1 inhibits p73-mediated transcription and apoptosis via interaction with the 

carboxy-terminal of p73 [138]. Another mechanism for negative regulation of p73 is 

interacting proteins sequestering p73 in the cytoplasm. Consequently, the 

transcriptional activity of p73 is suppressed.  The  tumor suppressor protein WW 

domain containing oxidoreductase (Wwox) cause relocalization of both p73α and p73β 
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to the cytoplasm [139]. On the other hand, the Actin-binding protein Filamin A 

interacts with the SAM domain and extreme carboxy-terminus of p73α, sequestering 

p73α to the cytoplasm [140]. 

 

The Polo-like kinase 1 (Plk1) and the non-receptor tyrosine kinase Hck associates with 

and phosphorylates p73, leading to a reduced activity in transcription and inhibition of 

p73 pro-apoptotic activity [141, 142].  p73 transcriptional activity is reduced by Cyclin 

dependent kinase (Cdk)- and PKA-Cβ-dependent phosphorylation [143, 144]. The 

phosphorylation by PKA-Cβ promotes an intramolecular interaction between p73 

amino- and carboxy-terminal regions (as discussed above), an interaction which results 

in a significant reduction in p73 transcriptional ability [144].   

 

The “small Ubiquitin-like molecule” Sumo can covalently modify (sumoylate) p73α on 

lysine residue 627. Based on the fact that sumoylation potentiates p73 proteosomal 

degradation and disturbs p73α interaction with proteins such as c-Abl, this modification 

can partly explain why p73β, under many circumstances, is a much more potent target 

gene transactivator than p73α [145].  
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1.6 P73 FUNCTIONS DURING CELL CYCLE AND CELL DEATH 

 
As p53, p73 works as a sensor for intra- and extracellular signals coordinating the 

responses of the cell [27]. Most of the p53-mediated effects are ascribed to its function 

as a transcriptional activator [146]. Similarly, p73 can regulate cell cycle progression 

and apoptosis via the transactivation of p53-responsive genes [51, 147], as well as the 

transactivation of a set of unique target genes (for review see [105]). In addition, both 

p53 and p73 display some transcription-independent functions [148]. 

 

1.6.1  Role of p73 during cell cycle 
The cell cycle is divided into four phases called G1, S, G2 and M (for Gap 1, Synthesis, 

Gap 2 and Mitosis). The most basic functions of the cell cycle are to properly duplicate 

the DNA and then segregate the chromosomes into two identical daughter cells. These 

functions are carried out in S- and M-phase, respectively. Between these two phases, 

the G phases provide additional time for growth, and ensure that the DNA replication is 

complete and the environment favorable [10].  

Normal cell cycle progression is mediated and controlled by three basic components; 

the Cdks and their activators and regulators, called Cyclins and CKIs, respectively [10]. 

The cyclic assembly, activation and disassembly of the Cyclin-Cdk complexes play a 

pivotal role in driving the cell cycle. Upon assembly with Cyclin, the Cdk becomes 

active and mediates downstream events and cell cycle progression via phosphorylation 

of substrates. There are four main classes of Cyclin-Cdk complexes:  Cyclin D/Cdk4/6 

(G1-Cdk) is essential for entry into G1, Cyclin E/Cdk2 (G1/S-Cdk) commits the cell to 

DNA replication, Cyclin A/Cdk2 (S-Cdk) is required for initiation of DNA replication, 

and the Cyclin B/Cdk1 (M-Cdk) complex promotes mitosis [149]. The activities of the 

Cyclin-Cdk complexes are regulated by phosphorylation, enzymatic proteolysis of 

Cyclins and/or by direct interactions with CKIs [150]. 

 

During transition from G1 to S phase, the main target for the G1- and G1/S-Cdk 

complexes is the retinoblastoma protein (pRb). In late G1- or early S-phase active Cdk 

phosphorylates pRb, resulting in the release of the E2F transcription factor from pRb 

and subsequent E2F-mediated transactivation of genes involved in DNA replication 

[146]. In S-phase, there is a specific upregulation and accumulation of TAp73 proteins 

due to P73 gene transactivation by E2F (Figure 3) [93]. Consequently, there is a 

specific upregulation of the p73 target gene Cyclin G during S and G2/M phases of the 



 

16 

cell cycle. The role for Cyclin G during cell cycling is not very well known. Still, 

studies have shown that Cyclin G enhances cellular growth, and contradictory, induces 

G2 arrest upon DNA damage [136]. During G2/M phase, p73 is phosphorylated at 

threonine residue 86 by the Cyclin B/Cdk1 mitotic kinase complex. This modification 

results in a decreased ability of p73 to bind DNA, and thus a reduced transcriptional 

activity on target genes (Figure 3) [143, 151]. During mitotic exit and entry into G1, the 

p73 phosphorylation at threonine 86 is lost. This is accompanied by recovered 

transcriptional activity and in particular, a p73-mediated increase in p57Kip2 levels 

[152]. The CKI p57Kip2 is one example of a p73-specific target gene, not regulated by 

p53 [153], and the p73-p57Kip2 pathway was shown to coordinate mitotic exit and 

transition to G1 (Figure 3) [152]. 

