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ABSTRACT

The integrity of genomic DNA is challenged by genotoxic insults originating from normal
cellular metabolism or from external sources. Cellular responses to DNA damage involve elegant
checkpoint cascades enforcing cell cycle arrest, thus facilitating damage repair, apoptosis or
cellular senescence. The loss or alterations of genes involved in the damage response pathways
have been reported in many cancer susceptibility syndromes and in sporadic tumors.
Furthermore, this surveillance pathway is activated during early tumourigenesis presumably due
to uncontrolled replicative cycles and has been recognized as one of the main barriers against
tumor formation.

Prostate cancer is the most common noncutaneous malingancy in men and is multifocal
by its nature. These factors suggest a defect in the DNA damage and checkpoint control pathways
of the prostate. To address the functionality of DNA damage checkpoints in the prostate, we
analyzed the responses of human primary prostate epithelial cells (HPEC) and freshly isolated
human prostate tissue to -irradiation (IR). We identified two causes for the defects in IR
responses of the HPEC cells; one involved suppression of p53 pathway, while the other
diminished Cdk2Tyr15 phosphorylation resulting in defects in the G1/S, intra-S and G2/M
checkpoints. Furthermore, the lack of checkpoint enforcement was associated with sustained
damage foci ( H2AX). In contrast to cells with intact DNA damage responses, wt p53 protein is
not stabilized in HPECs in response to IR. In the absence of p53 stabilization, transcriptional
targets of p53 such as p21 and Hdm2 are not induced, and prostatic epithelial cells failed to
undergo cell cycle arrest or apoptosis. IR activated the ATM-associated DNA damage response
pathway and led to proteasomal degradation of Cdc25A. Despite IR-induced Cdc25A turnover,
Cdk2 inhibitory phosphorylation on Tyr15 was not detected and HPECs retained kinase active
Cdk2 followed by progression through the S phase after exposure to IR. The lack of damage
induced Cdk2Tyr15 inhibitory phosphorylation was due to fast turnover and thwarted activity of
Wee1A tyrosine kinase. Ectopic expression of a more stable form of Wee1A phosphodegron
mutant (S53/123A) triggered Cdk2Tyr15 phosphorylation and restored cell cycle checkpoints in
IR-treated HPECs. Our results show that HPECs harbor defects in two crucial checkpoint
molecules, p53 and Wee1A, rendering CyclinE(A)/Cdk2 kinase active, and leading to
uninterrupted cell cycle progression after genotocix stress. The lack of p53 and Tyr15 checkpoint
responses were verified in fresh human prostate tissue. It is plausible that the apparent lack of
DNA damage checkpoints after natural stress signals are related to the high incidence of cancer in
the prostate.

Prostate cancer is known to be extremely resistant to chemotherapy. We found that
triptolide, a purified compound from the herb Tripterygium  Wilfordii  hook  F, exerted two
qualitatively different types of effects on primary cultures of prostatic epithelial cells. Low
concentrations of triptolide inhibited growth and induced senescence, an irreversible growth-
arrested state that is associated with tumor suppression. Higher concentrations of triptolide
triggered apoptosis. Interestingly, unlike our results with any previously tested compound,
triptolide-induced apoptosis of primary cultures was accompanied by nuclear accumulation of
p53. The exact role of p53 in triptolide induced apoptosis is unknown but it might involve
transcriptional repression, since downregulation of p53 target genes Hdm2, p21, and bcl-2, was
observed in prostatic epithelial cells. These preclinical findings support further investigation of
chemopreventive and chemotherapeutic activity of compounds similar to triptolide against
prostate cancer.
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We used LMB and nutlin-3 to determine the functionality of p53 downstream signaling
pathways in HPECs. Treatment with LMB and nutlin-3 resulted in nuclear accumulation of p53
protein, induction of downstream target genes, and growth arrest in HPECs. LMB induced
apoptotic cell death of a prostate cancer cell line (LNCaP) containing wild type p53, but had little
effect on p53-deficient DU145 prostate cancer cells. These results suggest that restoration of p53
function in prostatic epithelial cells by small molecules may serve as a paradigm for the
development of future therapeutic agents for the treatment of prostate cancer.
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REVIEW OF THE LITERATURE

1. PROSTATE

1.1 Anatomy, prostate cancer and treatment

The prostate is a walnut-sized gland localized at the base of the urinary bladder and surrounds the
urethra in males. The prostate gland is a part of the male reproductive system, and is involved in
seminal fluid production and storage (Cunha et al., 1987). One of the secreted products is
prostatic specific antigen (PSA), a serine protease with a chymotrypsin-like substrate specificity.
The enzymatic action of PSA is mainly directed against the major gel-forming proteins of semen,
seminogelin I and II, thus preventing the coagulation of seminal fluid and the subsequent release
of progressively motile spermatozoa. The prostate gland is also believed to provide nutrients to
the seminal fluid. The human prostate is composed of three developmentally determined distinct
morphological regions: the peripheral zone, the central zone and the transition zone. The
significance of the zonal architecture of the prostate gland became evident upon the observation
that the different zones can harbor different prostatic diseases (McNeal, 1969; McNeal, 1988a;
McNeal, 1997).

Prostate cancer is the most common noncutaneous malignancy and the second leading
cause of cancer mortality in men (Jemal et al., 2005). The incidence of prostate cancer has a
strong age, race and geographical dependence. Whereas prostate cancer is uncommon in young
men, autopsy studies have, however, revealed that nearly one-third of men in their late 40’s
already have histologically identifiable tumors in their prostates; this incidence rises to about
75% for men in their 80’s (Isaacs et al., 2002; Sakr et al., 1994). Prostate cancer is relatively
uncommon in Asian countries, prevalent in Scandinavian countries and reaches the highest
incidence and mortality rates among African Americans (Boring et al., 1994). Prostate cancer is
characterized by a number of unique features including a spatial specificity within the prostate:
70% of tumors arise from the periphery of the prostate, and most of the remaining tumors are
found in the transition zone (McNeal et al., 1988). The prostate is also extremely vulnerable to
benign prostatic hyperplasia (BPH), the most common benign proliferative abnormality found in
any internal organ, which originates in the transition zone in the prostate (McNeal, 1978;
McNeal, 1988a). BPH is associated with deregulated stromal cell proliferation and due to the
zonal differences of these two diseases, BPH is not thought to precede malignant conversion
(McNeal, 1988b). Two different types of precursors of prostate cancer can be found in the
prostate gland, e.g. dysplastic areas termed prostatic intraepithelial neoplasia (PIN) (Bostwick,
1989) and proliferative inflammatory atrophy (PIA) lesions. PIA lesions can be found near
adenocarcinomas and they can merge with high-grade PIN areas (De Marzo et al., 2001). As the
name PIA implies these areas are associated with rapid regenerative cell proliferation which
happens in response to tissue-destructive chronic inflammation. It has been suggested that
oxidative stress produced by inflammatory cells, similar to other epithelial cancers such as liver
and gastric, would be one of the mechanisms leading to prostate cancer tumourigenesis
(Coussens and Werb, 2002; Dennis et al., 2002; Palapattu et al., 2005). Another unique feature
associated with prostate cancer is the multifocal nature of prostate tumors. Step-sectioning of
whole prostates and genetic analyses have revealed that an individual often has numerous an
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average of 5 discrete cancers in his prostate and many more PIN lesions (Bastacky et al., 1995;
Villers et al., 1992).

Prostate cancer may be indicated by high serum PSA level and/or by digital rectal
examination. PSA is mainly secreted into the seminal plasma but a small amount also enters the
circulation. While a high PSA level is indicative of prostate cancer, intermediate elevations (4-10
ng/ml) create a challenge for proper interpretation of the nature of the disease because both BPH
and malignant tumor can cause moderately elevated PSA levels. Prostate cancer is diagnosed
upon histological evaluation of needle biopsy samples, and the grade and the stage of the tumor is
classified based on the Gleason score and a TNM (tumor, node, metastasis) system, respectively.
Treatment options vary, and depend on the stage and the grade of the tumor. Radical
prostatectomy and radiation therapy are used for organ confined tumors. In some cases “watchful
waiting” is chosen as a treatment option, since prostate cancers are known to have a long natural
history, although exceptions do exist, and tumor doubling times can be measured in months and
years (Berges et al., 1995). When the tumor has penetrated the capsule, androgen ablation, e.g. by
either orchiectomy or by ablation of luteinizing hormone-releasing hormone (LH-RH) agonists
and antiandrogens, can be chosen. Since the growth of the prostate gland is dependent on
androgen, typically a short-term remission is provided, which is almost invariably followed by
androgen independent growth (Feldman and Feldman, 2001). The hormone refractory stage of
prostate cancer poses a real challenge in the clinic and very few therapies are available to treat
androgen resistant tumors.

1.2 Prostate epithelial cells and their relevance in carcinogenesis

The prostate gland consists of glandular epithelium embedded in a fibro-muscular stroma. Four
main cell types have been identified in prostate epithelium: basal cells, transient amplifying (TA)
cells, luminal epithelial cells and neuroendocrine (NE) cells. The basal layer in the prostate most
likely also harbors pluripotent prostate stem cells that can give rise to differentiated epithelial
cells  (Isaacs  and  Coffey,  1989;  Rizzo  et  al.,  2005).  Epithelial  cells  form  two  histologically
distinct layers: proliferating basal cells are elongated, flattened, and located parallel to the
basement membrane; whereas the overlying luminal layer is composed of terminally
differentiated tall columnar secretory cells (Figure 1) (McNeal, 1988b; McNeal, 1997).

Neuroendocrine cells are scattered on the basal cell layer and may send a narrow apical
extension to the lumen (McNeal, 1997). NE cells can be most typically distinguished by the
expression of chromogranin A, neuron-specific enolase, and secretions of peptide hormones, e.g.
serotonin, bombasin and calcitonin as reviewed in (Long et al., 2005; McNeal, 1997). The exact
function of neuroendocrine cells is not known but it has been suggested that the cytokines
secreted by these cells may have a role in the growth and differentiation of the surrounding
epithelial cells (Abrahamsson, 1999). However, these cells have also been implicated in prostate
carcinogenesis and, like in the lung, can occasionally give rise to small cell carcinomas in the
prostate (di Sant'Agnese, 1998; McNeal, 1997).

Basal cells are androgen-independent and can be characterized by their expression of
cytokeratins 5 and 14 (CK). Other typical markers for basal cells include CD44, p63, Bcl-2,
CK10, 11, 15 and 17, the nuclear phosphoprotein pp32, and GST-  (glutathione S-transferase- )
reviewed in (Long et al., 2005; Peehl, 2005).
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Luminal secretory epithelial cells are androgen-dependent and undergo cell death upon
androgen withdrawal. At the molecular level differentiated secretory cells can be characterized by
CK8, CK18 and CD57 expression (Long et al., 2005; Peehl, 2005). PSA and PAP (prostatic acid
phosphatase) are the main products secreted by the luminal cells and are regulated by androgen
receptor (AR). Other markers of secretory cells include low levels of prostate surface membrane
antigen (PSMA) and endothelin-1 (ET-1) reviewed in (Long et al., 2005; McNeal, 1997; Peehl,
2005).

Based on the tissue morphology and different cytokeratin expression, basal and luminal
cells were initially classified as distinct entities. Later it was realized that some cells in the basal
layer expressed a subset of luminal cell markers and vice versa. More detailed in vivo
immunohistochemical analyses revealed that cells expressing either a combination of CK5/14/18
and CK5/18 were also present. The latter phenotype was identified in both basal and luminal
layers. These cells were termed intermediate or transient amplifying (TA) cells and are thought to
migrate from the basal to the luminal layer as they differentiate from a basal to a luminal
phenotype. In vitro studies have yielded additional intermediate phenotypes, e.g. CK14/8,
CK14/18 and CK5/14/8. However these phenotypes have not been identified in vivo, suggesting
either an in vitro artifact or low abundance in vivo. Based on these findings, Hudson and
colleagues have suggested a keratin-based differentiation pathway for prostatic epithelial cells
(Hudson, 2004; Hudson et al., 2001). According to this model, stem/basal cells lose their CK5
and CK14 expression after a commitment to participate in the differentiation pathway towards
TA cell maturation. The alterations in CK expression pattern take place gradually, CK14 being
first replaced with CK17 and CK19 in transient amplifying cells. Since intermediate cells also
express low levels of CK8 (van Leenders et al., 2000) it has been hypothesized that at the time
CK19-positive TA cells move from the basal to the luminal layer, CK5 expression is replaced
with CK8. Once luminal secretory cells have reached their full maturation, they can be
characterized by CK8 and CK18 expression (Figure 1).

Primary cultures of human prostatic epithelial cells, derived from radical prostatectomy
specimens, represent prostate progenitor or transient amplifying cells. These cells are believed to
be the daughters of stem cells; they express a combination of markers common to both basal and
luminal epithelial cells and possibly also to neuroendocrine cells, have limited self-renewal
capacity, and are in the process of generating differentiated cell populations but have not yet
completely committed to a particular lineage (Hudson, 2004; Peehl, 2005; Uzgare et al., 2004). A
growing body of experimental evidence has identified the proliferating TA cells as the cells of
origin for prostate cancer as prostate cancer cells are known to express both basal and luminal
cell characteristics (De Marzo et al., 2004; Peehl, 2005). Furthermore, PIA lesions, which are
thought to be tumor precursor lesions, mainly consist of TA cell phenotypes, which express a
combination of cytokeratins 5 and 18 (van Leenders et al., 2003; van Leenders and Schalken,
2003). Since primary cultures of human prostatic epithelial cells consist of potential cancer
precursor cells, they provide a powerful model system to study different mechanisms, such as
DNA damage responses, involved in prostate carcinogenesis.
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Figure 1. A schematic presentation of the cell types identified in prostate epithelium and expression pattern of
differentiation markers. The basal cell layer is belived to contain occasional stem cells. See text for details.
Abbreviations: BM (basement membrane). The figure has been modified from (Rizzo et al., 2005).

1.3 Molecular changes associated with prostate cancer

Despite the prevalence of prostate cancer, relatively little is known about the sequence of events
leading to prostate cancer initiation. During recent years, specific somatic gene alterations have
been associated with sporadic prostate cancer; however, most of them occur in the late stages of
cancer progression. Family history of the disease is one of the most consistent risk factors, and
less than a handful of genes with germline mutations in hereditary cancer have been identified
(Table I). However, these genes account only for a small proportion of prostate cancer.
Furthermore it has been acknowledged that the likelihood of being affected by prostate cancer in
the presence of such risk factor alleles might only be increased with appropriate genetic, dietary
and environmental backgrounds (Simard et al., 2003). The fact that no single tumor suppressor
gene has been assigned responsibility for prostate pathogenesis, and that the frequency of
reported genetic alterations vary considerably, possibly reflects the heterogenic and multifocal
nature of prostate cancer. Most frequently studied molecular changes in prostate pathogenesis are
discussed below, and presented in Table 1.
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Table 1. Candidate regulatory genes for prostate cancer development and carcinogenesis. Modified
from (Abate-Shen and Shen, 2000).

Gene/Protein Product/Function Human phenotype References
AMACR Alpha-methylacyl-coA-racemase Increased expression in tumors (Luo et al., 2002; Rubin et al.,

2002)
ANX7 GTPase Loss of expression in metastasis

and HRPC
(Srivastava et al., 2001)

AR Nuclear hormone receptor Amplified or mutated in HRPC (Haapala  et  al.,  2001;  Koivisto  et
al., 1997; Taplin et al., 1995;
Wallen et al., 1999; Visakorpi et
al., 1995)

ATBF1 Transcription factor Mutations in sproradic and
hereditary prostate cancer

(Sun et al., 2005; Xu et al., 2006)

Bcl-2 Apoptotic regulator Overexpression related to
resistance to apoptosis in HRPC

(Apakama et al., 1996; Colombel
et al., 1993; McDonnell et al.,
1997)

C-CAM Cell adhesion Expression is reduced in BPH, high
grade PIN and lost in cancer

(Kleinerman et al., 1995)

c-MYC Transcription factor Amplified  in  a  small  number  of
tumors and metastasis

(Bubendorf et al., 1999; Jenkins et
al., 1997)

CyclinD1 Cell cycle regulator Overexpression rare in primary
tumors, but is found in metastatis

(Drobnjak et al., 2000; Gumbiner
et al., 1999)

E-cadherin Cell adhesion Reduced expression in PIN and
carcinoma. Decreased expression
correlates with shortened patient
survival

(Umbas et al., 1994; Umbas et al.,
1992)

EGFR Epidermal growth factor receptor Increased expression in HRPC (Di Lorenzo et al., 2002)
ELAC2 Metal-dependent hydrolase Germline mutation in a subset of

hereditary prostate cancers
(Simard et al., 2003; Tavtigian et
al., 2001)

EPHB2 Receptor tyrosine kinase Mutations in a subset of tumors (Huusko et al., 2004; Kittles et al.,
2006)

EZH2 Transcription repressor, cell
proliferation

Increased expression in organ
confined and metastatic tumors

(Varambally et al., 2002)

FASN Fatty acid synthase Incresead expression in carcinoma (Rossi et al., 2003; Shah et al.,
2006)

GSTP1 Detoxifier Loss of expression in PIN and
cancer

(Lee et al., 1994)

HPN Transmembrane cell surface serum
protease

Increased expression in cancer (Burmester et al., 2004; Pal et al.,
2006; Xu et al., 2005)

Kai1 Cell surface protein, tumor
metastasis suppressor

Downregulation associated with
metastatic progression

(Dong et al., 1995; Dong et al.,
1996)

Kruppel-like factor 6
(COPEB/KLR6)

Transcription regulator LOH and mutations in a subset of
primary tumors

(Narla et al., 2001)

MSR1 Anti-infection, macrophage
scavenger receptor

Mutation in a subset of families
with hereditary prostate cancer and
non-familial cases

(Simard et al., 2003; Xu et al.,
2002a)

NKX3.1 Homeodomain transcription factor Loss  of  expression  in  PIN,  HRPC
and metastatic cancer.

