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It is well established that the tumor suppressor p53 is a loyal cellular watchman in charge of ensuring

the maintenance of the cellular household in order. The level of p53 in normal cells is tightly controlled

by its major inhibitor MDM2 that binds and targets p53 for cytoplasmic shuttling and degradation 17.

When the genomic integrity of a cell is threatened by metabolic or genetic disorder such as oncogene

activation, DNA-damage, nutrient deprivation and hypoxia, latent p53 is stabilized and transformed into

an active form. Upon activation it triggers a wide range of cellular responses depending on the type of

cell and stress. These processes include cell cycle arrest, DNA-repair, programmed cell death

(apoptosis), differentiation, senescence, inhibition of angiogenesis and metastasis and possibly other

unknown cellular responses 18,19 (Fig. 1). Cell cycle arrest and apoptosis are the two most studied p53-

mediated cellular responses that reflect the choice of p53 leading to a cell’s ultimate fate, life or death.

How does p53 function? The molecular functions of p53 have been a subject of intensive research over

the past 25 years. The first activity to be depicted was p53’s ability to bind DNA in a sequence specific

manner through its central core domain 20. When fused to a DNA-binding polypeptide GAL4, p53

mediates transcriptional activation function 21. These groundbreaking findings laid the foundation for

the future characterization of the major p53 function, the transcriptional regulation of target genes.

Numerous targets of p53 that participate in various cellular processes have been identified and actions

of these targets ultimately decide the final destiny of a cell in stress. Recent data suggests that p53 can

induce apoptosis directly at the mitochondria and indeed, the tumor suppressive function of p53 also

comprises transcriptional independent mechanism which is a growing field of research today.

Figure 1. p53 activating signals and its downstream cellular responses.
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The protein structure

Localized on the short arm of chromosome 17 (17p13), the p53 gene encodes a protein of 393 amino

acids (aa) that is conserved during evolution. The gene consists of 11 exons, where the first exon is non-

coding. Amino acid analysis has revealed existence of five highly conserved regions that extends from

exon 2 to 8 and that are crucial for p53 function 19,22. The protein is composed of four functional

domains, an N-terminal transactivation domain (TAD), a central DNA-binding core domain (DBD), C-

terminal oligomerization domain (OD) and a regulatory domain (RD) as shown in Fig. 2.

Molecular characterization of the p53 functional domains has revealed numerous interaction partners as

well as posttranslational regulatory sites. The N-terminal TAD mediates recruitment of the basal

transcriptional machinery such as TBP, TAFs and TFIID 23. Several viral proteins and MDM2 bind to

the amino-terminal region to inhibit its transactivation function 24,25. The N-terminal region also harbors

a proline rich domain (PRD) which is required for p53-mediated apoptosis 26. Further, this domain is

implicated in p53-mediated repression of target genes 27.

The central region comprising the sequence-specific DBD includes the four conserved regions II-IV,

and it is where the most cancer associated mutations are detected. This part readily recognizes the 10 bp

consensus sequence 5’-PuPuPuC(A/T)(T/A)GPyPyPy-3’ present in two copies separated by 0-13 bp in

the regulatory region of the target gene promoters 28. The central region, according to some studies also

functions as a protein binding domain that interacts with 53BP1 and 53BP2 and SV40 large T antigen
29,30

Figure 2. Schematic representation of the p53 protein. Major functional domains and the positions of

posttranslational modifications are indicated. In the upper part, proteins that phosphorylate, acetylate,

methylate are outlined. Interacting proteins are indicated in the lower part.
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DNA-PK has also been reported to induce phosphorylation on N-terminal residues including on Ser37

which is necessary but not sufficient for p53 DNA-binding and its transcriptional activity 63. C-terminal

phosphorylation of p53 by CDKs, PKC and CKII on Ser315, Ser378, and Ser392 respectively also

mediates p53 sequence-specific binding in vitro 64-66. Phosphorylation of p53 on Ser46 by the

autophosphorylating kinase, DYRK2 following severe DNA damage results in apoptosis by p53-

mediated transactivation of the pro-apoptotic gene p53AIP 67,68. Another kinase, HIPK2 also

phosphorylates p53 on Ser46 dissociating p53-MDM2 complex and induces p53-mediated

transcriptional activity and apoptosis 69. Inactivation of p53 by inhibition of its phosphorylation has also

been demonstrated. Upon expression of the intracellular domain of Notch-1 (Notch1-IC), a

transmembrane receptor involved in Notch signaling, it binds to p53 and inhibits its phosphorylation

on Ser15, 37 and 46 causing downregulation of p53-targets including p21, MDM2 and Bax 70.