 

 
 

Figure 3. Simplified, schematic representation of the different phases of the cell cycle, its regulators, and 
main checkpoints (dotted lines). The figure is showing the expression, modifications, activity and impact 
of p73 during cell cycle. 
 
 
Between each phase of the cycle there are specific checkpoints, making sure all 

processes have been correctly pursued. If this is not the case, the checkpoints induce 

cell cycle arrest, or if the lesion is irreparable, activate cell death. There are three major 
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specific checkpoints; one in G1 just before entry to S phase (G1 checkpoint), one in G2 

at the entry of M phase (G2 checkpoint), and one before exiting M phase (metaphase 

checkpoint) (Fig.3, dotted lines). Out of these three, the G1 and G2 checkpoints 

respond to and are activated upon DNA damage [149]. Examples of checkpoint 

proteins are p53 and p73 (for review see [10]).  

 

Besides an upregulation of p73 by E2F in S-phase, E2F can activate P73 gene 

expression in response to DNA damage [151]. Similar to p73, E2F has dual roles in 

cells. Due to different acetylation status, E2F promotes either cell cycle progression or 

apoptosis [154], and tumor cells therefore need to balance the two actions of E2F in a 

way that favors proliferation [93]. In response to DNA damage, p73 can 

transcriptionally activate the expression of cell cycle related target genes P21, Gadd45, 

and 14-3-3σ  [88]. Transactivation of P21 leads to G1 cell cycle arrest through p21 

inhibition of G1-Cdk complexes (Cyclin A/Cdk2, Cyclin E/Cdk2, Cyclin D/Cdk4/6) 

[155] or G2/M arrest via inhibition of the Cyclin B/Cdk1 complex. Gadd45 and 14-3-

3σ induces G2/M arrest by two different mechanisms, 14-3-3σ by sequestering the 

Cyclin B/Cdk1 complex in the cytoplasm, and Gadd45 by causing dissociation of Cdk1 

from Cyclin B [10]. In addition, p73 itself can decrease the levels of Cyclin B by 

attenuating expression from the Cyclin B promoter [156]. 

 
1.6.2 Role of p73 during cell death 
Apart from cell cycle arrest, an alternative response of the cell to stresses, such as DNA 

damage, is to undergo apoptosis [105]. Apoptosis refers to a particular morphology and 

is characterized by activation of caspases, chromatin condensation, DNA 

fragmentation, cell shrinkage and formation of apoptotic bodies [157]. For initiation of 

apoptosis there are two major pathways, the extrinsic and the intrinsic, which both 

result in the activation of caspases [158] (Figure 4). 

 

Mitochondria are central regulators of the intrinsic pathway, which is triggered 

following signals like DNA damage, withdrawal of growth factors and oxidative stress. 

A key event that characterizes the intrinsic pathway is the permeabilization of the outer 

mitochondrial membrane, which is mediated and controlled by members of the Bcl-2 

family of proteins. The Bcl-2 family consists of three groups of proteins: the anti-

apoptotic (e.g. Bcl-2, Bcl-XL), the multi-domain pro-apoptotic (e.g. Bax, Bak), and the 

Bcl-2 homology (BH)-3-domain-only pro-apoptotic proteins (e.g. Bid, Puma, Noxa). 



 

18 

The BH3-only proteins act as damage-sensors and can inhibit the anti-apoptotic and 

activate the pro-apoptotic family members. The ratio of pro- and anti-apoptotic Bcl-2 

family members serves as a rheostat, setting a threshold for the cell susceptibility to 

apoptosis. At the mitochondrial membrane, apoptotic signals (e.g. pro-apoptotic Bcl-2 

family members) can cause the opening of a permeability transition pore (PTP). PTP 

opening causes a disruption of the mitochondrial membrane potential (∆Ψm), swelling 

of mitochondria and release of mitochondrial proteins. In addition, the pro-apoptotic 

multi-domain Bcl-2 family members can interact with proteins at the mitochondrial 

membrane and, thereby form pores through which mitochondrial proteins are released. 

Among the released proteins are apoptosis inducing-factor (AIF), Endonuclease G 

(EndoG) and Cytochrome c. AIF and EndoG translocate to the nuclei and mediate 

fragmentation of DNA. Released Cytochrome c together with Apaf-1 and in presence 

of dATP mediate pro-Caspase-9 activation. Active Caspase-9 can further activate 

Caspase-3, -6 and -7 [159]. Once Caspase-3 is activated, it leads to cleavage and 

inactivation of various proteins among which the nuclear protein poly(ADP-

ribose)polymerase (PARP) was one of the first to be identified. During normal 

conditions, PARP is involved in DNA repair and replication, but once inactivated by 

cleavage, the protection of the genomic integrity is negatively affected [160]. 