(Bowen et al., 2000)

PTEN Lipid phosphatase Loss of expression in primary and
metastatic cancer

(Cairns et al., 1997; Suzuki et al.,
1998; Wang et al., 1998)

p27 Cell cycle regulator Decreased expression or altered
localization in advanced tumors.
May provide a prognostic marker
of patient outcome

(Cordon-Cardo et al., 1998; Guo
et al., 1997; Revelos et al., 2005)

p53 Transcription factor, tumor
suppressor

Mutation rate rare in primary
tumors. More frequent in HRPC
and metastatic cancer

(Bookstein et al., 1993; Navone et
al., 1993; Visakorpi et al., 1992)

RNASEL Ribonuclease,
Anti-infection and apoptosis

Germline mutation in a subset of
hereditary prostate cancers

(Carpten et al., 2002; Simard et
al., 2003)

TMPRSS2:ERG Gene fusion Increased expression in cancer (Perner et al., 2006; Tomlins et al.,
2005)

14-3-3 sigma Cell cycle regulation Loss of expression in PIN and
primary tumors

(Henrique et al., 2005; Lodygin et
al., 2004)
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1.3.1 Tumor suppressors, cell cycle regulators and oncogenes

Genetic alterations of phosphatase and tensin homologue (PTEN) have been reported in 10% of
primary tumors and in >30% of metastatic prostate cancer (Cairns et al., 1997; Suzuki et al.,
1998; Wang et al., 1998). Loss of PTEN results from mutation or epigenetic gene silencing by
DNA hypermethylation. In addition, non-mutational downregulation of the gene expression has
been suggested (McMenamin et al., 1999; Whang et al., 1998). Tumor suppressor activities of
PTEN have been linked to the regulation of cell cycle arrest, apoptosis and migration (Maehama
et al., 2001). PTEN is a dual specific phosphatase and its major function relies on its phosphatase
activity toward PI3K phospholipid substrate PIP3 (phosphatidyl inositol 3,4,5-triphosphate) thus
leading to inactivation of the PI3K signaling pathway (Maehama et al., 2001). Consequently, the
loss of PTEN function results in accumulation of PIP3 which then leads to the activation of
AKT/protein kinase B followed by inhibition of apoptosis and increased cell proliferation
(Vivanco and Sawyers, 2002). Interestingly, loss of p27 function through either decreased protein
expression or altered subcellular localization is linked to prostate cancer progression and
androgen independence (Macri and Loda, 1998). Furthermore, increased AKT activity has been
assigned as a likely reason for diminished p27 expression in the prostate (Graff et al., 2000).
Experimental evidence in favor of a role for PTEN, AKT and p27 in prostate carcinogenesis has
been addressed in a number of mouse models. For example, studies on murine models bearing
prostate specific deletion of Pten have recapitulated the disease progression in humans: PIN
lesions precede invasive adenocarcinoma (Chen et al., 2005b; Ma et al., 2005; Trotman et al.,
2003). However, subsequent metastasis has only been reported in one study (Wang et al., 2003).
Similarly, probasin-Akt transgenic mice have been shown to develop PIN (Majumder et al.,
2003). Furthermore, Chen et al., have shown that haploinsufficent Akt inhibits tumourigenesis
initiated by PTEN deficiency in mice (Chen et al., 2006). Cooperation of PTEN with several
tumor suppressors in prostate metastasis has been reported in numerous studies. For example loss
of Cdkn1b (encoding p27) in Pten+/- background accelerates tumourigenesis and facilitates tumor
invasion in mice (Di Cristofano et al., 2001).

Loss of heterozygosity (LOH) of chromosome region 8p12-22 is one of the most common
chromosomal aberrations in prostate cancer. LOH at this region represents an early event in
prostate carcinogenesis since it occurs in 63% of prostatic intraepithelial neoplasia (Emmert-
Buck et al., 1995). The androgen regulated NKX3.1 homeobox gene, almost exclusively
expressed in prostate secretory epithelial cells, is a candidate tumor suppressor gene in this locus
(Ornstein et al., 2001). Although the coding region of the remaining allele of NKX3.1 has not
been found to be mutated in prostate cancer (Voeller et al., 1997), it undergoes epigenetic
inactivation through loss of NKX3.1 protein expression, as evidenced by immunohistochemistry
in a subset of PIN samples with increasing frequency in hormone-refractory and metastatic
disease (Bowen et al., 2000). Prostate murine model studies have shown that conditional deletion
of one or both alleles of Nkx3.1 results in PIN like lesions that closely resemble human PIN
(Abdulkadir et al., 2002; Kim et al., 2002a). Furthermore, more aggressive prostate tumors with
lymph node metastases have been documented with Nkx3.1 +/- and Pten+/- crossed mice (Abate-
Shen et al., 2003; Kim et al., 2002b).

Glutathione S-transferase P1 (GSTP1) is the most frequently altered gene in prostate
cancer. Hypermethylation of the promoter region is present in 90-95% of prostate cancer and
70% of PIN (Lee et al., 1994). GSTP1 can protect cellular DNA from oxidative damage by
detoxifying electrophilic carcinogens and oxidants (Nelson et al., 2001). These findings imply
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that loss of GSTP1 may be an early evet in prostate tumourigenesis, although further studies are
needed to define the role of GSTP1 in prostate cancer development.  Nevertheless, GSTP1
hypermethylation is being used as a marker for prostate cancer diagnosis from body fluids
(Goessl et al., 2000).

The tumor suppressor p53, assigned as the most frequently mutated gene in human
cancer, has gained less significance in prostate tumourigenesis. Although the prevalence of TP53
mutations vary noticeably in different studies, it is unambiguous that TP53 mutations are
uncommon in localized and organ confined prostate tumors (Isaacs et al., 2002). TP53 mutations
are more frequent in late stage metastatic and hormone-refractory tumors reaching a mutation rate
of approximately 20-25% (Bookstein et al., 1993; Navone et al., 1999; Navone et al., 1993;
Visakorpi et al., 1992). The mutation frequency of TP53 was reported to be approximately 70%
in a study containing a small number of prostate bone marrow metastases (Meyers et al., 1998).
Although prostate cancer diagnostics lacks markers of aggressive tumor behavior, the mutation
status of p53 in localized prostate tumors can be used as an independent prognostic marker
identifying a subset of patients with worse prognosis (Bauer et al., 1995). Inactivation of p53 in
the mouse prostate fails to produce a tumor phenotype (Chen et al., 2005b). That study also
shows that concomitant homozygous inactivation of Pten and p53 has been reported to result in
invasive prostate cancer and lethality in mice. According to this study, homozygous inactivation
of Pten alone triggered p53-dependent cellular senescence, which thus functioned as a barrier to
cancer progression (Chen et al., 2005b). This study could explain why p53 loss is preferentially
selected for in advanced human prostate cancer and thus allows the tumor to escape through the
prostate capsule concomitant with PTEN loss of heterozygosity.

The c-MYC oncogene is a transcription factor that has a role in cell proliferation and
apoptosis (Pelengaris et al., 2002). High levels of c-MYC mRNA have been reported in prostate
cancer compared to BPH (Fleming et al., 1986). The relevance of c-MYC locus amplification in
prostate cancer remains contradictory. A small number of studies have found c-MYC
amplification in prostate tumors and metastases (Bubendorf et al., 1999; Jenkins et al., 1997),
while the others failed to find significant amplification of c-MYC expression (Mark et al., 2000;
Savinainen et al., 2004). Interestingly, prostate specific c-myc animal models suggest that c-MYC
plays a role in the pathogenesis of prostate cancer. The overexpression of low levels of c-MYC in
such models resulted in prostatic hyperplasia and PIN-like lesions, whereas higher c-MYC levels
led to invasive carcinoma (Ellwood-Yen et al., 2003; Zhang et al., 2000).

1.3.2 Androgen receptor and growth factor receptors

The androgen receptor mediated signaling drives the development and differentiation of normal
prostate epithelium. On the other hand, AR signaling also plays a central role in prostate cancer
growth and progression. AR signaling is initiated when testosterone enters prostate cells and is
converted to dihydrotestosterone, which binds to AR in the cytoplasm. The receptor-ligand
complex translocates into the nucleus, where it binds to androgen response elements in the
promoter regions of androgen-responsive genes thus altering the expression of genes involved in
cell proliferation (Feldman and Feldman, 2001). As discussed above, androgen ablation can be
successfully used as a short-term treatment for prostate cancer; however, prostate cancer
unavoidably stops responding as the disease progresses to an androgen independent state. Several
mechanisms have evolved to maintain AR function in the absence of classic ligands. First,
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whereas AR mutations are rare in untreated prostate cancer (Culig et al., 2001), they arise after
treatment with antiandrogen therapy (Haapala et al., 2001). Mutations in the AR can change the
ligand specificity and/or sensitivity resulting in an activation of AR by low levels of androgens or
antiandrogens (Haapala et al., 2001; Hara et al., 2003). Second, AR gene amplification is found in
approximately 30% of tumors that become “androgen independent” after ablation therapy,
whereas none of the primary tumors from the same patients had AR amplification (Koivisto et al.,
1997; Wallen et al., 1999; Visakorpi et al., 1995). AR overexpression may lead to androgen
hypersensitivity, rather than to androgen independent state, and to increased cell proliferation in
the presence of low levels of circulating androgens. Third, altered expression of AR co-activators
may facilitate enhanced AR transactivation at low androgen levels (Feldman and Feldman, 2001).
Finally, growth factors, such as IGF-1 (insulin-like growth-factor-1), KGF (keratinocyte growth
factor) and EGF (epidermal growth factor), have been shown to trigger the transcription of
reporter genes driven by AR-responsive elements in the absence of androgen (Culig et al., 1994).
These growth factors are ligands for receptor tyrosine kinases and presumably activate AR
indirectly through induction of another downstream signaling molecule. Interestingly some of
these growth factors are overexpressed in a subset of prostate cancer (Roznovanu et al., 2005).
Mice with a prostate targeted ar mutation, that influences interaction with coregulators, leads to
PIN and metastatic prostate cancer (Han et al., 2005).

TMPRSS2-ETS transcription factor fusion gene products have recently been reported in
prostate cancer. Of these the recurrent fusion of the 5’ untranslated region of the prostate specific
and androgen regulated TMPRSS2 gene to ERG is probably one of the best documented and has
been found approximately in half of the prostate cancers (Perner et al., 2006; Tomlins et al.,
2005). Although the TMPRSS2 fusion with ERG and other oncogenic ETS factors; ETV1 and
ETV4 (Rubin and Chinnaiyan, 2006; Tomlins et al., 2006; Tomlins et al., 2005), have been
proposed to facilitate prostate cancer development, the experimental evidence for the functional
role of these fusions in prostate tumourigenesis remains to be studied. However, the expression of
TMPRSS2:ERG fusion gene has also been reported to have prognostic value in the prediction of
disease recurrence among prostate cancer patients treated with surgery (Nam et al., 2007).

 Epidermal growth factor receptor (EGFR) is expressed in normal and malignant prostate
epithelium. EGF and transforming growth factor alpha (TGF- ) act as mitogens by binding to the
EGFR, leading to activation of the MAPK (mitogen-activated protein kinase) pathway.
Activation of EGFR is associated with increased cell proliferation, malignant transformation, and
progression (general review on EGFR in prostate; Gioeli et al., 1999; Magi-Galluzzi et al., 1997;
Mansour et al., 1994). Increased levels of EGFR have been reported in prostate cancer as
compared to normal and BPH tissue (De Miguel et al., 1999). Furthermore, increased expression
of EGFR is associated with disease relapse and transformation to the androgen independent state
(Di Lorenzo et al., 2002).

Enhancer of zeste homologue 2 (EZH2) is a part of the PRC2 histone methyltransferase
complex. This complex acts as a transcriptional repressor and overexpression of EZH2 is linked
to increased cell proliferation (Bracken et al., 2003). Levels of EZH2 steadily increase from BPH
to organ-confined and metastatic prostate tumors. Furthermore, the level of EZH2 can be used as
an independent prognostic marker of the disease outcome (Varambally et al., 2002).



21

2. THE CELL DIVISION CYCLE

The mammalian cell division cycle is divided into four phases. In the S phase (synthesis phase)
cells generate a single copy of its genetic material, which is then divided between two identical
daughter cells (mitosis or M phase). The gap phases of the cell cycle, G1 and G2, are stages
during which cells prepare for the orderly execution of the S and M phases. Non-dividing cells
can exit the cell cycle and enter a quiescent state (G0) (Figure 2).

2.1 Cyclin dependent kinases (Cdks) and cyclins

Cdks (cyclin dependent kinases) are the engines of the cell cycle transitions and are regulated by
cyclins. There are at least nine Cdks (Cdk1-9) in mammalian cells, of which Cdk4, Cdk6, Cdk2
and Cdk1 are involved in cell cycle regulation (Schafer, 1998). Binding to a cyclin partner
changes the structure of Cdks and is necessary for the activation of Cdks (Jeffrey et al., 1995b).
Cyclins also direct the Cdks to the nucleus, since they contain nuclear localization signals which
are lacking in Cdks (David-Pfeuty and Nouvian-Dooghe, 1996; Schafer, 1998). The cyclins were
originally named by their cyclic expression during the cell cycle (Figure 2). In contrast, the levels
of Cdks do not vary to the same extent during the cell cycle progression. The prompt regulation
of the expression of various cyclins in association with different cell cycle phases manifests a
tight way of regulating a specific Cdk at a given time.

The cyclins governing the G1 phase include D-type cyclins (cyclin D1, D2 and D3) which
form complexes with Cdk4 and Cdk6. Phosphorylation of the retinoblastoma protein pRb by
Cdk4/6-cyclin D complexes releases transcription factor E2F from its negative regulation. E2F
promotes cell cycle progression by enhancing transcription of several genes required for DNA
synthesis (Vernell et al., 2003); among these target genes is cyclin E (Geng et al., 1996; Ohtani et
al., 1995). Cdk2-cyclin E complexes drive the progression of the cell cycle through the G1/S
transition.  During the S phase the level  of  cyclin  A increases,  replaces  cyclin  E,  and forms an
active complex with Cdk2. Orderly progression through the G2 and M phases is orchestrated by
Cdk1(Cdc2)-cyclin A followed by Cdk1-cyclin B in the later phase of mitosis. Downregulation
of cyclin B at the end of mitosis signals the cell of completed cell cycle (Glotzer et al., 1991;
Hershko et al., 1991) (Figure 2).

The list of Cdk phosphorylation targets is slowly growing thus providing more
information about the downstream events of Cdks in the regulation of cell cycle (Mönkkönen et
al., 2006). For example pRb is not only a target of Cdk4/6-cyclin D complexes but has also been
shown to be maintained in an inactive hyperphosphorylated form at least by Cdk2-cyclin E and
possibly also by Cdk1-cyclin B (Schafer, 1998). Cdks have also a role in DNA replication. Low
Cdk activity at the end of mitosis allows loading of the pre-replication complex, composed of
ORC (origin recognition complex), Cdc6, Cdt1 and mcm2-7 (mini chromosome maintenance), on
chromatin. Phosphorylation and subsequent degradation of Cdt1 by Cdk4 and Cdk2 are known to
enhance replication (Liu et al., 2004; Thomer et al., 2004). Each of these proteins known to be
involved in the pre-replication complex and origin licensing can be downregulated as a
consequence of Cdk activity. Therefore Cdks also hinder replication factors from re-entering the
pre-initiation state and prevent re-replication of the DNA (reviewed in Blow and Hodgson, 2002).
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Figure 2. The mammalian cell division cycle. The cell cycle phases G1, S, G2 and M with their governing Cdk-
cyclin pairs are presented. The point of cyclin B degradation marks the exit from mitosis and G0 indicates the phase
of non-dividing cells.

2.2 Activation of Cdks

As discussed above, the main regulator of Cdk activity is the cyclin subunit. However, full
activation of Cdks requires phosphorylation at a conserved threonine residue (Thr160 in human
Cdk2 and Thr161 in Cdk1) (Russo et al., 1996). The kinase responsible for this activating
phosphorylation is known as CAK (Cdk activating kinase). CAK is composed of cyclin H, Cdk7
and MAT1 (ménage a trois). Phosphorylation of Cdks by CAK is enhanced when Cdks are bound
to their cyclin partners (reviewed in Kaldis, 1999).

2.3 Inhibition of Cdks

There are several ways to prevent constant activation of the Cdks. Cyclin dependent kinase
inhibitors (CDKIs) can inhibit the kinase activity of Cdks by mimicking ATP-binding and
preventing formation of an active conformation (Vidal and Koff, 2000). Furthermore, CDKIs are
also known to block phosphorylation of Cdks by their positive regulator CAK (Aprelikova et al.,
1995; Rank et al., 2000). Two families of CDKI have been identified. The INK4 (inhibitors of
Cdk4) family members p15INK5B, p16INK4A, p18INK4C and p19INK4D specifically inhibit cyclin D-
associated kinases. The Cip/Kip family currently has three members: p21Cip/Waf1/Sdi1, p27Kip1 and
p57Kip2, which bind and inhibit cyclin A and cyclin B associated Cdks (reviewed in Tsihlias et al.,
1999). Although still under extensive research, an interesting variation to the traditional
inhibitory activities of CDKIs emerged from studies which showed that the Cip/Kip family
members promote the assembly and activation of cyclin D-Cdk complexes (Cheng et al., 1999;
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LaBaer et al., 1997; Sherr and Roberts, 1999). The positive effect of the Cip/Kip proteins on cell
cycle progression facilitated though binding to cyclin D-Cdks could also be explained and
achieved via sequestration of CDKIs from Cdk2.