Histone acetyltranferases such as p300/CBP and PCAF mediate acetylation of the C-terminal lysine

residues of p53 through interaction with its N-terminal region. DNA damage induced phosphorylation

of p53 in the N-terminal region increases its association with p300/CBP that augments p53 acetylation

and leads to enhanced p53 activity 71-73. Of course, MDM2 prevents this interaction between p53 and

p300 in the absence of stress 74. The DNA-damage inducible p33ING2, a candidate tumor suppressor

increases p53 acetylation on Lys382 and thus facilitates p53-induced G1/S checkpoint and apoptosis
75,76. Additionally, PML a protein induced by various stimuli localizes to nuclear bodies together with

p53 and CBP where it triggers N-terminal phosphorylation and C-terminal acetylation of p53 to

facilitate transcriptional activation of p53 and apoptosis and senescence 77,78.

Other modifications that regulate p53 activity include methylation mediated by methyltransferases such

as Set9 that when overexpressed causes hyperstabilization and activation of p53 through lysine

methylation on Lys372 and enhances apoptosis 79. Increased translation of p53 mRNA has also an

impact on p53 activity. Recent data suggests that overexpressed ribosomal protein RPL26 interacts of

with 5’UTR of p53 and subsequently results in increased G1 arrest 80.

Cellular Localization

Nuclear import and export of p53 is a tightly controlled process. Nuclear localization is required for

p53-mediated transcriptional regulation. p53 contains three nuclear localization signals (NLS) that upon

stimuli enable its nuclear import whereas nuclear export of p53 is mediated by two nuclear export

signals (NES) 81. However, efficient nuclear export of p53 to the cytoplasm requires the ubiquitin ligase

function of MDM2 82,83. Mutations of the lysine residues in the C-terminus, where MDM2-mediated

ubiquitination of p53 occurs, abrogate MDM2-directed nuclear export 84-86. This is possibly due to the

exposure or activation of the nuclear export sequence of p53 caused by MDM2-mediated ubiquitination

which affects p53 oligomerization state 87. Nuclear export of p53 is necessary for efficient p53

degradation 88.

Loss of p53 function in some tumor types such as in neuroblastomas carriyng wt p53 is coupled with its

failure to accumulate in the nucleus. The observed nuclear exclusion may be an effect of hyperactive

MDM2 or the activity of glucocorticoid receptors (GR) 89,90. The latter involves complex formation
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between p53 and GR, resulting in cytoplasmic sequestration of both p53 and GR. Dissociation of this

complex by GR antagonists, results in accumulation of p53 in the nucleus, activation of p53-responsive

genes, growth arrest and apoptosis. Other proteins that directly or indirectly effect p53 nuclear

import/export are importin-�, PI3/Akt, p14ARF, Pacr, actin, vimentin and mot2 81.

p53 in cancer – loss and consequences

The p53 function is disrupted by mutations, in about 50% of all sporadic human tumors and in the

other half the p53 protein is inactivated by various cellular and viral antagonists, including MDM2 91,92.

In fact, p53 mutation is the most frequent genetic event found in a broad range of human tumors to

date including cancers of the ovary (48%), stomach (45%), colon (43%), esophagus (43%), lung (38%),

and breast (25%). More information on p53 mutation database can be found at http://www-

p53.iarc.fr/P53main.html or http://p53.free.fr/.

Figure 3. Frequency of mutant p53 allelels in human tumor cell genomes as recorded in the IARC database,

2006. (http://www-p53.iarc.fr/P53main.html).