 

The extrinsic apoptotic pathway is mediated by cell surface death receptors such as the 

Fas/CD95-, TRAIL- and tumor necrosis factor (TNF)-receptors. Fas and TRAIL are 

involved in target-cell killing by cytotoxic T-lymphocytes and the TNF-receptor is 

stimulated by TNF, which is a pro-inflammatory cytokine produced by macrophages. 

Engagement of the death receptors lead to their oligomerization and recruitment of an 

adapter-protein called Fas-associated death domain (FADD). Further recruitment of 

pro-Caspase-8 leads to the formation of a death-inducing signaling complex (DISC), 

where pro-Caspase-8 is auto-activated. This is followed by Caspase-8-mediated 

activation of effector caspases such as Caspase-3, -6 and -7. In addition, Caspase-8 can 

cleave and activate the BH3-only protein Bid, which creates a link between the 

extrinsic and the intrinsic pathways by interacting with and activating the pro-apoptotic 

Bcl-2 family member Bax [159].  
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Figure 4. An overview of the ER-mediated, intrinsic (mitochondria-mediated) and extrinsic (death 
receptor-mediated) apoptotic pathways. 
 

 

A range of chemotherapeutic drugs induce apoptosis via signaling pathways where p53 

and/or p73 are central players [161].  Chemotherapeutic drugs induce expression, 

stabilization and activation of p53 and/or p73. In turn, p53 and p73 exert transcription-

dependent and –independent effects ultimately leading to cell cycle arrest and/or 

apoptosis.  Inhibition of p73 function reduces the cytotoxicity of chemotherapeutic 

drugs, which gives an idea of the importance of p73 as a determinant of cellular 

sensitivity to some anticancer treatments [148, 162].  

 

Many of the proteins involved in p73-mediated apoptosis, such as Bax [51, 163], Puma 

[164], Noxa [165], CD95 [166] and Scotin [167], are controlled at a transcriptional 
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level. The upregulation of Bax and the BH3-only proteins Noxa and Puma creates a 

link between p73 and the mitochondria-mediated cell death pathway (Figure 4) [168, 

169]. Induction of CD95 gene expression enhances the receptor-mediated apoptotic 

pathway [166],  whereas the transcriptional upregulation of Scotin results in cell death 

via induction of Endoplasmic reticulum (ER)-stress and changes in intracellular 

calcium levels (Figure 4) [167].  

 

Until recently it was still elusive whether p73 had any transcription-independent pro-

apoptotic activities [170]. p53 was shown to translocate to the mitochondrial membrane 

and to interact with the anti-apoptotic proteins Bcl-2 and Bcl-XL. This interaction 

causes the release of pro-apoptotic BH3-only proteins Bak and Bax from Bcl-2 and 

Bcl-XL. Release of Bak and Bax results in their homo-oligomerisation and subsequent 

permeabilization of the mitochondrial membrane (for review see [171]). Regarding 

p73, we have now shown that upon death-receptor activation, p73 is cleaved by 

caspases and that a fragment of p73 as well as the full-length p73 protein localize to the 

mitochondria and cause Cytochrome c release [148].  

 

The anti-apoptotic ∆Np73 isoforms confers resistance to chemotherapy via the 

inhibition of CD95, Bax and Scotin gene transactivation [62, 166]. Amino-terminal 

truncated p73 can as well activate heat shock factor (HSF)-responsive gene expression. 

One example of a HSF-responsive gene is the anti-apoptotic inducible heat shock 

protein (Hsp)-72 [172].  Interestingly, the full-length TAp73α isoform has been 

associated with resistance to DNA-damaging agents in a human ovarian cancer cell 

line [85]. We have shown that TAp73α is able to induce expression of Hsp72 and 

repress DNA damage-induced cell death in a cell type-specific manner [86]. These 

findings contribute to yet another layer of complexity in the story of p73.  Besides the 

classic oncogenic (ΔNp73) and tumor-suppressor (TAp73) proteins, we now have a 

protein with potential oncogenic properties within the TAp73 isoforms. 
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2 AIMS OF THE THESIS 
 
The specific aims of this thesis were; 

• to determine the effect of different p73 isoforms on drug-induced apoptosis. In 

particular, to identify specific genes and molecules in the apoptotic cascade that 

p73 influences. Furthermore, to investigate the functional consequences of the 

effects of p73 on apoptotic genes and molecules.  

• to elucidate the structure-function requirements of different p73 isoforms in the 

regulation of cell cycle and apoptosis. Namely, to understand which p73 

domains are important for its pro- or anti-apoptotic function and its role in cell 

cycle regulation. Moreover, to investigate if and how the role of p73 in 

apoptosis and cell cycle regulation can be manipulated. 
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3 RESULTS  
 
3.1 PAPER I 

 
Full-length p73α represses drug-induced apoptosis in small cell lung carcinoma 

cells 

 

A current idea is that the diverse functions of p73 in cell cycle regulation, 

differentiation and apoptosis might be linked to the different abilities of its isoforms to 

regulate these processes. Previous studies have demonstrated that ΔNp73 isoforms 

exert a dominant-negative effect on p53 and p73 by blocking their transactivation 

ability, and hence their ability to induce apoptosis or cell cycle arrest [173]. In this 

study we attempted to define the functions of the various p73 carboxy-terminal 

isoforms.  