Cdks can be negatively regulated by phosphorylation of residues within the ATP-binding
pocket (Thr14 and Tyr15 in human Cdk1 and Cdk2). Wee1 tyrosine kinase phosphorylates
cyclin-associated kinases Cdk1 and Cdk2 on Tyr15 (Heald et al., 1993; McGowan and Russell,
1993; Parker and Piwnica-Worms, 1992; Watanabe et al., 1995), thereby inhibiting their cell
cycle promoting actions. Myt1, first identified in Xenopus, has been shown to phosphorylate both
Thr14 and Tyr15 of Cdk1, but with stronger preference for Thr14 (Liu et al., 1997; Mueller et al.,
1995b). Wee1- and Myt1-mediated inhibition of Cdks is reversed by the Cdc25 proteins. The
Cdc25 proteins are dual-specificity phosphatases which catalyze the dephosphorylation of Cdk2
and Cdk1, thus promoting G1/S and G2/M transition, respectively (Donzelli and Draetta, 2003).

2.3.1 Wee1

Wee1 kinase was first identified in Schizosaccharomyces pombe as a negative regulator of cell
division (Russell and Nurse, 1987). Wee1 deficient cells had a smaller cell size (“wee
phenotype”) and advanced into mitosis prematurely. Shortly after mammalian Wee1A kinase was
reported it was shown to compensate the S. pombe Wee1 mutant phenotype (Igarashi et al.,
1991). The original Wee1 Hu was a 49 kDa protein and lacked 214 amino acids at its amino
terminus, shown by three different groups which later reported the full-length Wee1 Hu as a 95-
100 kDa protein (McGowan and Russell, 1995; Parker et al., 1995; Watanabe et al., 1995).
Subsequently, Wee1 homologues have been identified in Saccharomyces cerevisiae, Xenopus,
Drosophila and Caenorhabditis elegans (Booher et al., 1993; Campbell et al., 1995; Mueller et
al., 1995a; Wilson et al., 1999). Vertebrates have two Wee1 genes; in humans the embryonic
gene is termed as Wee1 or Wee1B, whereas the somatic gene is termed Wee1A (Nakanishi et al.,
2000; Watanabe et al., 2004; Watanabe et al., 1995). In contrast to the nomenclature in human
cells, the gene expressed in Xenopus spermatocytes, mature oocytes and early embryos is termed
as Wee1 or Wee1A, and the gene expressed in later embryos and somatic cells is called Wee2 or
Wee1B (Mueller et al., 1995a; Okamoto et al., 2002). As mentioned in the previous chapter the
main function of Wee1 is to phosphorylate cyclin-associated Cdk1 and Cdk2 kinases thereby
halting the cell cycle progression.

Although the regulation of Wee1 activity has been studied in several model organisms, it
remains incompletely understood. The complex nature of Wee1 regulation involves control at
multiple levels including transcriptional, translational (Charlesworth et al., 2000; Nakajo et al.,
2000) and post-translational regulation, protein translocation and degradation. No cell cycle-
dependent change in Wee1 level has been observed in S. pombe. However, in human cells
Wee1A activity increases during S and G2 phases as a result of an increase in the amount of
protein (Watanabe et al., 1995). In the M phase, at the time when Cdk1-cyclin B activity peaks,
the activity of Wee1 decreases in parallel with transient phosphorylation which can be combined
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Figure 3. Wee1 and the cell cycle regulation. Wee1 negatively regulates mitosis promoting activities of Cdk1-
cyclin complexes by phosphorylating Cdk1 on Tyr15. Degradation of Wee1 takes place upon the onset of mitosis.
Phosphorylation of three serine residues on Wee1 by Cdk1, CK2 and Plk1 promote beta-TrCP binding and turnover
of Wee1. See text for details. Modified from (Watanabe et al., 2005).

with the protein degradation (Kim et al., 2005; McGowan and Russell, 1995; Tang et al., 1993;
Watanabe et al., 1995). Studies in mammalian systems have revealed that Wee1A is
downregulated through proteasome-dependent degradation after ubiquitination by the E3
ubiquitin ligase SCFbeta-TrCP1/2. The recognition of Wee1A by -TrCP1/2 is facilitated by
phosphorylation of serine 123 by Cdk1, which subsequently primes the phosphorylation of
serines 53 and 121 by Plk1 (Polo-like kinase 1) and CK2 (casein kinase 2), respectively.
Phosphorylation of Wee1A on these sites is associated with subsequent degradation (Watanabe et
al., 2005; Watanabe et al., 2004) (Figure 3). Tome-1 (trigger of mitotic entry) has been identified
as another SCF-type ubiquitin ligase involved in Xenopus Wee1A degradation (Ayad et al.,
2003). In addition to acting as a negative regulator of Wee1, Cdk1 has recently been identified to
regulate Wee1 positively by phosphorylating it. Phosphorylation of Swe1 (the budding yeast
homologue of Wee1) by Cdc28 (Cdk1) activates Swe1 and is required for formation of a stable
Swe1-Cdc28 complex that maintains Cdc28 in the inhibited and phosphorylated state.
Dephosphorylation of Cdc28 by Mih1 (the budding yeast homologue of Cdc25) allows full
hyperphosphorylation of Swe1 by the Clb2/Cdc28 complex and releases the kinase complex from
the negative regulation of Swe1 (Harvey et al., 2005). It remains to be studied if a similar
mechanism exists in human cells.

Wee1A is subject to both positive and negative regulation by several signaling pathways.
Endothelin stimulated activation of MEK/ERK (extracellular signal-regulated kinase) signaling
pathway in rat aortic smooth muscle cells lead to phosphorylation of Wee1 in its N-terminus and
was associated with negative regulation (Chen and Gardner, 2004). Studies in Xenopus and
human cells have shown that the phosphorylation of Ser549 (Xenopus) by Chk1 and Ser642
(somatic human Wee1A) by Akt in the C-terminal region of Wee1 increases its binding to 14-3-3
proteins (Katayama et al., 2005; Lee et al., 2001; Rothblum-Oviatt et al., 2001; Wang et al.,
2000). The relevance of the association of 14-3-3 with Wee1 has lead to contradictory results. In
some studies this interaction has been reported to promote cytoplasmic localization of Wee1A,
thereby negatively regulating and inhibiting Wee1A function (Katayama et al., 2005). In the
other studies, binding to 14-3-3 was associated with increased Wee1A half-life, stability, and
activity (Lee et al., 2001; Rothblum-Oviatt et al., 2001; Wang et al., 2000).
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3. MAINTENANCE OF GENOMIC INTEGRITY IN DNA DAMAGE

DNA is not chemically inert, and it faces both endogenous and exogenous challenges constantly
(de Laat et al., 1999). Different types of DNA lesions can be caused depending on the nature of
the harmful agent. Normal metabolic processes or external ionizing radiation (IR) generate
reactive oxygen species (ROS) which can break the phosphodiester bond in the backbone of the
DNA helix, thus creating double strand breaks (DSB). UV radiation and alkylating chemical
moieties are known to cause base modification, and bifunctional alkylating chemicals can cause
intra-strand or inter-strand crosslinks (Kastan and Bartek, 2004). In addition to these external and
internal threats, DNA becomes damaged by inherent errors in processes such as DNA replication
and meiotic recombination (Keeney, 2001; Kuzminov, 2001)

Organisms have created mechanisms that maintain genomic integrity by means of
complex networks that activate DNA damage sensor, repair and cell cycle arrest checkpoint
machineries in response to DNA damage. Inhibition of cell cycle progression triggered by
checkpoints (see below) is linked to DNA repair, or apoptosis and senescence in case the damage
is irreparable. It is notable, however, that DNA repair pathways can also be functional in the
absence of damage induced cell cycle arrest and that apoptosis can be initiated in the absence of
cell cycle arrest machinery (Sancar et al., 2004). Cells having dysfunctional checkpoint proteins
display genomic instability due to a failure to properly respond to DNA damage, resulting in
accelerated tumourigenesis (Loeb, 1991).

Proteins that participate in the DNA damage checkpoint pathways can be divided into
three groups (Figure 4). Sensors recognize DNA damage either directly or indirectly, and
function to signal the presence of the genetic abnormality and initiate a biochemical checkpoint
cascade. Signal transducers are often protein kinases which amplify the damage signal delivered
from the sensors by phosphorylating downstream target proteins. Effector proteins are the
ultimate downstream target proteins of the transducer kinases. DNA damage induced
modifications on the effector proteins lead to either transient or more permanent inhibition of cell
cycle progression (Iliakis et al., 2003). In addition to these three groups of checkpoint proteins,
there is yet another group of proteins known as DNA damage mediators. Mediator proteins are
conceptually placed between sensors and transducers and can function as modulator proteins in
damage recognition as well as amplifiers of the damage signal. The classification of a particular
checkpoint protein is not always clearcut; for example ATM (ataxia telengiectesia mutated) can
function both as a sensor and a transducer molecule (see below) (Sancar et al., 2004).
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Figure 4. A schematic presentation of DNA damage induced checkpoint pathways. Sensor molecules are
involved in the detection of damage and they deliver the damage message to signal transducers. Mediator molecules
function as modulators in damage recognition and as amplifiers of the damage signal.  Effector proteins are involved
in the initiation of cellular response including cell cycle arrest, DNA repair, apoptosis and senescence, thus ensuring
genomic integrity. Examples of checkpoint proteins participating in DNA damage response are shown. See text for
details. Abbreviations: ATRIP (ATR-interacting protein); RFC (replication factor C).

3.1 DNA damage sensors, mediators and signal transducers

3.1.1 ATM

ATM belongs to a family of phosphatidylinositol 3-kinase related kinases (PIKKs). The members
of this protein kinase family have a homology in the catalytic domain to phosphatidylinositol 3-
kinases (PI3K), but phosphorylate proteins instead of lipids. The mammalian members of the
PI3K-related protein kinase family involved in DNA damage signaling include ATM, ATR
(ATM and Rad3-related), ATX/SMG-1 and DNA-PKcs (DNA-dependent protein kinase catalytic
subunit). While ATM and DNA-PKcs tend to play a major role in response to DSBs after IR,
ATR, in addition to DBS processing, is actived in all cellular stress responses which share
inhibition of replication fork progression as a common mechanism (Abraham, 2001). ATM
responds to DSBs by initiating signaling cascades leading to cell cycle arrest, DNA repair and
apoptosis. ATM facilitates its functions by phosphorylating multiple proteins involved in G1,
intra-S phase, and G2/M checkpoints like p53, Mdm2, Chk2, Chk1, Nbs1, BRCA1, FANCD2,
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SMC1, hRad17, 53BP1, MDC1 (Shiloh, 2003). ATM protein was identified as a product of the
gene mutated in the heritable choromosomal instability disorder, ataxia-telangiectasia (A-T)
(Savitsky et al., 1995). A-T patients are characterized by cerebellar degeneration,
immunodeficiency, thymic and gonadal atrophy, premature aging, radiation sensitivity and
increased risk of cancer, particularly lymphomas (Crawford, 1998). ATM deficient cells have
abnormal responses to ionizing radiation, including defective cell cycle checkpoints,
radioresistant DNA synthesis (RDS) and increased cell death (Shiloh and Kastan, 2001).

3.1.2 Interactions of ATM and the MRN complex

Two human genomic instability syndromes, Nijmegen breakage syndrome (NBS) and A-T-like
disease (ATLD), are caused by hypomorphic mutations in the NBS1 and MRE11 genes,
respectively. The NBS phenotype resembles the A-T phenotype, with the important exception
that NBS patients do not have cerebellar degeneration. ATLD patients almost entirely mimic the
A-T phenotype with later onset and slower progression of the disease. The clinical similarities
between these syndromes, in addition to checkpoint defects in cells derived from A-T, ATLD and
NBS patients, indicate that the MRN complex (composed of Mre11-Rad50-Nbs1) has a role in
ATM-mediated DNA damage checkpoint signaling in addition to its role in DSB detection, repair
and DNA replication (Tauchi et al., 2002; Taylor et al., 2004).

3.1.2.1 ATM activation

ATM exists as an inactive dimer or higher order multimer in undamaged cells. In the inactive
conformation the kinase domain of ATM is blocked by the FAT- (FRAP/ATM/TRRAP) domain
of the other ATM molecule. Ionizing radiation triggers fast intermolecular autophosphorylation
of serine 1981, which is located within the FAT domain resulting in dimer dissociation and ATM
activation. ATM activation, as indicated by serine 1981 phosphorylation (thereafter referred as
ATM-Ser-1981: activated ATM), occurs within minutes after exposure to IR and is thought to
result from changes in higher order chromatin structure associated with relaxation of DNA
winding (Bakkenist and Kastan, 2003; Kitagawa et al., 2004). Activated ATM responds to DNA
damage by phosphorylating numerous substrates which have a role in DNA damage induced cell
cycle checkpoints, apoptosis and repair.

The precise mechanism for ATM activation is still poorly understood but it has been
proposed that a functional MRN complex plays a role in ATM activation since ATM
autophosphorylation on serine 1981 is decreased in fibroblast from ATLD and NBS patients
following low doses of irradiation or treatments with radiomimetic chemical neocarzinostatin
(NCS) (Horejsi et al., 2004; Kitagawa et al., 2004; Uziel et al., 2003). The assessment of the
specific role of Mre11 deficiency on ATM activation is, however, troubled by the fact that ATLD
cells have low levels of Nbs1, which may contribute to the outcome of the measured defect.
Furthermore, degradation of the MRN complex by adenovirus E1b55K/E4orf6 proteins prior to
irradiation decreased ATM activation (Carson et al., 2003). Reconstitution of Nbs1 deficient cells
with Nbs1 that can form complex with Mre11 and Rad50 rescued ATM-Ser-1981 after low doses
of irradiation. However, Nbs1 seems to influence but is not absolutely required for ATM
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activation, since ATM-Ser-1981 phosphorylation is normal at higher doses of irradiation in Nbs1
deficient cells (Horejsi et al., 2004; Kitagawa et al., 2004).

3.1.2.2 Recruitment of activated ATM to the DSB sites

Efficient response to DNA damage requires both initial ATM activation and movement of ATM
to site of its substrates. The MRN complex is associated with the recruitment of activated ATM
to the DSB sites as it has been observed that ATLD and NBS cell lines have reduced ATM
association with chromatin after DNA damage compared with cell lines expressing wild type
MRN complex (Kitagawa et al., 2004; Uziel et al., 2003). These results were verified by Lee and
Paull who showed that the MRN complex acts as a double strand break sensor for purified ATM
dimer and recruits ATM to broken DNA in vitro (Lee and Paull, 2005). Furthermore, Falck and
co-workers showed that the C-terminus of Nbs1 binds to ATM and is required for the recruitment
of activated ATM to the DSB sites (Falck et al., 2005). BRCA1 (breast cancer susceptibility
protein 1) has also been reported to be involved in localization of ATM to DNA breaks, as cells
(HCC1937) lacking full length BRCA1 exhibit diffuse ATM-Ser-1981 staining after irradiation
and cells complemented with BRCA1 restored ATM-Ser-1981 foci formation after irradiation
(Kitagawa et al., 2004). Similarities between A-T, NBS and ATLD could therefore in part be
explained by the fact that ATM fails to accumulate in DSB sites in Nbs1- and Mre11-deficient
cells, leading to abolished phosphorylation of ATM substrates typically located at the breaks such
as BRCA1, 53BP1 (p53 binding protein 1) (Carson et al., 2003), Chk2 (Carson et al., 2003; Uziel
et al., 2003) and SMC1 (structural maintenance of chromosome 1). However, phosphorylation of
nucleoplasmic substrates by ATM, including p53, is only moderately diminished in cells lacking
an active MRN complex (Uziel et al., 2003).

3.1.2.3 Enhancement of ATM substrate phosphorylation by the MRN complex

The MRN-complex is not only important in the recruitment of ATM to the DBS sites but can also
enhance substrate phosphorylation by ATM. Furthermore Nbs1 itself is an ATM phosphorylation
target after irradiation (Gatei et al., 2000; Wu et al., 2000; Zhao et al., 2000). ATM-mediated
phosphorylation of Nbs1 is essential in the intra-S phase checkpoint (see below) and is in some
cases also needed for ATM-mediated substrate phosphorylation. These results suggest that ATM-
mediated phosphorylation of the MRN complex enhances its own kinase activity and makes these
two molecules to form a multifaceted upstream-downstream interaction network. Among the
substrates which are phosphorylated in ATM-mediated and Nbs1-facilitaed fashion are Chk2
(Girard et al., 2002; Lee et al., 2003), Chk1 (Gatei et al., 2003), SMC1 (Kim et al., 2002c; Yazdi
et al., 2002) and FANCD2 (Nakanishi et al., 2002).  Furthermore, in vitro experiments have
shown that recombinant MRN purified from insect cells increased ATM kinase activity against
purified Chk2 and p53 substrates. Interestingly, Nbs1 was required for enhanced phosphorylation
of Chk2 (threonine 68), whereas it was dispensable for enhanced phosphorylation of
nucleoplasmic p53 substrate (serine 15). In a similar fashion, two different mutant forms of
Mre11 MRN(ATLD1/2)  and MRN(ATLD3/4)  were dispensable for p53 Ser15
phosphorylation (Lee and Paull, 2004). These findings are in accordance with the close to normal
ATM-mediated phosphorylation response of p53 in cell lines derived from NBS and ATLD
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patients (Stewart et al., 1999; Uziel et al., 2003). Taken together, the reported data has shown that
although the role of the MRN complex remains minimal in the initial activation of ATM (ATM-
Ser-1981), it has a significant role as a DNA damage sensor and mediator/enhancer to ensure full
ATM activity.