Unlike other tumor suppressor genes that are inactivated by truncation or deletion of their gene more

than 80% of p53 alterations are caused by missense point mutations that result in full length stable p53

levels 93. Therefore, high expression of mutant p53 is often detected in human tumors. In tumors, p53
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The intrinsic pathway

This pathway is regulated by the pro- and anti-apoptotic Bcl-2 family proteins and involves

mitochondrial depolarization, cytochrome c release from the mitochondrial intermembrane into the

cytoplasm, formation of apoptosome and the subsequent activation of caspases 162. The Bcl-2 family

proteins consist of three subclasses: the pro-survival proteins with strong homology to Bcl-2, e.g. BclXL;

the pro-apoptotic proteins Bax and Bak with structural similarity to Bcl-2 and the ‘BH3-only’ pro-

apoptotic proteins e.g. PUMA. BH3 domain is the domain required for the pro-apoptotic activity and

heterodimerization and is present in all members 163,164.

Several members from all three groups are targets of p53. Bax is one of the first genes of the Bcl-2

family identified, whose expression was shown to be activated by p53 in response to cellular stress 165.

Upon induction Bax undergoes a conformational change, forms homodimer and translocates to the

mitochondrial membrane where it promotes cytochrome c release leading to activation of caspase-9 166.

Bax-deficient mice exhibit accelerated tumor growth and substantial decrease in p53-mediated apoptosis

167. Accordingly, Bax can also mediate p53-independent tumor suppression 168.

The BH3-only protein PUMA, a powerful mediator of cell death is upregulated by p53 in response to

various types of stress 169,170. PUMA requires Bax for induction of apoptosis and has been demonstrated

to promote translocation and oligomerization of Bax resulting in effective cell death while bax deficient

cells are resistant to PUMA-mediated apoptosis 171. Recent report suggests that PUMA upon induction

can couple the nuclear and cytoplasmic apoptotic function of p53 by liberating p53 from the anti-

apoptotic BclXL in the cytoplasm whereupon freed p53 localizes to the mitochondria to directly induce

apoptosis in a transcription-independent manner 172. This mitochondrial apoptotic function of p53 is

further described below. Other p53-upregulated pro-apoptotic targets involved in the intrinsic pathway

are the BH3-only protein, Noxa, Bid that via direct interaction triggers functional activation of Bax, and

APAF-1 required for apoptosome formation 173-176. Interestingly, Bid has been reported to be the link

between the extrinsic and intrinsic pathway since caspase-8 involved in the death receptor signaling can

induce Bid cleavage and the resulting truncated Bid induces Bax activation 177(Fig. 5). Hence, by

inducing transcription of Bid, p53 can promote convergence of the intrinsic and extrinsic pathways.

Moreover, p53 induces caspase-6 expression via a response element within the third intron of the

caspase-6 gene that plays an important role in p53-induced neuronal cell death 178,179.
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Figure 5.Model of the extrinsic and intrinsic apoptotic pathways. The p53 targets are shown in red.

The anti-apoptotic member of this pathway, Bcl-2 is also a transcriptional target of p53, a target that is

repressed upon p53 activation. Bcl-2 functions as an oncogene when overexpressed in tumors and has

metastatic potential in mice 180,181. Moreover, the data showing that Bcl-2 overexpression counteracts

p53-dependent transrepression and apoptotic response but not p53-mediated transactivation, is one of

the first studies emphasizing the role of p53-dependent transrepression in apoptotic response 182.

Senescence

Cellular senescence is a program that is triggered by normal cells in response to different types of stress

such as telomere shortening, oxidative stress and DNA damage. Upon entering senescence, cells cease

to divide and undergo a number of morphological and metabolic changes 183. Although detailed

description of its in vivo manifestation is lacking, cellular senescence is considered to have a key role in

tumor suppression and organismal aging. Both p53 and RB pathways are active during senescence and

inactivation of p53 in MEFs is sufficient to prevent senescence 184. p53-induced p21 seems to be

important for activation of the RB pathway and for triggering cellular senescence in response to DNA

damage and telomere uncapping 185. Telomere shortening can be prevented by activation or

overexpression of the human telomerase catalytic subunit, hTERT that facilitates tumorigenesis.
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TELOMERASE

Immortalization

Immortalization is an essential requirement for tumor development that involves activation of

telomerase or hTERT 3. Normal human cells are mortal, undergo successive telomere shortening and

lack telomerase activity. By contrast, majority of human cancer cells are immortal, have stable telomeres

and express telomerase. Human cells possess a limited replicative lifespan and enter senescence after a

certain number of doublings 241. However, this state of irreversible growth arrest can be circumvented

through inactivation of the p53 and RB tumor suppressors by introduction of oncoproteins such as

HPV E6 and SV40 LT-antigen allowing continued proliferation with further telomere shortening.