 

Using a panel of different tumor cell lines, we investigated the effect of p73 isoforms 

on drug-induced apoptosis. In SCLC cells we found that TAp73α inhibits, whereas 

TAp73β enhances, drug-induced apoptosis. TAp73α was able to repress apoptosis 

induced by the chemotherapeutic drugs etoposide (VP16), cisplatin (CP) or 

staurosporine (STS), suggesting a rather broad-range inhibitory effect. 

Using immunofluorescent staining and subsequent confocal microscopy, we show that 

the inhibitory effect of TAp73α on drug-induced apoptosis take place upstream of 

mitochondrial events, such as Cytochrome c and AIF release. TAp73α reduced Puma-

induced Bax activation, mitochondrial dysfunctions, and Caspase-3 and -9-like 

activities. These results collectively suggest that TAp73α acts at the initiation phase of 

apoptosis.  

The TA isoforms of p73 function as transcription factors. Therefore, we wanted to 

determine whether the TAD and/or DBD were necessary for TAp73 effects on drug-

induced cell death. We found the amino-terminal TAD and the DBD to be crucial for 

the pro-apoptotic actions of TAp73. The DBD was needed for the anti-apoptotic actions 

of TAp73α, whereas the TAD was not.  

Given that TAp73β acts as a pro-apoptotic protein, whereas TAp73α inhibits apoptosis 

in these settings, we attempted to elucidate the structure-function properties of these 

isoforms. Because both TAp73α and ΔNp73α exhibit inhibitory functions, we 



 

24 

speculated that these functions could be assigned to their common carboxy-terminus. 

Indeed, the SAM domain was required for TAp73α and ΔNp73α anti-apoptotic activity. 

However, TAp73α retained its anti-apoptotic effect despite deletion of the extreme 

carboxy-terminal.  

The relative expression ratios between TA and ΔN p73 isoforms might play a role in 

tumorigenesis [38]. Based on the above, we hypothesized that an additional balance 

between different carboxy-terminal isoforms might exist in some cells. Indeed, we 

show that there is a balance between the anti-apoptotic TAp73α isoform and the pro-

apoptotic TAp73β isoform. In a dose- and OD-dependent manner, TAp73β and 

TAp73α were able to inhibit the pro- and anti-apoptotic effects of each other, 

respectively. 

 

In addition to the described antagonistic effect of ΔNp73 on TAp73 and p53 [173], 

these findings reveal another layer of complexity of the outcome of P73 gene 

expression. Here we demonstrate the existence of both pro- and anti-apoptotic members 

within the TAp73 carboxy-terminal variants. Together with the reported overexpression 

of TAp73α in certain tumor types [80-84] and the fact that TAp73α confers resistance 

to drug treatment in an ovarian cancer cell line [85], our findings on the anti-apoptotic 

functions of TAp73α indicate a potential oncogenic role for this isoform. 
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3.2 PAPER II 

 
Hsp72 mediates TAp73α anti-apoptotic effects in small cell lung carcinoma cells 

 

In Paper I we show that the anti-apoptotic activity of TAp73α take place during the 

initation phase of apoptosis, upstream of Bax activation and mitochondrial dysfunctions 

[86]. Yet, no direct interactions between either Bax or Puma and TAp73α were 

detected. We hypothesized that the different effects of TAp73α and TAp73β on drug-

induced apoptosis might be due to the transactivation of isoform-specific target genes. 

The aim of this study was to further elucidate the mechanism of TAp73α anti-apoptotic 

function in SCLC cells. 

 

The inducible heat shock protein Hsp72 has, similar to TAp73α, been shown to inhibit 

Bax activation, mitochondrial dysfunctions and caspase activation. We theorized that 

the anti-apoptotic effect of TAp73α in SCLC cells could be a result of  direct 

transcriptional regulation of HSP72. Indeed, full-length TAp73α was able to 

transactivate the HSP72-promoter and induce expression of Hsp72 mRNA and protein, 

whereas TAp73β was not.  

We speculated that the anti-apoptotic activity of TAp73α might depend on the 

induction of Hsp72 protein expression. We found that the anti-apoptotic effect of 

TAp73α upon drug treatment was lost when cotransfected with an anti-sense (as) 

Hsp72 vector. In contrast, the drug-induced pro-apoptotic effect of TAp73β was 

suppressed by the concomitant overexpression of Hsp72. The pro-survival effect of 

Hsp72 was shown to be exerted upstream of the mitochondra, as it prevented both 

drug-induced mitochondrial dysfunctions and Bax activation.  

In line with the results from Paper I, we demonstrates a balance between TAp73α and 

TAp73β. In a dose-dependent manner, TAp73β was able to repress TAp73α-induced 

transactivation of the HSP72-promoter and counteract the anti-apoptotic activity of 

TAp73α upon drug-induced cell death.  