3.1.3 ATR, Rad17-RFC and 9-1-1

Complete checkpoint response to IR, along with functions of ATM, also requires activation of
ATR. ATR binds to ATRIP (ATR-interacting protein) which works as a regulatory subunit
(Cortez et al., 2001). The ATR/ATRIP complex associates with RPA-coated (replication protein
A) single-stranded DNA and forms nuclear foci. ATR not only has a role in DNA damage, but it
also interacts with single-stranded DNA at replication forks and modulates the timing of origin
firing during unperturbed replication (Shechter et al., 2004b). In all cases, full activation of
ATR/ATRIP requires loading of Rad17-RFC (replication factor C) clamp loading complex,
Rad9-Hus1-Rad1 PCNA-like sliding clamp complex (also known as the 9-1-1 complex), and
claspin onto DNA. Co-operation of these proteins leads to efficient phosphorylation of ATR
substrates and checkpoint signalling (Lambert and Carr, 2005).

3.1.4 DNA damage response proteins and irradiation induced foci (IRIF) formation

The cellular response to IR is characterized by dynamic translocation of DNA damage response
(DDR)  proteins  into  small  sub-nuclear  structures  termed  as  IR-induced  nuclear  foci  (IRIF)
(Fernandez-Capetillo et al., 2003). It is believed that microscopically discernible IRIFs represent
bona fide sites of DSBs, and that each IRIF contains at least one DSB which is actively being
repaired. Thus the IRIF has been functionally linked to damage repair and the activation of DNA
damage checkpoints.

3.1.4.1 Mre11 and Rad50

Among the first proteins to recognize and localize to the DSB-site is the MRN complex. The
initial recruitment of the MRN complex to double-strand breaks is independent of ATM
(Mirzoeva and Petrini, 2001). Mre11 and Rad50 are well conserved in evolution whereas Nbs1 is
only found in eukaryotes and has a functional homolog termed as Xrs2 in Saccharomyces
cerevisiae (Aravind et al., 1999; Blinov et al., 1989; D'Amours and Jackson, 2001; Gorbalenya
and Koonin, 1990). Van den Bosch and colleagues have reported that the yeast equivalent to the
MRN complex, known as MRX, has multiple roles in DNA metabolic processes including the
processing of DSBs, checkpoint regulation, HR, NHEJ, telomerase maintenance and the
formation of meiotic DSBs (van den Bosch et al., 2002). Therefore it does not come as a surprise
that the disruption of all of these three proteins in mice lead to embryonic lethality (Luo et al.,
1999; Xiao and Weaver, 1997; Zhu et al., 2001a). Recently, viable mice carrying hypomorphic
Nbs1 and Rad50 alleles have been described. These mice recapitulate some of the cellular and
clinical features found in Nbs1 deficient cells and patient including cell cycle checkpoint defects,
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chromosome instability, and cancer predisposition (Bender et al., 2002; Difilippantonio et al.,
2005; Kang et al., 2002).

The Mre11-Rad50 provides both a structural and an enzymatic components needed for the
repair of random broken DNA ends and has been implicated in the initial processing of DSBs.
The Mre11 molecule harbors the ATP-stimulated 3´ 5´ nuclease activity, strand-dissociation
and strand-annealing activities and DNA binding ability (Assenmacher and Hopfner, 2004; Paull
and Gellert, 1998). Rad50 contains a bipartite ATP binding cassette (ABC), ATPase domain,
Walker A and B motifs which are required for nucleotide binding and two coiled-coil regions
required for intramolecular interactions (Assenmacher and Hopfner, 2004; van den Bosch et al.,
2003). It has been proposed that the Mre11-Rad50 complex exists as a heterotetramer
(Mre112/Rad502) and is structurally composed of a head and two long coiled-coil tails. The head
consist of Mre11 dimer and two Rad50 ABC ATPase domains. The hook structures at the apex of
Rad50 coiled-coil domains can form hook/zinc/hook bridges thus joining two Rad50 molecules
together (Assenmacher and Hopfner, 2004; van den Bosch et al., 2003). The precise architectural
mechanism of the Mre11-Rad50 complex in DNA repair remains to be established but it has been
proposed that two head domains of the Mre112/Rad502 complex bind to opposing DNA ends and
possibly also to sister chromatids and bridge the ends together by linking two Rad502 molecules
via zinc hook mediated coiled-coil bonds (de Jager et al., 2001; Hopfner et al., 2002).

3.1.4.2 Nbs1

The third partner of the MRN complex, Nbs1, is rapidly recruited (within minutes) to the DSB
sites after IR (Lukas et al., 2003). The C-terminal region of the Nbs1 molecule harbors an Mre11-
binding domain. The N-terminal region contains a fork-head associated (FHA) domain followed
by a breast cancer associated C-terminus (BRCT) domain (Kobayashi et al., 2004). FHA and
BRCT domains are widely conserved in eukaryotic nuclear proteins and have been shown to bind
to phosphopeptides and mediate protein-protein interactions. Since phospho-specific interactions
have a critical role in DNA damage response, these domains are often found in proteins involved
in cell cycle checkpoints, DNA damage response and repair processes (Durocher et al., 1999;
Manke et al., 2003). In a similar fashion, the Nbs1 molecule utilizes its FHA/BRCT domain in
binding to phosphorylated histone H2AX ( H2AX)  after  exposure  to  IR  and  targets  the  MRN
(MRX in yeast) complex to the DSB sites, thus facilitating the formation of DNA damage
induced nuclear foci (Kobayashi et al., 2002; Tauchi et al., 2001; Trujillo et al., 2003). The
essential role of Nbs1 as a DNA damage sensor and the importance of the N-terminal
FHA/BRCT domain of the Nbs1 molecule in IRIF-formation have been shown in several studies.
Cells deficient in Nbs1, as well as disruption or lack of the FHA/BRCT domain renders cells
deficient in foci formation after IR (Carney et al., 1998; Cerosaletti and Concannon, 2003;
Kobayashi et al., 2002). Furthermore H2AX -/- mouse  fail  to  form  stable  Nbs1  foci  after  IR
(Bassing et al., 2002; Celeste et al., 2002). Nbs1 not only recruits the Mre11-Rad50 molecules to
the DSB sites but also associates and targets ATM to damage sites through its newly identified C-
terminal ATM binding motif (Falck et al., 2005; You et al., 2005). Recently it has also been
suggested that MDC1, through its N-terminal FHA domain, is involved in the recruitment of
ATM to DSB sites (Lou et al., 2006). MCD1 is, however, likely to contribute to the stability of
ATM association with broken chromatin rather than being alone sufficient for ATM
accumulation. This conclusion can be drawn from the experiments that show that ATM does not
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accumulate and form a stable IRIF in the absence of Nbs1 or in the presence of Nbs1 lacking the
C-terminal ATM binding motif. Furthermore, efficient ATM-dependent phosphorylation of
H2AX  requires  Nbs1  (Falck  et  al.,  2005).  In  addition  to  its  role  as  a  DNA  damage
sensor/detector, Nbs1 has been shown to modulate the ATP-stimulated nuclease activity of the
Mre11-Rad50 molecules (Paull and Gellert, 1999).

3.1.4.3 H2AX

The histone H2A variant, H2AX, is a core component of chromatin and represents about 2-25%
of total cellular histone H2A in higher organism (Rogakou et al., 1998). H2AX becomes rapidly
phosphorylated ( H2AX)  after  various  DNA-damaging  agents  on  a  C-terminal  SQE  motif
reaching over a megabase away from the site of initial lesion (Rogakou et al., 1999). ATM kinase
is the main kinase responsible for H2AX phosphorylation after IR. However, in IR-treated A-T
and NBS cells, DNA-PK appears to target H2AX for phosphorylation (Burma et al., 2001; Falck
et al., 2005; Wang et al., 2005). Upon replicative stress and UV radiation, ATR kinase
phosphorylates H2AX (Ward and Chen, 2001; Ward et al., 2004). The importance of H2AX in
DNA repair and genomic stability has been shown in several studies. Mice lacking histone H2AX
are radiation sensitive, male infertile, growth retarded and have reduced levels of secondary
immunoglobulin isotypes, indicative of defective immunoglobulin class-switch recombination
(Celeste et al., 2002). Furthermore, H2AX knock-out cells show increased levels of both
spontaneous and IR-induced genomic instability (Bassing et al., 2002). Nevertheless, H2AX
knock-out animals exhibit only a modest frequency of thymic lymphomas despite the genomic
instability detected in H2AX deficient cells. This suggests that these cells are protected from
malignant transformation by the activity of other DDR proteins such as p53. Consistent with this
idea H2AX -/- p53-/- deficient mice have a dramatic increase in lymphoid and solid tumors
(Bassing et al., 2003; Celeste et al., 2003a). H2AX deficiency does not, however, abrogate
irradiation induced cell cycle checkpoints at higher irradiation doses (10 Gy). This could be
explained by the finding that H2AX is needed for a stable foci formation (retention of DDR
proteins in broken chromosomes) but seems to be dispensable for the initial recruitment of a
subset of DDR proteins to the DSB sites (Celeste et al., 2003b). Furthermore, phosphorylation of
Nbs1 and p53 response are intact in H2AX deficient cells indicating that Nbs1 and ATM are able
to signal and deliver the damage message further downstream to effector molecules in H2AX
deficient cells at higher irradiation doses (Celeste et al., 2003b; Kang et al., 2005). Defect in cell
cycle checkpoints (failure to arrest in G2 phase) at lower irradiation doses in H2AX knock-out
cells could be explained by the lack of IRIF formation. DDR proteins like 53BP1, BRCA1, Nbs1
and MDC1 have been shown to physically interact with the phosphorylated SQE motif of H2AX
(Bassing et al., 2002; Celeste et al., 2002; Kobayashi et al., 2002; Stewart et al., 2003; Ward et
al., 2003) and H2AX-mediated accumulation of these proteins to IRIF sites after low doses of
irradiation may be essential for the amplification of the damage message (Fernandez-Capetillo et
al., 2004). The precise function of H2AX in the maintenance of genomic integrity is not
exclusively defined but it has been proposed that H2AX would provide a docking site for DDR
proteins that bind and recognize broken DNA ends and promote DNA repair by tethering broken
chromosomal DNA ends together (Bassing and Alt, 2004).
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3.1.4.4 MDC1

MDC1/NFBD1 (mediator of DNA damage checkpoint protein 1) forms foci within minutes after
irradiation and co-localizes with H2AX (Stewart et al., 2003). MDC1 bind to H2AX (Stewart et
al., 2003) through its BRCT repeat domain (Lee et al., 2005; Lukas et al., 2004; Stucki et al.,
2005) and fails to accumulate to IRIF sites in case any of the conserved H2AX contact making
residues within the BRCT region are mutated (Stucki et al., 2005). Although binding of Nbs1,
which is recruited to IRIF approximately at the same time with MDC1, to H2AX has been
reported (Kobayashi et al., 2002), it has recently been suggested that MDC1 would be the
primary binding partner to H2AX and would function as a molecular bridge between H2AX
and the other DNA damage response proteins including the Mre11-Rad50-Nbs1 complex. The
importance of MDC1 as a connecting molecule has been shown in studies which demonstrated
that MDC1 and the MRN complex can be retrieved from HeLa cell extracts with a
phosphorylated (Ser139) peptide corresponding the last 20 amino acid residues of H2AX.
However, similar studies conducted in MDC1 deficient cells failed to pull down the MRN
complex. As it has also been shown that MRN interacts with MDC1 (Goldberg et al., 2003)
together these results suggested that MDC1 facilitates binding of MRN to H2AX (Lukas et al.,
2004; Stucki et al., 2005). As previously described for H2AX, MDC1 is not required for initial
recruitment of 53BP1 and Nbs1 to the DSB sites (Bekker-Jensen et al., 2005; Lukas et al., 2004).
However, the essential role of MDC1- H2AX interaction in stable and sustained 53BP1, Nbs1,
BRCA1 and ATM-Ser-1981 foci formation has been shown in several studies including mice
with homozygous disruption of the Mdc1 gene, depletion of MDC1 by RNAi and in cells with
abolished MDC1- H2AX interaction (Lou et al., 2006; Stewart et al., 2003). The importance of
MDC1 in DNA damage response was further confirmed by the phenotype of MDC1 knock-out
mice which recapitulated many of the defects present in H2AX deficient mice, including growth
retardation, male infertility, immune defects, chromosome instability, DNA repair defects and
radiation sensitivity (Lou et al., 2006). Several models for the possible mechanism of MDC1 in
sustained accumulation of DDR proteins in DSB sites have been suggested. First, since H2AX is
impaired in MDC1 deficient cells, MDC1 could directly regulate the amount of DDR protein
accumulation in IRIF sites by controlling the extent of H2AX phosphorylation (Lou et al., 2006;
Stewart et al., 2003; Stucki et al., 2005). However, accumulation of Nbs1 and 53BP1 in MDC1
deficient cells was also impaired within sites in which H2AX phosphorylation was intact
(Bekker-Jensen et al., 2005; Lukas et al., 2004). Furthermore, expression of a mutant form of
H2AX, impaired in MDC1 interaction but intact in irradiation induced phosphorylation and foci
formation, results in lack of Nbs1 and 53BP1 IRIF (Stucki et al., 2005). The two latter studies, in
addition to studies discussed before, inspired the model in which MCD1 functions as a bridging
molecule between H2AX and the other DDR molecules thus influencing their sustained
retention in broken chromatin concomitant with IRIF formation (Stucki and Jackson, 2006).
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3.1.4.5 A model for IRIF formation and its physiological role

Taken together (Figure 5), double strand breaks can be recognized by the MRN complex. The
initial recruitment of these proteins to the DBS sites is independent of ATM, H2AX and MDC1.
Nbs1 recruits activated ATM to the DSB sites. At the DSB site histone H2AX becomes
phosphorylated ( H2AX) by ATM within seconds after the introduction of DSB and binds to
MDC1, which functions as a molecular bridge between H2AX and the Nbs1 component of the
MRN complex (Lukas et al., 2004). Thus MDC1 acts as a mediator protein providing a platform
for other DDR proteins to land and accumulate at the DSB site. Interaction between ATM and
MRN/MDC1 enhances the recruitment of additional ATM molecules to the DSB sites thus
triggering more efficient H2AX phosphorylation, spreading further away from the initial DSB
site and forming a visible H2AX focus. In this model MDC1 functions as an enhancer of the
damage signal and together with H2AX facilitates sustained accumulation of 53BP1 and
BRCA1 to the DSB sites. Activated ATM responds to DNA damage by phosphorylating
numerous substrates (Bakkenist and Kastan, 2003; Shiloh, 2003), which can be either
nucleoplasmic like p53 or at the sites of DNA breaks. 53BP1, BRCA1, MCD1 and MRN are all
targets of ATM-mediated phosphorylation and function, in addition to their other activities, either
as mediators/adaptors in the phosphorylation of other ATM substrates or participate in further
downstream in specific checkpoint signaling pathways. This cluster of proteins at the DSB site
form a complex network of interactions and signaling pathways in which the same protein may
have different roles at different stages of the process (Shiloh and Lehmann, 2004). Defect in any
of these proteins has implications in cell cycle checkpoints.
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Figure 5. A model for IRIF formation. DSBs in the DNA trigger activation of ATM and its recruitment to the DSB
site, which is mediated by the MRN complex. Recruitment of ATM to the DSBs leads to phosphorylation of H2AX
( H2AX) (shown as hooks). MDC1 binds to H2AX and results in the expansion of H2AX to the megabase
chromosomal regions surrounding the sites of the DNA breaks. This facilitates the accumulation of ATM substrates
at the DSBs. Phosphorylation of the ATM downstream substrates leads to checkpoint activation. Modified from
(Shiloh and Lehmann, 2004).

3.2 DNA damage signal effector molecules

3.2.1 Chk1 and Chk2

Chk1 and Chk2 are serine/threonine kinases which are activated in response to a variety of
genotoxic insults (Bartek and Lukas, 2001). The main function of Chk1 and Chk2 is to deliver
the  message  of  the  damaged  DNA  from  the  apical  checkpoint  kinases  ATM  and  ATR  to
downstream targets molecules, which function at the interface of cell cycle arrest, DNA repair
and apoptosis machineries. Many of the downstream target molecules of Chk1 and Chk2 are
shared. These include Cdc25 proteins, whose inactivation (phosphorylation) halts the cell cycle
by rendering Cdks inactive through their Tyr15 inhibitory phosphorylation. Chk2 protein levels
do not change during the cell cycle, whereas expression of Chk1 is mainly restricted to S and G2
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phases of the cell cycle (Lukas et al., 2001). Chk2 becomes activated by ATM in response to
DSBs. Activated ATM phosphorylates Chk2 on threonine 68 which leads to Chk2-protein
dimerization and autophosphorylation, modifications required for full activation of Chk2 (Ahn et
al., 2002; Xu et al., 2002b). ATM phosphorylates Chk2 at the DSB sites, from where Chk2
rapidly moves through the entire nucleus. It is believed that Chk2 works as a “checkpoint signal
spreader” delivering the damage message from the foci site to the whole cell, thus leading to a
pan cellular checkpoint response (Lukas et al., 2003).