These post-senescence cells after progression through additional generations reaches a second

proliferative barrier referred to as crisis. Cells at this point suffer from gross chromosomal disarray

including end-to-end fusions as a result of extensive telomere loss and are destined to die. However,

occasionally few cells (1 in 107) acquire the ability to escape crisis and multiply without limit through

activation of telomerase and hence become immortalized, a common trait of most human tumors 242

(Fig 7). In fact, 90% of all human tumors express high levels of telomerase.

Figure 7. Telomere shortening during cell division. (a) Stable telomere length in germline and (b) in hTERT

transfected cells. (c) Progressive telomere shortening leading to crisis which is rescued by activation of

hTERT in tumor cells.
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Telomerase in length maintenance

Telomeres

Human telomeres consist of tandem repeats of the hexameric DNA sequence TTAGGG, ranging from

15 kb at birth to less than 5kb in chronic diseases. Telomeres are dynamic nucleoprotein complexes that

cap the ends of linear eukaryotic chromosomes 243. The role of telomeres for chromosome stability was

reported already in the early 1940s by experiments in maize 244. Telomeres have two important duties.

First, they protect the chromosome ends from destructive nucleases and other damaging events e.g.

end-joining. Second they enable the ends to be completely replicated. Due to the nature of lagging-

strand DNA synthesis, conventional DNA polymerases are unable to completely replicate the ends of

chromosomes resulting in loss of 50-200 bp of telomeric DNA per round of DNA replication. This

dilemma has been solved in most organisms by the telomerase complex that adds telomeric repeats

onto the chromosome ends.

Telomerase

Telomerase was first discovered in the unicellular ciliate, Tetrahymena where it was shown to use an

unusual mode of DNA synthesis for polymerization of telomeric DNA 245,246. It is a ribonucleoprotein

enzyme that consists of two major components, a reverse transcriptase catalytic subunit (TERT) and an

RNA subunit (TR). The intrinsic RNA subunit functions as a template for synthesis of telomeric DNA

by TERT directly onto the 3' ends of the chromosomes. The enzyme is expressed in early

embryogenesis and in adults in male germline but is almost undetectable in most normal somatic cells

except in proliferative cells of renewing tissue where its expression is tightly regulated 247,248. However,

recent evidence shows that a small amount of the enzyme activity is detectable also in normal cells as

they enter S-phase but disappears when the cells go into G2-phase. This low amount of the protein is

proposed to be sufficient to repair any telomeric damage 249.

The human gene, hTERT consists of 16 exons and 15 introns spanning around 35 kb. Characterization

of hTERT promoter has revealed the presence of binding motifs for several transcription factors such

��� ����� ������ ����� ���� ��������� ��������� ����������� ��������� ������� ��� ����������� ��� ������

expression 250.

Telomerase in cancer

An association of hTERT function with tumor progression was evident by the finding that it is

activated in immortalized and cancer cells 251. It is now well established that 90% of all human tumors

have express high levels of hTERT 252. The most apparent evidence of its role in tumorigenesis comes

from the observations that introduction of hTERT into normal human telomerase-negative cells

extends their life span whereas inhibition of hTERT limits the growth of human cancer cells 253,254.

Several mouse model studies have provided valuable insights into the role of telomerase in telomere

maintenance and cancer. Lack of telomerase activity in the first generation of telomerase knockout
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Finally, since to hTERT has been shown to repress p53-dependent as well as p53-independent

apoptosis we tested whether hTERT prevents cell death mediated by other stimuli including

staurosporine (STS), serum starvation (SS) and hydrogen peroxide (H2O2). FACS analysis of sub-G1

cells showed that HCT116 cells expressing exogenous hTERT were more resistant to apoptosis induced

by not only MMC but also serum starvation (SS) and hydrogen peroxide (H2O2). However, only MMC

induced p53 and its target MDM2.