 

It was suggested that the relative expression ratios between TA and ΔN p73 isoforms 

might play a role in tumorigenesis [38]. The cell response to drug treatment however, is 

not exclusively affected by the relative expression level of different amino-terminal 

isoforms, such as ΔNp73 and TAp73. The final response is as well determined by the 

relative expression of individual carboxy-terminal p73 isoforms, e.g. p73α and p73β. 
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The diverse TAp73 carboxy-terminal isoforms differ in relative efficiency in 

transactivation, post-translational modifications, and interaction partners. In addition to 

the previously reported, potentially oncogenic, properties of the TAp73α isoform 

(Paper I) [86], this study gives a deeper insight into the mechanistic background on 

how TAp73α expression in tumors might contribute to drug resistance.  
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3.3 PAPER III 

 
The p73β transcriptional target gene p57Kip2 promotes p73β-mediated 

mitochondrial apoptotic cell death 

 

Considerable efforts are made to identify the functional diversity of the carboxy-

terminal p73 variants. TAp73α and TAp73β are the two main full-length p73 isoforms 

expressed in human cells, and they are known to regulate apoptosis differentially. The 

TAp73β isoform is often found to be a more potent inducer of cell death than TAp73α 

[106]. In line with the results from Paper I and Paper II, we set out to elucidate the 

basis of the pro-apoptotic function of TAp73β. We aimed to explain why TAp73β is 

often found to be a more potent inducer of cell death than TAp73α. Our hypothesis was 

that the difference in pro-apoptotic activity between TAp73α and TAp73β might be due 

to the selective transactivation of specific target genes, such as P57Kip2. 

 

Previous studies have shown that TAp73β can activate p57Kip2 expression by a yet 

unknown mechanism. Here we demonstrate that TAp73β is able to induce expression 

of p57Kip2, whereas TAp73α is not. Using P57Kip2-promoter luciferase-gene reporter 

assay and chromatin immunoprecipitation approach we show that this effect, most 

likely, depend on the binding of TAp73β to a putative p53-responsive element, located 

1753 base pairs upstream of the P57Kip2 transcription start site.  

The ability of each p73 isoform to regulate target genes can be modulated through 

intermolecular association between p73 variants. Considering that TAp73β, but not 

TAp73α, can induce p57Kip2 expression, we hypothesized that TAp73α and TAp73β 

might exert opposite effects of p57Kip2 expression. In line with the results from Paper I 

and Paper II, we found a balance between TAp73α and TAp73β, where TAp73α is 

able to counteract TAp73β-induced p57Kip2 expression. 

The TAp73β isoform has, in several cell types, been reported to be a better inducer of 

apoptosis as compared to TAp73α. We have previously shown that p57Kip2 enhances 

drug-induced cell death [174]. To substantiate the implication of p57Kip2 in TAp73β-

mediated cell death we investigated the effect of silencing p57Kip2 using siRNA. We 

found that TAp73β-mediated drug-induced cell death was reduced upon depletion of 

p57Kip2. The pro-apoptotic effect of TAp73β was shown to be exerted upstream of the 

mitochondria, since p57Kip2 siRNA prevents TAp73β-induced mitochondrial 

dysfunctions and Bax activation.  
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The present data provide additional evidence for transcriptional specificity among the 

p73 isoforms. The results provide a possible explanation to the often observed, more 

potent, pro-apoptotic effect of TAp73β, compared to TAp73α. Similar to the results 

from Paper I and Paper II, the ability of TAp73α to inhibit TAp73β-induced p57Kip2 

expression brings further evidence of the potential oncogenic activities of TAp73α. 

Taken together, these results indicate that p73-mediated gene expression and resulting 

cellular effects are indeed affected by the presence and interaction of all the different 

p73 isoforms in a cell. 
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3.4 PAPER IV 

 
Protein kinase C-dependent phosphorylation regulates the cell cycle inhibitory 

function of the p73 carboxy terminus transactivation domain 

 

Like p53, p73 has the ability to induce cell cycle arrest and apoptosis [175]. Although 

transcription-independent functions of p73 have been described, most effects are 

believed to be mediated through the modulation of target gene expression. The function 

of p73 can be regulated by the interaction with other proteins and by post-translational 

modifications. Acetylation of p73 by the transcriptional co-activator p300 potentiates 

p73 transcriptional activation of pro-apoptotic target genes [125]. Nevertheless, it is 

still unclear how p73 may preferentially affect the expression of cell cycle regulatory 

genes, and therefore promote cell cycle arrest rather than apoptosis [125, 176]. In this 

study, we decided to investigate the transactivation of target genes by different p73 

isoforms, and the resulting cellular response. 

 

The decision of a cell to either arrest in the cell cycle, or die by means of cell death, 

might depend on the specific p73 isoforms expressed. To characterize the structural 

requirements of p73 isoforms, we investigated the transcriptional activity of p73 

isoforms and mutants on various target gene promoters using luciferase-gene reporter 

assay. We found that an amino-terminal TAD-mutated form of p73 was active in 

transcription of cell-cycle regulatory genes, but not on promoters from pro-apoptotic 

genes. The amino-terminal TAD-mutated p73 was also able to induce expression of 

endogenous Mdm2 protein. 