Chk1 activity is crucial for normal cell cycle but it can be further enhanced by either
ATM or ATR in response to DNA damage or stalled replication (Bartek and Lukas, 2003; Gatei
et al., 2003; Sorensen et al., 2003; Zhao and Piwnica-Worms, 2001). Regardless of their
overlapping roles in checkpoint signaling, the requirement of Chk2 and Chk1 for development
and viability are dramatically distinct. Chk1 is essential for development, as Chk1-deficient mice
are  embryonic  lethal  (Liu  et  al.,  2000;  Takai  et  al.,  2000).  Deficiency  in  ATR  also  leads  to
embryonic lethality (Brown and Baltimore, 2003; de Klein et al., 2003). The reason for such a
fundamental difference between these two effector/transducer kinases could be explained by
recent findings indicating that ATR and Chk1 are needed for the normal progression through the
cell cycle as they control replication in unperturbed cells (Shechter et al., 2004a; Zhang et al.,
2006). The Chk2-deficient mice are viable, fertile and display a tumor prone phenotype only
when exposed to carcinogens (Hirao et al., 2002; Takai et al., 2002). Although contradictory
results exist, it has been suggested that the tumor phenotype could be at least partially explained
by increased resistance of Chk2-defient cells to IR, defects in p53 function and apoptosis (Hirao
et al., 2002; Hirao et al., 2000; Jack et al., 2002; Takai et al., 2002). Furthermore, Chk2-deficient
HCT-15 cells (human colon carcinoma cells) fail to promote complete checkpoint response, as
these cells undergo partial RDS in response to IR (Falck et al., 2001; Falck et al., 2002).

3.2.2 p53

p53 is one of the most extensively studied tumor suppressor genes. It is largely inessential for
normal growth and development. The level of p53 is almost undetectable in normal unstressed
cells due to the tight regulation by the Mdm2 (murine double minute 2) (Hdm2 in humans) gene
product, which binds the p53 protein and targets p53 for ubiquitin-mediated degradation by
proteasomes. p53 exerts its functions by acting as a stress inducible transcription factor, and can
be activated in response to diverse forms of cellular stresses including DNA damage, hypoxia,
nucleotide depletion, aberrant oncogene expression, viral transformation and microtubule
disruption (Ljungman, 2000). p53-mediated cellular responses to stress include activation of cell
cycle checkpoints, apoptosis, DNA repair and cellular senescence. Accordingly, disruption of p53
function promotes checkpoint defects, genomic instability, cellular immortalization, thus
promoting proliferative advantage and evolution of damaged cells (Giaccia and Kastan, 1998;
May and May, 1999). Given the growth advantage provided by loss of p53 function, it is not
unexpected that mutation of TP53 occurs in about 50% of all human tumors. Furthermore,
malignant transformation related to dysfunctional p53 can be achieved through defects in the
signaling pathways that are upstream or downstream of p53 (Vousden and Lu, 2002). The role of
p53 as an essential tumor suppressor protein is evidenced in a rare hereditary cancer
predisposition disease, Li-Fraumeni syndrome, which is caused by TP53 germline mutation, and
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in p53-deficient animal models with enhanced tumourigenesis (Donehower et al., 1992; Malkin,
1993).

3.2.2.1 Structure and regulation of p53 through different modifications and protein
interactions

The TP53 gene is located in chromosome 17 (17p13). The p53 protein is fairly well conserved in
evolution, and the human p53 is composed of 393 amino acids, with a molecular mass of 43.6
kDa (Soussi et al., 1990). The p53 protein can be divided into five functional domains and the
structure of the protein suggests various levels at which its transcriptional and other functions can
be regulated (Figure 6) (review in May and May, 1999). The amino-terminal domain contains the
transactivation domain (TAD; amino acids 1-42). Next to the TAD is a proline rich domain (63-
97), which has been implicated in apoptosis (Sakamuro et al., 1997; Zhu et al., 1998). The central
core DNA-binding domain (102-292) is located next to a linker region (300-318), which is
followed by a carboxy-terminal (C-terminal) oligomerization domain (323-356). This domain is
crucial for the formation of tetramers which constitute the most active transcriptional form of p53
(Jeffrey et al., 1995a; Kraiss et al., 1988; McLure and Lee, 1998), and is followed by a basic,
lysine-rich C-terminal regulatory domain (CTD; 363-393).

The regulation of p53 stability, localization and activity is governed by post-translational
modifications involving phosphorylation, acetylation (Li et al., 2002; Prives and Manley, 2001),
methylation (Chuikov et al., 2004), sumoylation (Gostissa et al., 1999; Rodriguez et al., 1999),
ubiquitination, neddylation (Xirodimas et al., 2004) and through protein interactions. Whereas
the C-terminus of p53 is the most favored site for acetylation and ubiquitination, the N-terminal
part of the protein is most heavily targeted by phosphorylation (Figure 6).

The N-terminal TAD is targeted to both negative and positive regulation. The TAD interacts with
the basal transcription factors (including TBP, TFIIH and TAFs) and other transcription factors
(such as Sp1 and Oct-1) upon DNA binding, which promote the formation of an active RNAPII
initiation complex (Prives and Hall, 1999). Histone acetyl-transferases (HATs) such as p300/CBP
also bind to this region and positively regulate p53. On the other hand, the very same region of
the TAD domain also binds Mdm2/MdmX and viral proteins (AdE1B-55K, human papilloma
virus E6 and hepatitis B virus X protein) which are known to either block the transactivation
activity of p53 or target p53 for degradation (Figure 6) (May and May, 1999). Amino acids 22-23
have been assigned a key role in the transcriptional activity of p53. Mutation at this site (L22Q
and W23S, also known as p53QS) produces a stable but mainly inactive p53 unable to interact
either with Mdm2 or with the coactivators (Jimenez et al., 2000).

The transactivation function of p53 has been suggested to be stimulated by DNA damage
cascade induced phosphorylation events on the N-terminal domain of p53. Phosphorylation on
Ser15, which belongs to the most prominent modifications, has been reported to stimulate
transactivation and increase interaction with p300/CBP (Dumaz and Meek, 1999; Lambert et al.,
1998).  Moreover, phosphorylation on Thr18 and Ser20, together with phosphorylation on Ser15,
can destabilize Mdm2-p53 interaction and thus increase p53 stabilization (Chehab et al., 1999;
Schon et al., 2002; Unger et al., 1999). In contrast to these studies, it has been reported that p53
constructs mutated at multiple phosphorylation sites, either alone or in combination, had no
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defect in Mdm2-dependent degradation or accumulation after stress in transient overexpression
models (Ashcroft et al., 1999; Blattner et al., 1999). Moreover, it has been reported that under
certain conditions p53 does not have to be phosphorylated to be activated (Stommel and Wahl,
2005; Thompson et al., 2004). In addition, numerous other N-terminal phosphorylation sites and
kinases responsible for these activities have been identified (review in Appella and Anderson,
2001; Meek, 1999). Although extensively studied during the past years, the significance of
phosphorylation to the stabilization and transcriptional activity of p53 has been questioned.
Furthermore, the lack of tumor associated mutations in these key phosphorylation sites argue
against their crucial significance in p53 function (Vousden, 2002). An additional nuance to the
role and significance of N-terminal phosphorylations emerged from animal models. A mouse
model carrying a serine 18 to alanine mutation (equivalent to human Ser15) displayed tissue
specific defects in p53 target gene activation but its capacity to suppress spontaneous tumors
remained intact (Chao et al., 2003; Sluss et al., 2004). In addition a mouse expressing a serine 23
to alanine mutation (equivalent to human Ser20) also exhibited modest tissue specific defects in
p53 target gene activation. The developing cerebellum and thymocytes expressing Ser20Ala
knock-in suffered most extensively as evidenced by decreased stabilization of p53 after IR and
resistance to apoptosis. Although these animals did not develop thymic lymphomas and
sarcomas, which are typical to p53 null mice, they died with B-cell lineage tumors (MacPherson
et al., 2004). According to these animal models, and other related studies, it seems that the N-
terminal phosphorylations, at least partially, prevent the inhibition of p53 by Mdm2, and that they
have a role in modulating tissue-specific responses of p53.

The central DNA binding domain is responsible for recognizing and binding to the p53 consensus
target sequences (el-Deiry et al., 1992). This is also the site where 80-90% of tumor associated
mutations are found (May and May, 1999). The consequences of these different mutations to the
protein function vary, but at least some of them alter the protein structure making it unable to
bind to DNA. The activity of p53 can also be hindered by simian virus 40 (SV40) large T antigen
which binds to the central core domain (Jenkins et al., 1988).
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Figure 6. A model for positive and negative regulation of p53. The N-terminal domain of p53 contains a binding
region for Mdm2, MdmX and p300/CBP. Phosphorylation (circles) of the TAD decreases Mdm2 binding and
increases p300/CBP association. p300/CBP positively regulates p53 by acetylating (hexagons) the CTD. Mdm2
negatively regulates p53 by adding ubiquitin (squares) moieties on p53 thus leading p53 to degradation by the
proteasome. Nuclear localization and export signals are marked with striped and black rectagles, respectively. See
text for details. Mofied from (Wahl, 2006).

The CTD possesses autonomous DNA binding and strand reassociation ability. Recently it has
been proposed that this domain binds to DNA nonspecifically and functions in linear diffusion
helping p53 to find its specific response element (Ahn and Prives, 2001; McKinney et al., 2004).
The CTD has also been proposed to play a role in damage repair as it binds DNA ends, single-
stranded DNA, mismatches, Holliday junctions and DNA damaged by ionizing radiation
(Bakalkin et al., 1995; Lee et al., 1997; Lee et al., 1995; Reed et al., 1995).

The C-terminal regulatory domain is subjected to both positive and negative regulation by
post-translational modification including acetylation and ubiquitination (Figure 6). Acetylation of
the CTD by HATs increases sequence-specific DNA binding and transcriptional activity of p53
(Anderson et al., 1997). The interaction between p53 and p300/CBP has been implicated to
increase acetylation at the CTD of p53 (Sakaguchi et al., 1998; Kishi et al., 2001). N-terminal
modifications (phosphorylation on Ser15 and/or Ser33 and Ser37) (Lambert et al., 1998;
Sakaguchi et al., 1998) have been reported to stimulate C-terminal acetylation. On the other hand,
it has been shown that phosphorylation of Ser15 is not necessary for acetylation (Chao et al.,
2000). Furthermore, phosphorylation on Ser20 has been shown to stabilize binding of p300 to
p53 (Dornan et al., 2003). These and other related studies have lead to a model in which stress
induced N-terminal modifications are believed to promote C-terminal acetylation and
consequently increase the activity of p53. Acetylation of p53 also inhibits its ubiquitination and
these two opposing modifications compete for the same lysine residues (Li et al., 2002). Mdm2
and MdmX are known to inhibit p300/CBP-mediated acetylation of p53 and compete for binding
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to the TAD (Kobet et al., 2000; Sabbatini and McCormick, 2002). The significance of C-terminal
acetylation to the functional regulation of p53 has been studied both in vitro (Nakamura et al.,
2002; Rodriguez et al., 2000) and in vivo (Krummel et al., 2005). Surprisingly, a mutant p53 in
which seven C-terminal lysines were substituted with arginine (p537KR) had the same half-life as
wild type p53. In addition, p537KR was found to be bound and ubiquitinated by Mdm2 but the
ubiquitination pattern was not the same as seen with the wt p53, rasing the possibility that
alternative lysines are targeted for ubiquitination when the most prominent sites are blocked.
However, it remains unclear what is the exact mechanism of p537KR degradation in this
experimental setting (Krummel et al., 2005). In vivo studies showed that p537KR was activated at
lower doses of IR when compared with the wild type (wt) protein in freshly explanted
thymocytes (Krummel et al., 2005). As there were no other differences in the function of p537KR

and wt p53, Krummel and co-workers concluded that the conserved C-terminal lysines and
associated modifications are not essential for p53 control, but play a role in fine-tuning p53
activity to ensure that the magnitude of a stress response is appropriate (Krummel et al., 2005;
Wahl, 2006).

3.2.2.2 Regulation of p53 by Mdm2 and MdmX

In normal, nonstressed conditions p53 is being constantly expressed but its levels are kept low
and its activity is dampened in multiple ways. As described above, Mdm2 can inactivate the
transcriptional activity of p53 by binding to the N-terminal TAD, thus preventing p53 from
interacting with the basal transcription machinery (Figure 6). Furthermore, binding of Mdm2 to
p53 prevents acetylation of p53 which has been linked to its increased transcriptional activity. In
addition to these direct mechanisms of transcriptional inhibition, Mdm2 can indirectly control
p53-mediated gene expression by directing p53 to degradation (Haupt et al., 1997; Honda et al.,
1997). Mdm2 is a RING domain-containing E3 ubiquitin ligase and, as such, can facilitate the
catalysis of ubiquitin moieties on p53 and thus target p53 for recognition and subsequent
degradation by the proteasome. Mdm2 can also ubiquitinate itself and thus regulate its own
activity (Fang et al., 2000; Honda et al., 1997; Honda and Yasuda, 2000). However, since Mdm2
only mono-ubiquitinates p53 and only poly-ubiquitinated substrates are recognized by the
proteasome (Lai et al., 2001), another E3 seems necessary to extend the ubiquitin chain on p53.
Recently p300 has emerged as a possible candidate for this function (Grossman et al., 2003;
Grossman et al., 1998; Zhu et al., 2001b). However, Li and co-workers have suggested that also
Mdm2, when expressed at high enough levels, could poly-ubiquitinate p53 without the aid of
another E3 (Li et al., 2003). Interestingly, Mdm2 has also been shown to ubiquitinate histones in
p53 responsive promoters thus preventing p53-mediated transactivation (Minsky and Oren,
2004). The MDM2 gene itself is activated by p53, creating an autoregulatory feedback loop,
which downregulates the level of p53 after the stress response (Wu et al., 1993). The importance
of  this  negative  regulator  was  evidenced  in Mdm2 deficient (KO) mice which are embryonic
lethal and were rescued in a p53 null background. In addition to Mdm2, four other E3 ligases for
p53 , Pirh2, COP1, Birc6 and ARF-BP1 have been reported recently (Chen et al., 2005a; Dornan
et al., 2004; Leng et al., 2003; Ren et al., 2005).

Another negative regulator of p53, MdmX (a protein product of the MDM4 gene),  was
initially discovered as a p53 binding protein with homology to Mdm2. MdmX can bind p53, but
unlike Mdm2 it lacks ubiquitin ligase activity (Jackson and Berberich, 2000; Stad et al., 2000)
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and is not a transcriptional target of p53 in stressed cells (Shvarts et al., 1996). Like Mdm2,
Mdm4 KO mice are embryonic lethal, and are rescued in a p53 null background (Finch et al.,
2002; Migliorini et al., 2002; Parant et al., 2001). A recent report indicates that mice lacking the
proline-rich domain of p53 rescue MdmX deficiency, further indicating the significance of the
proline-rich domain in p53-mediated apoptosis (Toledo et al., 2006). These results were
supported by findings indicating that MdmX binds Mdm2 and enhances its ability to ubiquitinate
and degrade p53 (Gu et al., 2002; Linares et al., 2003). Furthermore, depletion of MdmX by
siRNA results in increased levels of p53 protein and activity (Gu et al., 2002; Kawai et al., 2003).
Stress-activated changes in Mdm2 and MdmX regulation that lead to p53 stabilization will be
discussed below. Interestingly, amplification of both MDM2 and MDM4 has been found in
tumors that retain wt p53 (Ramos et al., 2001).

As one of the key functions of p53 is the regulation of transcription, localization of p53 to
the nucleus adds another layer to p53 regulation. Nuclear import of p53 is facilitated by
microtubule network and dynein (Giannakakou et al., 2000). Three nuclear localization signals
(NLS) have been identified in the CTD of p53 (Figure 6). Mutation of NLS1 renders p53
cytoplasmic, whereas alteration in NLS2 and NLS3 result in both cytoplasmic and nuclear
localization (Dang and Lee, 1989; May and May, 1999; Shaulsky et al., 1990). p53 contains two
nuclear export signals (NES), although efficient transport of p53 to the cytoplasm requires Mdm2
function. The N-terminal NES of p53 is located in the Mdm2 binding region and can be masked
by Ser15 phosphorylation (Zhang and Xiong, 2001). The second NES is located in the
oligomerization domain and becomes masked upon tetramerization but is able to transport
monomeric p53 to the cytoplasm (Stommel et al., 1999). Although the change in subcellular
localization is thought to promote p53 degradation by the proteasome, p53 can also be
ubiquitinated and degraded in the nucleus (Shirangi et al., 2002).