Our results strongly suggest that expression of hTERT has an inhibitory effect on activation of pro-

apoptotic Bax (Fig. 9). This is in line with a recent report that showed inhibition of hTERT by siRNA

promotes Bax activation by DNA damaging drugs 273. Thus, hTERT may interfere with the activation

of pro-apoptotic proteins to block apoptosis. The presence of a mitochondrial localization signal at the

N-terminal region of hTERT suggests that hTERT can execute its anti-apoptotic activity directly at the

mitochondria 278. It is plausible that hTERT suppresses Bax activation by direct interaction or by

binding to inhibitors of Bax that facilitate mitochondrial stabilization. Another possibility is the

observed ability of hTERT to modulate the gene expression profile in favor of cell growth.

Figure 9. Model of hTERT’s anti-apoptotic role. hTERT expression blocks the mitochondrial

apoptosis induced by p53 through preventing Bax activity.
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PAPER III - Analysis of the p53-regulated proteome upon DNA damage

Most of the current knowledge on p53 tumor suppressor function derives from identification and

characterization of its target genes. Numerous target genes have already been characterized and

depiction of many of these genes has provided much insight into p53-mediated cellular responses.

Novel target identification studies have been concentrated mostly on p53-dependent mRNA expression

using microarray techniques for analysis of p53-transactivation or repression function. However, since

the function of protein-coding genes is carried out by the protein product, it is important to study p53-

dependent expression at the protein level. This may reveal novel p53 targets, such as targets that are

regulated by transcription-independent mechanisms.

In this study we examined the p53-regulated proteome to identify novel p53 targets at protein level

using 2D gel electrophoresis (2DE) and mass spectrometry. The colon carcinoma HCT116 wtp53+/+

and the isogenic p53 null cells were treated with MMC for 8, 16 and 24 hours to induce DNA-damage-

mediated p53 activation. Upregulation of p53 and several p53 targets including p21, MDM2 and Wig-1

and downregulation of hTERT in the p53+/+ but not p53-/- verified activation of the p53-pathway.

Higher fraction of apoptotic cells was detected in the p53+/+ cells.

Total protein was analyzed by 2DE and 5,789 detectable protein spots were separated using four

overlapping micro pH-ranges. Gel matching by PDQuest software revealed differential expression of

115 proteins in a p53-dependent manner. A minimum of 1.5-fold increase or decrease in expression

level over at least two time points in comparison to the protein expression level in the p53-/- and

statistical significance in the Mann-Whitney test defined spots for identification. We identified 55 of the

p53-regulated proteins by mass spectrometry. Forty-two of these proteins showed upregulation and 13

were downregulated upon p53 activation. We found p53-binding motif in both upregulated and

downregulated proteins. However, 18 induced and 5 repressed proteins lacked any p53-consensus site

suggesting indirect or transcription-independent effects of p53. Among the identified targets we found

proteins involved in various cellular functions including apoptosis, cell cycle arrest, DNA-repair,

metastasis inhibition, mRNA-processing and translation.

In order to confirm the 2DE data we analyzed the expression pattern of five upregulated proteins,

including eukaryotic translation factor 5A (eIF5A), heterogenous nuclear ribonucleoprotein C1/C2

(hnRNP C1/C2), heterogenous nuclear ribonucleoprotein K (hnRNP K), lamin A/C, and metastasis-

inhibitor factor Nm23-H1and two downregulated proteins peroxiredoxin II (Prx II) and tryptophanyl-

tRNA synthetase (TrpRS), by Western blotting and real-time PCR (RT-PCR). Protein expression of all

the upregulated proteins, Nm23, eIF-5A, Lamin A/C, hnRNP K, hnRNP C1C2 was in consistent with

the 2DE data. Likewise, analysis of mRNA expression by RT-PCR showed p53-dependent

transcriptional activation of Nm23, eIF-5A, Lamin A/C and hnRNP K. However, transcription of

hnRNP C1C2 was repressed in both cells after 16- and 24 hours of MMC treatment suggesting that the

observed increase in protein level was independent of transcriptional regulation by p53. Similarly,

discordant regulation between mRNA levels and protein levels of TrpRS and PrxII was observed.

Downregulation of TrpRS was verified at the protein level by Western blotting. Analysis of mRNA

levels, however, showed slight downregulation in both cells upon p53 activation. As for PrxII no
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