Many functions of p73 depend on the cellular context. We discovered that the 

transcriptional ability of the amino-terminal TAD-mutated p73 was restricted to cells of 

neuroendocrine origin.  

The amino-terminal TAD-independent activation of Mdm2, p21, and Cyclin G 

suggested the possible existence of a carboxy-terminal TAD in p73. The carboxy-

terminal was previously reported to be active in transcription [107]. We identified a 

second TAD in p73, located within amino acid residues 380-399.  

Next we sought to elucidate the functional characteristics of the identified carboxy-

terminal TAD. If the carboxy-terminal TAD controls cell cycle progression, its 

transcriptional activity is expected to be regulated throughout the cell cycle. We found 

that the activity of the carboxy-terminal TAD peaked during G1- to S-phase transition 
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and that its transcriptional activity was not affected by the DNA-damaging agent VP16. 

TAp73α and TAp73β were, despite mutated amino-terminal TADs, able to cause G1 

cell cycle arrest and to repress cell proliferation. However, the TAp73β isoform did not 

enhance drug-induced apoptosis upon functional inactivation of the amino-terminal 

TAD. These data are in line with the results from Paper I, which demonstrated that the 

amino-terminal TAD is crucial for the pro-apoptotic actions of p73 [86].  

Given that the apoptotic function of p73 is regulated by specific co-activators and post-

translational modifications we next aimed to identify potential regulators of the 

identified carboxy-terminal TAD. A PROSITE search identified a putative PKC 

phosphorylation site within the carboxy-terminal TAD at serine residue 388. 

Subsequently, using luciferase-gene reporter assay we found the transcriptional activity 

of the carboxy-terminal TAD to be dependent on the presence of PKCα or PKCβ2. 

Mutation of serine residue 388 led to a decreased level of p73 phosphorylation, as 

detected by immunoprecipitation followed by western blot analysis and 

phosphoimaging. The mutation at serine residue 388 resulted in reduced transactivation 

of and binding to the Mdm2-promoter, as detected using luciferase-gene reporter assay 

and chromatin immunoprecipitation, respectively. 

 

p73 has been described as a multifunctional protein, and its various functions might 

depend on post-translational modifications. There are increasing numbers of p73 post-

translational modifications and downstream target genes being identified. Even so, the 

decision of p73 to preferentially induce expression of cell cycle regulatory genes, and 

thus favor cell cycle arrest rather than apoptosis, is still unclear. The results from this 

study suggest a novel post-translational modification within the identified p73 carboxy-

terminal TAD. The described post-translational modification is involved in the 

selective guidance of p73 toward cell cycle-related genes. This indicates that specific 

post-translational modifications of definite p73 domains are regulatory events 

fundamental to the induction of either cell cycle arrest or apoptosis.  
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4 GENERAL DISCUSSION 
 
The structural homology between p73 and p53 first suggested that p73 was a  

functional homologue of p53 [177]. Certainly, p73 share functional characteristics with 

p53. Although, delineating functions of p73 is complicated by the vast amount of 

isoforms that the P73 gene yields. Due to the ability of the ∆Np73 isoforms to 

antagonize the activities of p53 and TAp73, the ΔNp73 isoforms are regarded as 

putative oncogenes. Deregulated ΔNp73 can hold oncogenic activity [79], but 

deregulation of the balance between TAp73 and ΔNp73 isoforms in favor of ΔNp73 is 

not the case in all types of tumors. In terms of tumor development and tumor resistance 

to treatment, it seems that the balance between all p73 isoforms might play a more 

important role than the balance between amino-terminal isoforms only. The overall 

expression of p73 and p53 isoforms clearly affects the relative sensitivity or resistance 

of a tumor cell to anticancer treatment. Therefore, therapeutic modulation of these 

proteins and their relative expression might prove to be an effective strategy in the 

targeting of cancer cells [38].  

 

Overexpression of ΔNp73 isoforms were reported in tumors such as neuroblastoma and 

breast carcinoma [178, 179], but also TAp73 isoforms were shown overexpressed in 

various tumors. First and foremost, there was an increased expression of the TAp73α 

isoform in B-cell chronic lymphocytic leukemia [80], ovarian carcinoma [84], gastric 

adenocarcinoma [81], bladder cancer [82], prostate cancer [87] and thyroid cancer [83]. 

In fact, TAp73α overexpression confer resistance to chemotherapeutic agents in an 

ovarian cancer cell line [85]. For quite some time, there has not been an answer to how 

TAp73α can hold oncogenic activity in tumor tissues. However, in Paper I we show 

that TAp73α exert anti-apoptotic effects upstream of the mitochondria, repressing drug-

induced apoptosis in a cell type-dependent manner [86].  