3.2.2.3 Cell cycle arrest

It is well established that p53 is essential for the induction of G1/S arrest and p21 has been
established as a critical mediator of the p53-mediated G1/S arrest in response to IR (el-Deiry et
al., 1993). Cells deficient in either p53 function or p21 fail to undergo G1/S cell cycle arrest or
apoptosis (Deng et al., 1995; Kastan et al., 1992; Kessis et al., 1993; Kuerbitz et al., 1992;
Waldman et al., 1995). p53 has also been implicated in G2/M arrest in response to IR but the
downstream mechanism(s) of p53 seem more complicated and still remain to some extent
undiscovered in comparison with G1 arrest (see below) (Bunz et al., 1998). Damage-triggered
cell cycle arrest checkpoints, mediated through either p53 or other damage inducible effector
molecules, give the cell time to repair DNA damage before entering the next phase of the cell
cycle. In case of non-repairable damage, p53 can trigger apoptosis and thus protect the progeny
from potentially harmful DNA. The exact mechanisms leading to the decision of launching either
cell cycle arrest or apoptosis by p53 are not fully understood. The signaling pathways leading to
p53 activation and p53-mediated induction of downstream damage checkpoint-related targets
after IR will be discussed in detail in chapter 4.
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3.2.2.4 DNA repair

p53 participates in DNA repair by regulating gene expression and by direct interaction with
components involved in repair. As discussed above, p53 harbours 3’-5’ exonuclease activity and
it can bind to single-stranded DNA and DNA lesions (Bakalkin et al., 1995; Janus et al., 1999).
Two major repair pathways, known as homologous recombination (HR) and non-homologous
end joining (NHEJ), are involved in DSB repair. In HR the undamaged sister chromatid is used
as a template to direct repair, and HR is therefore essential in S and G2 phases of the cell cycle
(Jackson, 2002). DSB containing DNA is first resected to expose 3’ single-strand DNA tails
which are coated by the Rad51 protein. The strand invasion which pairs with the homologous
DNA strand in the sister chromatid is aided by Rad52 and Rad54. This is followed by DNA
synthesis and resolution of recombination product, resulting into accurate and high fidelity DNA
repair (Haber, 2000; Thompson and Schild, 2002). BRCA1 and BRCA2 interact with Rad51 and
stimulate the process (Jackson, 2002; Powell and Kachnic, 2003). p53 controls HR through
interaction with HR-specific proteins or by itself. Inactivation of p53 has been reported to result
in enhanced spontaneous and stress-induced HR (Dudenhoffer et al., 1998; Bertrand et al., 1997;
Saintigny and Lopez, 2002). Mice deficient in p53 show increased frequency of HR at different
stages during development (Bishop et al., 2003). p53 controls HR by interaction with and
inhibition of Rad51 (Linke et al., 2003; Sturzbecher et al., 1996). p53 can also confirm the
fidelity of HR by specific mismatch recognition in the heteroduplex intermediates (Dudenhoffer
et al., 1998). The central core domain and the CTD of p53 direct the specific binding of p53 to
the heteroduplex joint recombination intermediates (Janz et al., 2002).

NHEJ is one of the major cellular DNA DSB repair pathways. In NHEJ the two broken
ends of DNA are aligned, possibly processed and re-ligated. This process has low fidelity and is
potentially mutagenic, and because it does not use sister chromatid as a template in repair it has
an important role at the G0/G1 phase of the cell cycle, before replication (Jackson, 2002; Lieber
et al., 2003). NHEJ is carried out by a combined activation of DNA-PK, Ku70 and Ku80 (which
form a regulatory subunit for DNA-PK), Artemis, DNA ligase IV (LIG4), and XRCC4 (X-ray
repair complementing defective repair in Chinese hamster cells 4). The role of p53 in influencing
NHEJ has lead to contradictory results. Two studies have shown that p53 enhances rejoining of
DNA double strand breaks (Tang et al., 1999; Yang et al., 1997). In addition, it has been
suggested that p53 can facilitate ligation (Lin et al., 2003). On the other hand, several studies
have shown that p53 inhibits DSB rejoining (Bill et al., 1997; Bristow et al., 1998). The
discrepancy between these studies has lead to the notion that p53 inhibits error-prone, but not
error-free, NHEJ (Akyuz et al., 2002). Mice defective in Ku70, Ku80, XRCC4 and LIG4 display
apoptosis in developing neurons. In addition, XRCC4 and LIG4 depleted mice are embryonic
lethal. Interestingly, these phenotypes could be rescued in a p53 null background, indicating the
important role of these proteins in DSB repair as well as the role of p53 in the protective
apoptotic response which happens in this case at the expense of viability (Frank et al., 1998;
Frank et al., 2000; Gao et al., 2000; Gao et al., 1998; Gu et al., 1997).

Nucleotide excision repair (NER) removes bulky DNA lesions which can be caused by
UV, chemicals or ROS. There are two mechanistically different modes of action in NER.
Transcription-coupled repair (TCR) repairs the template strand of transcriptionally active DNA
and global genomic repair (GGR) scans the genome constantly and repairs the non-transcribed
areas and non-template strands (Hanawalt, 2002). At least 20-30 proteins are involved in NER.
While it is well accepted that p53 takes part in GGR, its role in TCR remains controversial
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(Hanawalt, 2002). Cells lacking p53 function are deficient in UV-induced DNA damage repair
(Ford et al., 1998; Ford and Hanawalt, 1997; Smith et al., 1995). The exact mechanism by which
p53 regulates NER is still unclear but several modes of action have been suggested. p53 regulates
the transcription of the repair factors p48DDB2 and XPC (xenoderma pigmentosum group C gene)
which are involved in recognition and binding of DNA lesions (Adimoolam and Ford, 2002;
Hwang et al., 1999). GADD45 (growth arrest and DNA damage inducible 45), another p53 target
gene, becomes induced by UV and may participate in DNA repair by associating with PCNA
(proliferating cell nuclear antigen) (Smith et al., 1994). It has also been suggested that p53 can
modulate the helicase activity of XPB and XPD (xenoderma pigmentosum group B and D) by
binding to these TFIIH helicase sububits (Leveillard et al., 1996; Wang et al., 1995).
Furthermore, p53 participates in chromatin relaxation by recruiting the histone acetylase p300 to
NER sites to acetylate histone H3. This relaxes the chromatin and promotes the detection of the
lesions in the entire genome (Rubbi and Milner, 2003).

3.2.2.5 Apoptosis

The ability to induce apoptosis might be one of the most important functions of p53 in the fight
against malignant transformation and tumor progression (Vousden, 2000). p53 can trigger
apoptosis by regulating gene expression involving both target gene induction as well as
repression. Recently, non-transcriptional p53-mediated apoptosis has also gained considerable
interest.

A number of p53 pro-apoptotic target gene products, e.g. Bax, PUMA, Noxa (pro-
apoptotic members of the Bcl-2 family) and p53AIP1 (p53 apoptosis inducing protein 1) localize
to  the  mitochondria,  promote  the  loss  of  mitochondrial  membrane  potential  and  cytochrome  c
release, leading to the activation of Apaf-1 and caspase-9 apoptotic cascade (Figure 7) (Bossy-
Wetzel and Green, 1999; Miyashita and Reed, 1995; Nakano and Vousden, 2001; Oda et al.,
2000a; Oda et al., 2000b). p53 can also transactivate genes, not only upstream of mitochondria,
involved in the apoptotic effector machinery, e.g. Apaf-1, which acts as a co-activator of caspase-
9 and helps initiate the caspase cascade (Kannan et al., 2001; Moroni et al., 2001). It has been
accepted that no single gene is solely responsible for p53-mediated cell death, since knocking out
pro-apoptotic p53-target genes individually fails to protect cells completely from p53-induced
death. Implying rather that the apoptotic response reflects the combined effect of a number of
targets and activated signaling pathways (Yee and Vousden, 2005). However, recently two BH3-
only proteins, PUMA and Noxa, have emerged as promising candidates for a key p53 apoptotic
targets. Downregulation or KO of PUMA results in a significant decline in apoptosis in a number
of cell lines and tissues and in some models enhances tumor development (Hemann et al., 2004;
Jeffers et al., 2003; Villunger et al., 2003). Loss of Noxa can also have profound effects on the
apoptotic response. For example, Noxa deficient MEFs (mouse embryonic fibroblasts) exhibited
resistance to etoposide-induced apoptosis (Shibue et al., 2003; Villunger et al., 2003). However,
the adenovirus E1A rendered the very same cells sensitive to p53-mediated apoptosis (Villunger
et al., 2003). These and many other studies (Fei et al., 2002) elucidate that there is tissue and cell
type specificity in the regulation of p53-target genes, as well as selection of a signalling pathway
leading to specific target gene activation by different apoptosis inducing factors. PIGs (p53
inducible genes) are another group of p53 pro-apoptotic target genes, which through production
of ROS can cause damage to mitochondria leading to apoptosis. This model has been supported



43

by the observation that antioxidants, scavengers of ROS, can block p53-mediated apoptosis and
changes in the mitochondrial membrane potential, although it seems that this signaling pathway
is very cell type specific (Li et al., 1999; Polyak et al., 1997). In addition to the activities of p53
target genes, a small fraction of induced p53 can translocate to the mitochondria where it can
induce permeabilization of the outer mitochondrial membrane by forming a complex with the
protective Bcl-xL and Bcl-2 proteins, followed by cytochorome c release and caspase activation
(Marchenko et al., 2000; Mihara et al., 2003; Moll et al., 2005). Futhermore, direct targeting of
p53 to the mitochondria is sufficient to induce apoptosis in p53-deficient cells (Figure 7)
(Marchenko et al., 2000; Mihara et al., 2003).

p53 is also involved in the membrane death receptor-induced apoptotic pathway, although
the overall contribution of this regulation to p53-mediated cell death is not well understood
(Fridman and Lowe, 2003). The expression of death receptors FAS/APO1 and DR5/KILLER has
been proposed to increase in the presence of p53 (Owen-Schaub et al., 1995; Wu et al., 1997),
and furthermore p53 can promote trafficking of FAS from the Golgi to the plasma membrane
(Bennett et al., 1998). Activation of death receptors by their ligands, e.g. FASL and TRAIL,
respectively, leads to receptor trimerization and activation of the caspase cleavage cascade
(Ashkenazi and Dixit, 1998).

In addition, p53 can regulate apoptosis by interfering with the survival pathways. This
could be achieved either through induction of genes such as IGF-BP3 (insulin like growth factor-
binding protein 3) which are involved in suppression of survival pathways, or by negatively
regulating the expression of genes involved in survival- and anti-apoptotic pathways, e.g. IGF
(insulin-like growth factor)-receptor, survivin and Bcl-2 (Buckbinder et al., 1995; el-Deiry, 1998;
Hoffman et al., 2002). The mechanism by which p53 represses transcription and how it chooses
target genes is not completely understood, but has been suggested to involve recruitment of
histone deacetylases to certain genes with the aid of the mSin3a co-repressor which binds to the
Pro-rich domain of p53 (Murphy et al., 1999; Zilfou et al., 2001). The ability of p53 to inhibit
gene expression in order to induce apoptosis might be more important under certain
circumstances, such as hypoxia (Koumenis et al., 2001).

The choice between cell cycle arrest and induction of apoptosis by p53 remains
incompletely understood. The presence of p53-independent effectors such as extracellular
survival factors, oncogenic alterations, and availability of transcription factors and cofactors, may
contribute to the cellular outcome (Balint and Vousden, 2001; Vousden, 2000). The type and the
extent of the cellular stress may also have an influence on the level and activity of p53. It has
been proposed that induction of apoptosis needs higher levels of p53 than is required for cell
cycle arrest, suggesting that the promoters regulating expression of apoptotic genes bind p53 with
lower affinity (Balint and Vousden, 2001; Chen et al., 1996; Latonen and Laiho, 2005).
Alterations in the conformation, produced by either mutations or by covalent modifications, can
also change the affinity of p53 to target sequences or change the promoter selection. For example,
phosphorylation of p53 on Ser46 by p53DINP1 (p53-dependent damage inducible nuclear protein
1) is required for the activation of p53AIP1 gene (Okamura et al., 2001).
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Figure 7. p53 and apoptosis. p53 induces apoptosis by regulating the expression of target genes involving both
target gene induction (arrows) as well as repression (blocked lines). In addition, p53 possesses transcription-
independent proapoptotic functions (dashed line). See text for details. Figure modified from (Balint and Vousden,
2001).

4. CELL CYCLE CHECKPOINTS

Organisms have created mechanisms that maintain genomic integrity by means of a complex
network which activates cell cycle arrest checkpoints in response to DNA damage. Cell cycle
checkpoints are biochemical signaling cascades, which delay or arrest cell cycle progression in
response to DNA damage, thereby providing more time for the repair of the damage (Nyberg et
al., 2002). Eukaryotic cells have tightly controlled cell cycle transition points in the G1/S and
G2/M as well as in the intra-S phase of the cell cycle. DNA damage checkpoints can be activated
in all phases of the cell cycle and are functionally linked to some of the proteins that regulate
progression through the cell cycle in normal growth conditions. The DNA damage sensor
molecules which activate checkpoint signaling cascades are common to the checkpoints in G1/S,
S and G2/M.
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4.1 The G1/S phase checkpoint

To prevent entry into S phase with damaged DNA, cells traversing G1 phase activate ATM/ATR-
mediated phosphorylation and rapid activation of checkpoint effector kinases Chk2 and Chk1
(see above). These effector kinases further phosphorylate the Cdc25A phosphatase (Mailand et
al., 2000). This leads to enhanced ubiquitination and proteasome-mediated degradation of
Cdc25A, rendering the respective Cdk2-cyclin E(A) complexes inactive through an inhibitory
Tyr15-phosphorylation (Sorensen et al., 2003) (Figure 8). Inhibition of Cdk2 activity blocks
loading of Cdc45 onto chromatin thus preventing initiation of DNA synthesis. The checkpoint
pathway that utilizes downregulation of Cdc25A is implemented rapidly after damage and is able
to delay the G1/S transition only for a few hours. The same kinases function to activate the other
branch of the G1 checkpoint through induction of tumor suppressor p53. In contrast to Cdc25A,
p53 is not only phosphorylated by Chk2/Chk1 (Ser20) but also directly by ATM/ATR (Ser15)
(Shieh et al., 2000; Siliciano et al., 1997). The major negative regulator of p53, the ubiquitin
ligase Mdm2, which in unstressed cells binds to p53 and ensures rapid degradation of p53, is also
phosphorylated by ATM (Ser395) and other DNA damage activated kinases (Maya et al., 2001;
Stommel and Wahl, 2005). Furthermore, several residues in the central domain of Mdm2 become
dephosphorylated after IR (Blattner et al., 2002). These modifications on p53 and Hdm2 allow
stabilization and accumulation of the p53 protein by releasing it from the negative regulation of
Mdm2. Recently, it has been shown that DNA damage induced accelerated Mdm2
autodegradation is required for p53 activation (Stommel and Wahl, 2004). MdmX, another
negative regulator of p53, is also degraded in response to IR (Kawai et al., 2003; Pan and Chen,
2003). These results demonstrate how p53 reaches its activity through inhibition of protein
degradation resulting in protein stabilization. On the other hand, stabilization of p53 is not always
required for its transcriptional activity (Hupp, 1999). p53 participates in G1/S checkpoint by
functioning as a transcription factor and inducing accumulation of p21, which leads to inhibition
of Cdk2-cyclin E(A). This slower,  transcription dependent p53 pathway replaces the transient
acute inhibition of Cdk2 and leads to more sustained, and sometimes even permanent, cell cycle
arrest (Iliakis et al., 2003). Another way to rapidly silence Cdk2 upon DNA damage is through
degradation of cyclin D. The rapid silencing of Cdk2 through this pathway is thought to result
from redistribution of p21 from Cdk4-cyclin D complexes to Cdk2-cyclin E, thus hindering G1/S
transition (Agami and Bernards, 2000).

4.2 The intra-S phase checkpoint

There are two types of checkpoint mechanisms in the S phase: replication-dependent and –
independent. The replication-dependent checkpoints, intra-S phase checkpoint (also referred to as
the replication checkpoint) and the S-M checkpoint, respond to problems arising in DNA
replication. For example, the replication checkpoint becomes activated if the progression of
replication forks becomes stalled due to stresses such as depletion of deoxyribonucleotide (dNTP)
pools or inhibition of DNA polymerases. Also, chemicals or external stresses, such as
hydroxyurea, aphidicolin (APH), and bulky DNA adducts produced by UV radiation, can trigger
the replication checkpoint.
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The replication-independent intra-S phase checkpoint (hereafter referred to as the intra-S
checkpoint) activated by genotoxic stress halts the cell cycle progression transiently and inhibits
the firing from those DNA replication origins which have not yet been initiated. Thus the intra-S
checkpoint causes a delay in S phase progression and in DNA synthesis until damage has been
repaired. Defect in the intra-S checkpoint response to IR results in the inability of cells to slow
down DNA replication when irradiated. This phenomenon is known as radioresistant DNA
synthesis (RDS) (Bartek et al., 2004) and was first described in cells derived from A-T patients, a
disease caused by mutations in the gene which encodes the crucial checkpoint signalling kinase
ATM (see above) (Shiloh, 2003). In contrast to the G1 and G2/M checkpoints, the intra-S
checkpoint lacks p53-mediated prolonged maintenance of the cell cycle arrest (Bartek et al.,
2004). There are at least two parallel pathways which protect the integrity of the genome in
damaged cells during the S phase of the cell cycle. To date, mechanistically better understood is
the ATM/ATR-Chk2/Chk1-Cdc25A-Cdk2-cyclinE(A)-Cdc45 checkpoint pathway (Figure 8).
Defects in any component of this pathway lead to RDS (Falck et al., 2002).

The other effector cascade which facilitates the activation of the intra-S checkpoint
involves phosphorylation of Nbs1 by ATM. As a part of the MRN complex, Nbs1 is involved in
the processing of DNA breaks at the DSB sites (see above). However, ATM-mediated
phosphorylation of Nbs1 may change its function to a checkpoint transducer/effector (Bartek et
al., 2004; Shiloh and Lehmann, 2004). SMC1, a component of the cohesion complex required for
sister chromatid cohesion during S phase, is associated with the Nbs1-mediated intra-S
checkpoint. SMC1 is phosphorylated by ATM in an Nbs1- and BRCA1-dependent manner
(Kitagawa et al., 2004; Yazdi et al., 2002). Interference with the phosphorylation of Nbs1 and
SMC1 impairs the intra-S checkpoint and leads to partial RDS. While it is understood that the S
phase delay initiated by the ATM/ATR-Chk2/Chk1-Cdc25A-Cdk2-cyclinE(A)-pathway is caused
by the inhibition of recruitment of Cdc45 to unfired replication origins, the mechanism by which
the ATM-Nbs1-SMC1 checkpoint pathway halts S-phase progression remains elusive. The
pathway seems to involve FANCD2 (Fanconi Anemia complementation group D2), which has
recently been found to be phosphorylated by ATM in Nbs1- and Mre11-dependent manner. While
the exact mechanism of FANCD2 in the S-phase delay is unknown, the phosphorylation of
FANCD2 by ATM is required for the intra-S checkpoint. It has been speculated that FANCD2
might function as an amplifier of the checkpoint signal (D'Andrea and Grompe, 2003).

As alluded to before, BRCA1, together with other mediator proteins such as 53BP1 and
MDC1, is also needed for proper intra-S checkpoint response. Inactivation, mutation, or depletion
of any of these proteins results in RDS (Goldberg et al., 2003; Wang et al., 2002; Xu et al., 2001).
The exact molecular mechanism of function of BRCA1 and 53BP1 in the intra-S checkpoint is
unknown, but it is speculated that they either act as checkpoint mediators or represent factors
which amplify and modulate the activity and interactions of ATM towards its multiple substrates
(Figure 4 and 8).
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Figure 8. A schematic model of checkpoint pathways triggered in response to IR-induced DNA damage. See
text for details. Modified from (Mönkkönen et al., 2006).

4.3 The G2/M phase checkpoint

The G2/M checkpoint prevents cells from initiating mitosis when they experience DNA damage
during G2 phase or when cells progress into G2 carrying some unrepaired damage inflicted
during previous S or G1/S phases. The accumulation of cells in G2 may also result from
persistent DNA lesions caused by inappropriate or incompletely replicated DNA (S-M
checkpoint) (Kastan and Bartek, 2004). The critical target of the G2 checkpoint is the mitosis
promoting activity of the Cdk1-cyclin B kinase. The activity of Cdk1-cyclin B is controlled by a
family of mitosis promoting Cdc25 phosphatases, which remove phosphatases at Cdk1 inhibitory
sites, and mitosis preventing kinases such as Wee1, which block mitosis by phosphorylating
Cdk1-cyclin B at the inhibitory site (Tyr15) (see above). Studies in fission yeast and in S. pombe
have shown that a cdc2 mutant (cdc2-Y15F), which cannot be phosphorylated on Tyr15, is
unable to delay entry into mitosis in response to DNA damage (Rhind et al., 1997; Rhind and
Russell, 1998). Recent work in human cells has further emphasized the role of Wee1 in damage
induced G2/M arrest. Wang and co-workers have shown that RNAi-mediated downregulation of
Wee1A abolished Tyr15 phosphorylation and abrogated adriamycin-induced G2-checkpoint in
HeLa cells (Wang et al., 2004). Furthermore, depletion of Wee1A by siRNA alleviated gamma
irradiation induced G2/M arrest (Yuan et al., 2004). Although the regulation of Wee1 activity has
been studied in several model organisms, the mechanism by which Wee1 is targeted in the DNA
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damage responses remains incompletely understood. In fission yeast, wee1 is phosphorylated by
chk1 leading to its sustained activity, cdc2Tyr15 phosphorylation, and G2 arrest (O'Connell et al.,
1997).

The G2/M checkpoint inactivates Cdc25 phosphatases through multiple pathways. The
ATM/ATR-Chk2/Chk1-pathway negatively regulates Cdc25C by phosphorylating it. This
phosphorylation on Cdc25C creates a binding site for 14-3-3, which renders Cdc25C catalytically
less active and/or sequesters it in the cytoplasm (Donzelli and Draetta, 2003). Plk3, a member of
the Polo-like kinase family, is activated upon DNA damage in an ATM-mediated manner, and
thereafter also phosphorylates Cdc25C to inhibit its activity (Myer et al., 2005). Another member
of the Plk family, Plk1, positively regulates Cdc25C by phosphorylating it and thus promotes
mitosis. However, after DNA damage, both ATM and ATR are thought to phosphorylate Plk1,
which blocks its activity on Cdc25C (Myer et al., 2005; Smits et al., 2000). Although 14-3-3
sequesters most of Cdc25C in the cytoplasm after DNA damage, some Cdc25C remains in the
nucleus, suggesting that yet another mechanism is involved in the inhibition of Cdc25C
phosphatase activity. Such a model is provided by studies showing that PCNA is able to bind p21,
Cdc25C, and Cdk1-cyclin B but not at the same time. Binding of p21 and Cdk1-cyclin B to
PCNA may exclude binding of Cdc25C to this protein complex and consequently prevent access
of the mitosis-promoting protein interaction of Cdc25C with Cdk1-cyclin B complex (Ando et al.,
2001). Recently it has been recognized that Cdc25A, another member of the Cdc25 family of
phosphatases, becomes degraded after DNA damage in the G2 phase, possibly through the same
molecular mechanism described in the intra-S and the G1/S phase checkpoints (Donzelli and
Draetta, 2003; Mailand et al., 2002). The role of Cdc25B in checkpoint responses is less clear, but
at least UV radiation triggers activation of mitogen-activated protein kinase p38 which
phosphorylates Cdc25B and induces its binding to 14-3-3. This interaction blocks access of
substrates to the catalytic site of Cdc25B and leads to the arrest response (Bulavin et al., 2001;
Forrest and Gabrielli, 2001).

Analogues to the intra-S phase checkpoint, BRCA1 and 53BP1 are also involved in the
G2/M checkpoint responses (DiTullio et al., 2002; Fernandez-Capetillo et al., 2002; Wang et al.,
2002; Xu et al., 2001; Yarden et al., 2002). The maintenance phase of the G2/M checkpoint relies
at least partly on the p53-mediated transcriptional regulation of its downstream target genes. In
addition to induction of p21, which is an important factor in the G1/S checkpoint, other
transcriptional targets of p53 such as GADD45 and 14-3-3 sigma are needed for G2/M
checkpoint response (Hermeking et al., 1997; Taylor and Stark, 2001; Wang et al., 1999).  14-3-3
sigma can sequester Cdk1 and cyclin B and prevent them from entering the nucleus (Chan et al.,
1999). GADD45 can destabilize Cdk1-cyclin B complexes (Chan et al.,  1999; Jin et al.,  2002).
Furthermore, p53 also suppresses Cdk1 and cyclin B promoters (Passalaris et al., 1999).
However, some tumor cells lacking p53 have an intact G2/M checkpoint, indicating that p53-
independent mechanisms are sufficient to sustain the G2/M arrest (Taylor and Stark, 2001).
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AIMS OF THE STUDY

Prostate cancer is the most common noncutaneous malignancy and the second leading cause of
cancer mortality in men. Prostate cancer is characterized by several unique features including the
multifocal origin of tumors and extreme resistance to chemotherapy. Although extensively
investigated, we still have a very rudimentary understanding of the molecular mechanisms
leading to the frequent transformation of the prostate epithelium. Furthermore, even though the
importance of damage inducible checkpoint pathways has been recognized as one of the main
barriers against tumor formation, research on DNA damage pathways has sparsely been
conducted in the prostate. This, in part, is due to unsuitable model systems, which include a
limited number of established prostate tumor cell lines and mice models. Prostate tumor cell lines
contain numerous genetic changes and are thus unbefitting studies aiming to elucidate the
primary causes for malignant transformation. While mice can be utilized in various genetic
models in addressing genetic deficiencies leading to cancer, including the prostate, mice never
develop spontaneous prostate tumors as humans do. Moreover, the mouse prostate is
anatomically and functionally different from the human. We therefore took an alternative
approach and chose to use primary cultures of human prostatic epithelial cells, derived from
radical prostatectomy specimens, as one of our model systems. HPECs are amenable for these
types of studies as they have been considered to be the progenitor cells of prostate cancer. In
addition, we utilized fresh human prostate tissue in order to verify our in vitro findings.

The following specific aims were set:

1. To investigate the cellular responses of HPECs to DNA damage.
2. To identify causes for the altered DNA damage signaling pathways in HPECs.
3. To investigate the functionality of p53 downstream pathways in HPECs.
4. To identify new ways to trigger apoptosis in malignant HPECs.
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MATERIALS AND METHODS

Cell culture

Primary cultures of human prostatic epithelial cell

Tissues were dissected from radical prostatectomy specimens. None of the patients had received
prior chemical, hormonal or radiation therapy. Non-malignant and malignant human prostatic
epithelial cells (referred to as HPECs and MHPECs, respectively) were grown on collagen-coated
dishes and cultured in MCDB 105 medium (Sigma-Aldrich) with epithelial cell-specific
supplements as previously described (Peehl, 1992). Nine HPEC cell strains used in this study
were derived from histologically normal tissue of the peripheral zone (PZ). Four cells strains
used in this study were derived from prostatic adenocarcinomas of Gleason grade 3/3 (E-CA-11),
30% intraductal carcinoma/ 70% Gleason grade 4 (E-CA-12), and Gleason grade 3/4 (E-CA-13
and E-CA-14) (generally referred to as MHPECs). Experiments have been performed with
exponentially growing and sub-confluent primary cultures, unless otherwise noted in original
publications. The characteristic traits of primary cultures of human prostatic epithelial cells have
been described previously (Peehl, 2005). Briefly, HPECs represent prostate progenitor or TA
cells and express a combination of markers common to both basal (CK5, p63) and luminal
epithelial cells (CK8 and CK18), have limited self-renewal capacity, and are in the process of
generating differentiated cell populations but have not yet completely committed to a particular
lineage. These cells undergo permanent replicative senescence, do not grow in soft agar, or form
tumors in nude mice.

The primary cell strains and cell lines used in this study are listed in the table below:

Cell strain/line Description Source or reference Used in
HPEC Primary human prostatic

epithelial cell strain
Stanford University,
Department of Urology

I-III

MHPEC Malignant primary
human prostatic
epithelial cell strain

Stanford University,
Department of Urology

I

LNCaP Prostate cancer cell line,
isolated from metastasis

ATCC (CRL-1740) II

DU145 Prostate cancer cell line,
isolated from metastasis

ATCC (HTB-81) II

U2OS Osteosarcoma ATCC (HTB-96) III
Mv1Lu Mink lung epithelial cell ATCC (CCL-64) III
WS-1 Human skin fibroblast ATCC (CRL-1502) III

Cells were irradiated with 10 Gy, unless otherwise indicated, using a calibrated 137Cs -ray source
(BioBeam 8000; STS GmbH). UV treatment of cells was carried out with Stratalinker 2400
(Stratagene, La Jolla, CA) with a bulb emitting UVC (254 nm). PG490 (97% pure triptolide) was
provided by Pharmagenesis (Palo Alto, CA). LMB was a gift from Dr. Minoru Yoshida
(University of Tokyo). Proteasome inhibitor MG132 and actinomycin D were obtained from
Sigma-Aldrich and Biomol (Plymouth Meeting, PA), respectively.
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Ex vivo human prostate tissue slice cultures

Tissues were obtained with informed consent and approval of the Stanford Institutional Review
Board. Fresh tissue cores (8 mm in diameter) representing histologically normal areas were bored
from radical prostatectomy specimens, and sliced at 300 m with a  Krumdieck precision tissue
slicer (Alabama Research and Development Corporation). The tissue slices were loaded onto
titanium grids in 6-well plates containing culture medium (see above) and rotated on an inclined
plane in a humidified tissue culture incubator at 37 C. The tissue slices were treated with or
without IR (10 Gy), and incubated for 4 hours. Subsequently, the tissue slices were fixed in
Histochoice (Amaresco), embedded in paraffin and cut at 5 m.

Methods

A description of the methods, and the reagents used in them, are found in the original
publications (I-III) as indicated in the table bellow.

Method Used and described in

Clonal growth assay I, II
Cell viability assay I
Apoptosis assay I, II
Flow cytometric analysis I-III
Senescence assay I
Immunoblotting I-III
Immunocytochemisty II
Northern analysis II
5-BrdU incorporation assay III
Immunofluorescence analyses III
Immunohistochemistry III
Immunoprecipitation III
Transient transfections III
Reporter assay III
Kinase assay III
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RESULTS AND DISCUSSION

HPECs lack multiple checkpoints after exposure to DNA damage (III)

Somatic cells respond to DNA damage by accumulating in either the G1/S or G2/M transition
phases of the cell cycle. These checkpoints provide time for the cells to repair damaged DNA and
prevent inappropriate replication of damaged DNA templates (Bartek et al., 2004; Kastan and
Bartek, 2004). To investigate the cellular responses of HPECs to ionizing radiation, we
performed flow cytometric analyses and monitored cell cycle distribution at various time points.
Checkpoint-proficient IR-treated WS-1 human diploid fibroblasts, extensively used in previous
studies, arrested initially in the S phase and subsequently accumulated in the G2/M phase (Figure
1a, III). In contrast, the cell cycle profiles of IR-treated HPEC cells were similar to mock-treated
cells, indicating a failure to arrest in G1 or to accumulate in G2/M after IR (Figure 1a, III).
Furthermore, there was no increase in the sub-G1 fraction of the cells, indicating lack of
apoptosis even at 48 hours after IR (Figure 1a, III). To further investigate the ability of the cells
to replicate after IR, mock- and IR-treated HPECs and WS-1 cells were pulse-labeled with 5-
bromo 2’-deoxyuridine (5-BrdU) and subjected to multiparameter flow cytometric analyses. A
comparison of cell cycle responses following IR indicated that while the WS-1 cells presented
proper intra-S and G2/M checkpoint enforcement, there were no corresponding responses in IR-
treated HPECs (Figure 1b, III). A further evaluation of the BrdU-positive cells revealed that the
S-phase fraction of WS-1 cells was reduced by 50% within 1 hour after IR, whereas HPEC cells
continued to enter and progress through the S-phase even at later time points (Figure 1c, III).
Taken together, the results show that the HPECs lack multiple DNA damage checkpoints after
exposure to IR as demonstrated by absence of increases in G1 and G2/M fractions and
uninterrupted synthesis of DNA. Defects in several molecules involved in the checkpoint
pathways can lead to abrogated DNA damage response. For instance, the inability to restrict the
rate of DNA synthesis after DSB has been reported in cells derived from cancer prone patients
suffering from ataxia telangiectasia, ataxia-telangiectasia-like disorder, and Nijmegen breakage
syndrome (Bartek et al., 2004). Furthermore, tumor cells with mutant Chk2 undergo
radioresistant DNA synthesis when exposed to IR (Falck et al., 2001).

p53 is neither stabilized nor activated in IR-treated HPECs (III, II)

Damage-activated p53 ensures genomic integrity by triggering G1/S cell cycle arrest or apoptosis
(Kastan et al., 1991; Levine, 1997), and cells deficient in either p53 function or p21 fail to
undergo G1/S and G2/M cell cycle arrest or apoptosis in response to DNA damage (Bunz et al.,
1998; Deng et al., 1995). We therefore analyzed the protein stability and transcriptional activity
of p53 in HPECs. We found that IR exposure had no effect on the levels of p53 protein, and that
there was no induction of its target genes, p21 and Hdm2, over the relevant time course examined
(Figure S1a, III and Figure 3, II). On the other hand, stabilization of p53 is not always required
for its transcriptional activity (Hupp, 1999) and we therefore wanted to further investigate the
transcriptional activity of p53 after IR in HPECs. p53-reporter assays (Peltonen et al., 2005)
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indicated that endogenous p53 failed to stimulate reporter transcription, whereas expression of
ectopic wild type p53 did (Figure S1b, III). The lack of p53 stabilization and activation in the
HPECs following IR represents an unexpected response to cellular DNA damage. The lack of
p53-mediated p21 induction may lead to constitutive activation of cyclin (A)E-Cdk2 complexes,
and promotion of cell cycle progression in the presence of DNA damage (see below). Since
stabilization of p53 in response to stress stimuli and activation of target genes involved in growth
arrest/apoptosis are considered to be central to its role as a tumor suppressor protein, it is
plausible that the apparent lack of p53 activation might be related to the high incidence of cancer
in the prostate.

p53 is stabilized but inactive after UVC-treatment (unpublished and II)

As the activity of p53 can be triggered by multiple pathways (Giaccia and Kastan, 1998), we next
studied if we were able to provoke p53 response by UVC-treatment in HPECs. In contrast to IR,
we found that p53 can be stabilized in response to UVC radiation in HPECs, but that it remained
functionally inactive as analyzed by p53-reporter assays and target gene activation (Figure 9a-b,
unpublished). Furthermore, low concentrations of actinomycin D, an inhibitor of RNA
polymerase II, stimulated p53 accumulation in HPECs, indicating that inhibition of transcription
might work as a common means to stabilize p53 in HPECs (Figure 3a, II). UVC-treated HPECs
underwent delayed apoptosis (data not shown). As p53 can induce apoptosis independent of its
ability to regulate transcription (Moll et al., 2005), we addressed whether p53 has a role in this
biological response. However, p53 activity (if present) was not essential for the induction of
apoptosis after UVC-treatment, since this phenotype was also observed in human papilloma virus
E6-transfected HPECs (data not shown). It is possible that the differential p53 regulation in IR-
and UVC-treated HPECs results from activation of a more complex cellular response to UVC-
damage, which involves direct blocking of the transcriptional and replicative machineries
(Latonen and Laiho, 2005).