 

Upon further investigation of the anti-apoptotic role of TAp73α we show in Paper II 

that the effect of TAp73α partially depends on the induction of Hsp72. Many human 

tumor cells express elevated levels of Hsp family proteins, and a number of 

chemotherapeutic agents induce Hsp72 expression, resulting in reduced cellular 

sensitivity to treatment [180]. An elevated expression of Hsp72 have been reported in 

breast [181], uterine [182], renal [183] and prostate cancer [184]. Moreover, the 
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oncogenic ΔNp63α and ΔNp73α proteins have both been shown to induce expression 

of Hsp72 [172, 185]. Together with our studies from Paper II, these findings shed light 

on how TAp73α could possibly be involved in tumorigenesis and confer resistance to 

cancer treatments.  

 

As mentioned earlier, p73 is expressed as numerous different isoforms. Though, the 

main p73 isoforms expressed in human cells are ΔNp73α, TAp73α and TAp73β. The 

two full-length isoforms, TAp73α and TAp73β, have been shown to differentially 

regulate cell cycle progression [186], apoptosis [86, 101, 163, 187] and differentiation 

[188]. The diverse actions of TAp73α and TAp73β in regulation of cell cycle 

progression, apoptosis and differentiation can be assigned to the transactivation of  

isoform-specific target genes [117, 153]. We have shown that TAp73α regulates the 

expression of Hsp72 (Paper II), an activity which to some extent can explain the 

oncogenic, anti-apoptotic, activity of TAp73α. In contrast, TAp73β regulates 

transcription from the P57Kip2 promoter. p57Kip2 was first described as a CKI with a 

critical role in the regulation of cell proliferation. Nevertheless, we recently defined its 

role as a potent mediator of drug-induced mitochondrial apoptotic cell death [174]. 

Thus, the target gene selectivity of carboxy-terminal isoforms provides an explanation 

to the commonly observed more potent induction of cell death by TAp73β, as 

compared to TAp73α (Paper III). 

 

We revealed two target genes, P57Kip2 and HSP72, differentially regulated by the two 

main carboxy-terminal isoforms of TAp73. With these findings we provide a possible 

explanation to the diverse roles of the two isoforms. The different functions of TAp73α 

and TAp73β could partly be explained by the extended carboxy-terminus and SAM 

domain present in TAp73α but not in TAp73β. The SAM domain mediates protein-

protein interactions, which could be one reason to the different effects of the two p73 

isoforms.  

If taking into account all p73 isoforms – amino-terminal and carboxy-terminal variants 

- there are numerous target genes regulated differently by the many p73 isoforms. It 

was suggested that the roles of p73 might be due to different abilities of its isoforms to 

regulate gene expression, cell cycle progression, cell death and differentiation. So, it is 

possible that the specific isoforms present in a cell at a certain point in time, will all 

have an influence on the cellular fate. However, differential regulation of target gene 

expression is not exclusively dependent on the isoform expressed. Promoter selectivity 
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and efficiency in transactivation also depend on cellular context, interaction partners 

and post-translational modifications of the p73 isoforms. Cellular context might affect 

the function of an isoform. For example, TAp73α represses drug-induced apoptosis in 

SCLC cells, but promotes drug-induced apoptosis in NSCLC cells [86]. The cellular 

context might also affect the activity of a certain domain. Such as the activity of the 

newly identified carboxy-terminal TAD,  restricted to cells from neuroendocrine origin 

[109]. Interaction of p73 with ASPP1 and/or ASPP2 stimulates the transactivation 

function of p73 on promoters of pro-apoptotic genes like Bax and Puma, but not on the 

promoters of P21 and Mdm2 [111]. Various post-translational modifications have been 

shown to direct p73 towards the selective induction of either apoptosis or cell cycle 

arrest [109, 125].  

 

In an attempt to further elucidate the structural-functional aspects of p73, we found that 

a functional DBD is required for both the anti-apoptotic and the pro-apoptotic effect of 

TAp73 [86]. This indicates that p73 needs to be able to bind to DNA to perform its 

effects. Even though p73 transcription-independent functions have been reported, one 

can speculate that the function of p73 as a transcriptional regulator is indeed its main 

and the most prominent characteristic [148]. The pro-apoptotic effects of p73 depend 

on the presence of a functional amino-terminal TAD, whereas this domain is 

dispensable for the anti-apoptotic effects of TAp73α. In Paper IV, we characterized a 

TAD located in the carboxy-terminal of p73. Interestingly, the region of the carboxy-

terminal TAD are enriched in proline residues, a pattern frequently found in activation 

domains of other transcription factors and known to play a role in the regulation of 

RNA polymerase II activity. The existence of a second TAD in p73 can possibly 

explain the maintenance in anti-apoptotic activity of amino-terminal TAD mutated 

TAp73α. Furthermore, we show that the amino-terminal TAD is needed for p73 to 

transactivate pro-apoptotic promoters, like Bax. On the other hand, the amino-terminal 

TAD is dispensable for the anti-apoptotic effects of TAp73α [109]. The amino-terminal 

TAD-independent anti-apoptotic effect of TAp73α could possibly be explained by the 

presence of the carboxy-terminal TAD, which has been shown to regulate genes 

involved in cell cycle progression. Interestingly, activity of the carboxy-terminal TAD 

is dependent on phosphorylation at serine residue 388, identified as a putative PKC 

phosphorylation site [109]. p73 is involved in apoptosis, differentiation and cell cycle 

regulation, and the expression and activity of its isoforms are frequently reported to be 

cell-type specific. In addition, we have found specific domains of p73 being active in a 
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cell-type dependent manner, e.g. the carboxy-terminal TAD. Similar to p73, PKCs are 

implicated to play a central role in the processes of apoptosis, differentiation and cell 

cycle progression. Differential expression of PKC isoforms in certain cell types 

suggests that PKCs could, like p73, have a cell type specificity [189]. Thus, regulation 

of p73 by PKC could be one reasonable explanation to the cell-type specific activity of 

p73 isoforms and domains. 

 

Given the possible roles of TA- and ΔNp73 isoforms in human cancer, it is of great 

interest to elucidate what determines their relative expression level. Once expressed it is 

essential to know how the activity of the specific isoforms is regulated. Certainly, this 

knowledge would contribute to a better understanding of the processes involved in 

tumorigenesis. The deeper knowledge about the role of p73 in tumorigenesis might as 

well prove useful in the attempts to design new strategies for cancer treatment. 
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5 CONCLUSIONS AND FUTURE PERSPECTIVES 
 
For quite some time, TAp73 isoforms have been regarded as putative tumor suppressor 

genes, having functions similar to those of its family member p53. On the other hand, 

the ΔNp73 isoforms have been regarded as potential oncogenes, preventing cell death 

and counteracting the functions of TAp73 isoforms and p53. However, in Paper I we 

show that TAp73α can, in a cell type-dependent manner, repress drug-induced 

apoptosis. The mechanisms behind TAp73α inhibitory effect on drug-induced apoptosis 

are explained in more detail in Paper II. In many cells, TAp73β is a more potent 

inducer of cell death than TAp73α, and in Paper III we provide an explanation for the 

difference in pro-apoptotic activity between the two isoforms. As previously 

mentioned, the differences in transcriptional activities and target genes between 

TAp73α and TAp73β are most likely due to the presence of a SAM domain and an 

extended carboxy-terminal in TAp73α. The SAM domain mediates protein-protein 

interactions. Yet, to get a deeper understanding of the different and sometimes 

opposing roles of p73 isoforms, we need to identify the precise interaction partners. 

Moreover, the extended carboxy-terminal of TAp73α might be subjected to post-

translational modifications that do not affect TAp73β. These modifications might alter 

the stability and activity of the protein. Therefore, isoform-specific post-translational 

modifications will have to be revealed in order to better understand the differences in 

stability and activity of the isoforms. 

 

Interestingly, there is an increased expression of the TAp73α isoform in prostate cancer 

[87] and Hsp72 expression was found increased and to confer resistance to treatment in 

prostate carcinoma cells [184]. Accordingly, it would be of great interest to investigate 

if the increased TAp73α expression can explain the upregulation of Hsp72 in prostate 

carcinoma. In mouse models the down-regulation of p57Kip2 induces prostate cancer 

[190]. Therefore, it would be interesting to explore whether TAp73α represses p57Kip2 

expression in prostate carcinoma. If this is so, then further investigate if the molecular 

pattern of an increased expression of TAp73α followed by an upregulation of Hsp72 

and a downregulation of p57Kip2 can also be seen in other types of cancers. 

 

In Paper I, we identified domains essential for the protein to act either pro- or anti- 

apoptotic upon drug-induced cell death. We extended the study on the functional 
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significance of specific domains, and in Paper IV we were able to identify a novel 

TAD within the carboxy-terminal of p73. This domain is regulated by PKC-dependent 

phosphorylation and specifically transactivates genes involved in cell cycle regulation. 

It has previously been shown by Costanzo et al, that acetylation of p73 by p300 dictates 

p73 towards the selective induction of genes involved in apoptosis [125]. We would 

like to continue our studies on the structure-function relationship of p73 by looking at 

the regulation, or switch, between phosphorylation and acetylation of p73. How is the 

switch regulated? What are the upstream signals? Can one induce a switch towards 

either phosphorylation or acetylation, and thereby affect the function and activity of the 

protein?  

 

In summary, with these studies we show that the p73 isoforms contain functions other 

than the classic belief, i.e. ΔNp73 isoforms have oncogenic activity and TAp73 

isoforms are tumor suppressors. Our data show that one p73 isoform, depending on the 

cell type, can have different effects on the cell fate. In addition, the activity and 

function of different p73 domains seems to be cell type-specific.  

 

Further studies should specifically aim at, more in detail, characterize the anti-apoptotic 

effect of TAp73α. We will continue to investigate the role of different p73 domains and 

their anticipated cell type- and cell process-specificity. This would include the 

identification of possible interacting partners and post-translational changes. These 

findings would more specifically place p73 in the complex networks of apoptosis and 

cell cycle, and contribute to a better knowledge on the structure-function properties of 

p73. Hopefully, these studies will provide researchers with a more thorough basis to 

design future therapies.  
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