Early DNA damage signaling is intact in HPECs (III)

The ability of cells to recognize DNA double strand breaks is reflected by ATM-mediated
phosphorylation of histone H2AX, which functions as a signal to coordinate assembly of the
DNA damage repair machinery on the DSBs (Burma et al.,  2001; Kastan and Bartek, 2004). In
conjunction  with  these  early  events,  activation  of  the  ATM  and  ATR  kinases  instigate  a
phosphorylation-dependent cascade leading to inactivation of the Cdk-cyclin complexes and cell
cycle arrest (Kastan and Bartek, 2004). To address whether the lack of damage-induced
checkpoints was due to a defect in DNA damage sensor and mediator molecules, we analyzed
DNA damage foci formation in IR-treated HPECs. The early damage response was intact, as
H2AX, Nbs1, and Rad50, which displayed diffuse nuclear staining in mock-treated cells, were

distributed into nuclear foci after exposure to IR (Figure 2a, III). These results show that damage
detection, DNA damage-dependent recruitment of lesion processing, and early checkpoint
signaling molecules at DSB sites are operational in HPECs.
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Figure 9. UVC stabilizes p53 in HPECs but it reamains functionally inactive. a) HPECs were either sham-
treated or UVC-irradiated (20 J/m2). Total cell lysates were prepared at the indicated time points, and p53 and p21
levels were detected by Western blotting. GAPDH was used as a loading control. Results are representative of three
individual experiments. b) p53-reporter assay. HPECs were transfected with p53-GFP-13XRE reporter construct, the
cells were either sham-treated or UVC-irradiated (20 J/m2) as indicated (lanes 4-5). Protein extracts were prepared at
the indicated timepoint. Reporter activity (GFP levels), p53 and p21 levels were analyzed by Western blotting.
Loading was controlled by GAPDH. The functionality of the reporter assay was verified by co-transfecting the cells
with ectopic wild type p53 and p53-GFP-13XRE reporter (lane 3). Ectopic expression of eGFP was used as a
positive control (lane 2).

Sustained DNA damage foci in IR-treated HPECs (III)

To address whether the lack of checkpoint enforcement affects the rate of recovery from the IR-
induced damage, the number of H2AX foci-positive HPEC cells was estimated over a time
course during which the majority of damage is expected to be repaired (Rothkamm et al., 2003).
Checkpoint-proficient WS-1 cells were used as a control. In WS-1 cells the H2AX foci were
cleared by 12 hours (Figure 2b-c, III). However, in HPECs the clearance of H2AX foci was
significantly slower (Figure 2b-c, III). Even 48 hours after treatment, the levels of H2AX were
still elevated 1.5-fold as compared to mock-treated HPEC cells (data not shown). These results
imply that the lack of checkpoint enforcement may lead to persistent damage foci formation in
HPECs.
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ATM-directed kinase pathway is activated in HPECs, yet the cells display sustained Cdk2-
associated kinase activity following IR (III)

Progression of cells in the S phase in the presence of damaged DNA is blocked by at least two
separate checkpoint cascades: one involving fast downregulation of phosphatase Cdc25A; and
the other p53-mediated transcriptional activation of p21 (el-Deiry et al., 1993; Mailand et al.,
2000). Both Cdc25A and p53 are regulated by the ATM/ATR-Chk2/Chk1-kinases. To test for
possible defects in the DNA damage transduction upstream of p53, the status of ATM target
molecules in mock- and IR-treated HPECs was analyzed. Despite the lack of p53 stabilization
following IR, p53 was phosphorylated on Ser15 (Figure 3a, III), which is a site phosphorylated
by both ATM and ATR (Banin et al., 1998; Canman et al., 1998; Siliciano et al., 1997).
Similarly, serine/threonine kinase Chk2, another target of ATM, was phosphorylated on Thr68
(Figure 3a, III). Furthermore, phosphatase Cdc25A was degraded (Figure 3b, III), which has been
reported to result from combined action of Chk1 and Chk2 kinases after IR (Sorensen et al.,
2003). These results strongly suggest that the IR-induced ATM-instigated cascade is functional.
Since the ATM-pathway guards against radioresistant DNA synthesis and S phase entry by
promoting Cdk2 inhibitory phosphorylation on Tyr15, causing its inactivation after genotoxic
stress (Falck et al., 2001; Jin et al., 1996; O'Connell et al., 1997), the status of Cdk2-Tyr15
phosphorylation was analyzed in HPEC and U2OS cells following IR. As previously reported
(Falck et al., 2001), U2OS cells showed robust phosphorylation of Cdk2-Tyr15 after IR, whereas
this was absent in HPECs (Figure 3c, III). The lack of Cdk2-Tyr15 inhibitory phosphorylation
was a common defect in HPECs, since other types of genotoxic insults e.g. UVC and
hydroxyurea (HU) were also unable to trigger Cdk2-Tyr15 phosphorylation in HPECs (Figure
3d, III).

To further relate the absence of Cdk2-Tyr15 phosphorylation in DNA-damaged HPECs to
improper checkpoint responses, the Cdk2 kinase activity was analyzed in mock- and IR-treated
HPEC and U2OS cells. The levels of Cdk2-Tyr15 correlated with decreased Cdk2 activity in
U2OS cells (Falck et al., 2001) (Figure 3f, III), whereas Cdk2 activity was intact in HPEC cells
after IR (Figure 3f, III). Taken together, these results indicate that, unlike cells with proper DNA
damage checkpoints, HPECs fail to induce Cdk2-Tyr15 inhibitory phosphorylation, inactivate
Cdk2, and delay DNA synthesis in response to damage.

Ectopic  Wee1A  kinase  restores  Cdk-Tyr15  phosphorylation  and  cell  cycle  checkpoint  in
response to IR (III)

Wee1 protein kinase phosphorylates Tyr15 of cyclin-associated Cdks, and has been implicated in
cell cycle transition and checkpoint control (McGowan and Russell, 1993; Parker and Piwnica-
Worms, 1992; Watanabe et al., 1995). The level of Wee1A was almost undetectable in HPEC
cells as compared to several other cell types (Figure 4a, III). To address whether the absence of
Wee1A is recapitulated in prostate tissues, we performed immunohistochemical staining for
Wee1A and, for comparison, p63 and p27, present in prostate gland basal and luminal cells,
respectively (Garraway et al., 2003; Signoretti et al., 2000). Wee1A was co-expressed with p63
in the basal cells, but absent in the luminal compartment (Figure 4b, III). While Wee1A, based on
studies in yeast and cultured cell lines, is considered a nuclear protein, it was detected both in the
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nuclear and cytoplasmic compartments of the basal cells. To address whether the level of Wee1A
is rate-limiting for Cdk2-Tyr15 phosphorylation, we ectopically expressed Wee1A in HPEC cells
followed by mock- or IR-treatment. Expression of Wee1A in mock- and IR-treated HPEC cells
induced Cdk2-Tyr15 phosphorylation, and this effect was further enhanced by co-transfection of
Cdk2 and Wee1A (Figure 4c, III). Checkpoint-proficient Mv1Lu epithelial cells were used as a
positive control, and showed a robust increase in Cdk1/2-Tyr15 phosphorylation in response to
IR which was further increased in Wee1A- transfected cells (Figure S3, III). However, in cells
transfected with either Cdk2 or Cdk2 in combination with Wee1A, the prominent Cdk1/2-Tyr15
phosphorylation was not further enhanced after IR, possibly due to substrate saturation (Figure
S3, lanes 3-4 and lanes 7-8, III).

We then wanted to test whether the cell cycle checkpoints could be restored following
ectopic expression of Cdk2 and Wee1A. Mock- or IR-treated transiently transfected HPEC cells
were analyzed by flow cytometry for Tyr15 positive cells. Tyr15 positivity was detected in cells
co-transfected with both Cdk2 and Wee1A, whereas in cells transfected with each vector alone
the levels of Tyr15 were below the detection limit (Figure 4d, III and negative data not shown).
Following IR, there was a significant increase in Tyr15 positive cells in the S and G2/M phases
as compared to mock-treated cells (Figure 4d-e, III). These results are in line with previous
reports showing that RNAi-mediated downregulation of Wee1 abolished Tyr15 phosphorylation
and abrogated the adriamycin and IR-induced G2 checkpoint (Wang et al., 2004; Yuan et al.,
2004).

Wee1A is targeted to fast degradation in HPECs (III)

The negligible Wee1A levels (Figure 4, III), and the related lack of damage-induced Cdk2-Tyr15
phosphorylation (Figure 3c-e, III) may reflect its inappropriate regulation in HPEC cells. The
exceedingly low levels of Wee1A protein hindered the analyses of its half-life in HPECs. Wee1A
is downregulated by protein phosphorylation and consequently degraded by SCFß-TrCP E3-ligase
complex. Plk1, CK2 and Cdk1 phosphorylate Wee1A on Ser53, Ser121, and Ser123,
respectively, creating a phospho-degron recognized by ß-TrCP (Watanabe et al., 2005; Watanabe
et al., 2004). Concordant with proteasome-mediated degradation of Wee1A, Wee1A was
stabilized to a similar extent in HPECs and U2OS cells by treatment with proteasomal inhibitor
MG132 (Figure 4f, III). To address whether the enhanced degradation of Wee1A leads to altered
DNA damage responses in HPECs, HPECs were transiently transfected with wt Wee1A, Wee1A
phospho-degron mutant (S53/123A) alone or in combination with Cdk2, and appropriate
transfection controls. Following transfection, cells were subjected to IR. Cdk2-Tyr15
phosphorylation in response to IR was more pronounced in cells transfected with Wee1A mutant
(S53/123A) than with wt Wee1A, and was further increased in cells co-transfected with Cdk2
and Wee1A mutant (S53/123A) (Figure 4g, III). These results indicate that the lack of stress-
induced Cdk2-Tyr15 inhibitory phosphorylation may be related to conditions in which Wee1A
kinase is targeted to phosphorylation on serines 53 and 123. Accordingly, expression of Wee1A
mutant (S53/123A), eluding Cdk1-instigated proteasomal turnover, can trigger a more robust
induction of Cdk2-Tyr15 phosphorylation as compared to wt Wee1A.

Wee1A is subject to both positive and negative regulation by several signaling pathways.
MEK/ERK signaling pathway is involved in negative regulation and phosphorylation of Wee1 in
its N-terminus (Chen and Gardner, 2004). However, we were unable to reconstitute Cdk2-Tyr15
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phosphorylation after ERK inactivation in HPEC cells (data not shown). Studies in Xenopus and
human cells have shown that the phosphorylation of Ser549 (Xenopus), and Ser642 (somatic
human Wee1A) in the C-terminal region of Wee1 increases its binding to 14-3-3 proteins
(Katayama et al., 2005; Lee et al., 2001; Rothblum-Oviatt et al., 2001; Wang et al., 2000). This
interaction has been reported either to inhibit Wee1A (Katayama et al., 2005), or to increase
Wee1A half-life, stability and activity (Lee et al., 2001; Rothblum-Oviatt et al., 2001; Wang et
al., 2000). Since 14-3-3sigma is a known transcriptional target of p53 and has been implicated in
the G2/M checkpoint arrest after genotoxic stress (Hermeking et al., 1997), we tested whether
ectopic 14-3-3sigma could act as a positive regulator of Wee1A in HPECs. However, ectopic
expression of 14-3-3sigma had no effect on Wee1A levels or activation as measured by Cdk2-
Tyr15 phosphorylation (data not shown), thus indicating that the lack of p53-mediated induction
of 14-3-3 is unlikely as a causative defect in the abrogated Wee1A function in HPECs.

According to reports showing the activation of DNA damage response in early precursor
and tumor lesions (Bartkova et al., 2005; Gorgoulis et al., 2005), the HPECs have the capacity to
launch an appropriate DNA damage response, including activation of Chk2 and downregulation
of Cdc25A phosphatase. However, the downregulation of Cdc25A was insufficient to conserve
Tyr15-phosphorylated Cdk2. Therefore, Tyr15 response appears to critically depend on the
activity of Wee1A tyrosine kinase. Since ectopic expression of the phosphodegron mutant
Wee1A (S53/123A) triggered a more robust induction of Cdk2-Tyr15 phosphorylation as
compared to wt Wee1A, it strongly indicates that Wee1A may be subject to increased turnover.
The continuous turnover of Wee1A in IR-treated HPECs could result from constitutive
unhindered Cdk-associated kinase activity due to lack of p21-induction, causing continuous
Wee1A phosphorylation by Cdks, and hence recognition by its E3-ligases. However, while
ectopic Wee1A facilitated Cdk2-Tyr15 phosphorylation and cell cycle checkpoints in IR-treated
HPECs, it had no effect on p53 stabilization (data not shown). Conversely, activation of p53 by
nutlin-3 neither increased the levels of Wee1A nor activated Cdk2-Tyr15 phosphorylation
(Figure 10 and S2, III). Thus, there is no evidence of direct regulatory links between p53 and
Wee1A.

Ex vivo irradiation of prostate epithelia recapitulates the lack of p53 and Cdk1/2-Tyr15
responses to IR (III)

We wished to confirm the IR responses in the human prostate. Fresh prostate tissues derived
from histologically normal peripheral zone of the prostate were either mock- or IR-treated, and
stained for p53, p21, H2AX, Cdk1/2-Tyr15, and p63. p53 levels were low and its response to
IR remained absent in the irradiated tissues, while H2AX staining indicated a robust DNA
damage response in the prostatic basal epithelial cells (Figure 5 and S5; III). Staining for
H2AX was also evident in a small number of cells localized in areas of basal cell hyperplasia in

mock-treated tissues, while p53 stabilization was absent (Figure 5; III). Furthermore, there was
no increase in either p21 or Cdk1/2-Tyr15 staining in IR-treated tissues, although both were
detectable in the mock-treated tissue (Figure 5 and S5, III). p63 was used to mark basal cells,
and did not undergo any changes following IR (Figure 5, III). We used nutlin-3 and LMB-
treatments (will be discussed below) as internal controls for the fresh tissues to launch
appropriate p53 responses (Figure S6, III). These findings demonstrate that the lack of p53 and
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Tyr15 responses in HPECs is recapitulated in fresh human prostate tissue. The exceedingly low
levels of Wee1A in HPECs, its absence in the luminal epithelial cells and unexpected
localization also in the cytoplasmic compartment of the prostate gland basal cells, are indicative
of its selective regulation in the physiological context. Given that Wee1A cytoplasmic
translocation has been associated with its inactivation (Katayama et al., 2005), it is possible that
the lack of Cdk Tyr15 responses in the prostate basal and luminal cell compartments is due to
absent or inactivated Wee1A. To our knowledge, this is the first time DNA damage responses
have been shown in ex vivo irradiated human tissue. Furthermore, this technology could have
application as a long desired preclinical model system for future studies addressing tissue
responses to, for example, external DNA damage or cytotoxic drugs.

Drug induced effects on p53 in HPECs (I-II and unpublished)

LMB and nutlin-3

There was no stabilization of p53 in HPECs in response to IR. Furthermore, stabilized p53
remained functionally inactive in UVC-treated HPECs. These observations raised a question
whether downstream pathways of endogenous p53 are functional in HPECs. We took two
approaches to tackle this question. First, HPECs were treated with the antifungal antibiotic
leptomycin B (LMB) which has been shown to inhibit protein export from the nucleus to the
cytoplasm by binding CRM1/exportin 1 (Kudo et al., 1999). LMB-treatment increased nuclear
p53 in a dose- and time dependent manner in HPECs (Figure 1a-b, II). Stabilization of p53 by
LMB  in  HPECs  was  attributable  to  a  post-translational  mechanism,  as  demonstrated  by  an
increase in half-life of the p53 protein (Figure 3a, II). p53 accumulation was accompanied by
increases in Hdm2 and p21 mRNA and protein levels (Figure 2 and 3c, II), thus indicating that
endogenous p53 protein is competent in binding and activating the promoters of its target genes
in HPECs. Furthermore, activation of p21 in LMB-treated cells resulted in G1 growth arrest
(Figure 4a, II). LMB-induced growth arrest in HPECs was prolonged, and the cells were unable
to resume proliferation, adopting a senescent-like phenotype (data not shown). In addition, loss of
proliferative potential and induction of irreversible growth arrest by LMB was evidenced by
clonal growth assays (Figure 4c, II).

Second, we sought to activate p53 responses in HPECs using nutlin-3. Nutlin-3 is a
specific inhibitor of p53-Hdm2 interaction and activator of p53 transcriptional responses
(Vassilev  et  al.,  2004).  As  observed  in  LMB-treated  HPECs,  p53  levels  in  HPECs  were
significantly increased following treatment with nutlin-3, and p21 was induced concomitantly
with a decrease in cellular replication as measured by multiparameter flow cytometry (Figure 10,
and S2, III). There is no biochemical or genetic link between the p53 pathway and regulation of
Cdk-Tyr15 phosphorylation. To address whether these are functionally connected, we asked
whether other IR-responses are activated in nutlin-3 treated HPECs. In cells treated with both
nutlin-3 and IR, there was no further increase in the level of p53, and Cdk2-Tyr15
phosphorylation and Wee1A levels remained undetectable (Figure 10 and S2, III).

These data show that p53 can be activated in HPECs, which is coupled to transcriptional
activation of downstream target genes and cell cycle responses. However, activation of the p53
pathway is not functionally connected to Cdk2-Tyr15 phosphorylation. In conclusion,
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downstream signaling pathways triggered by p53 are functional in prostatic cells and may be
targeted for chemopreventive or therapeutic activity in normal and malignant HPECs,
respectively.

Figure 10. Nutlin-3 stabilizes and activates p53 in HPECs. a) HPECs were either treated with a vehicle or nutlin-3
(8 M) for 12 h, followed by either mock- or IR-treatment. Samples were collected 2 h after IR-treatment and
immunoprecipitated with an anti-Cdk2 antibody, followed by immunoblotting analyses for Cdk2-Tyr15 and Cdk2.
Total cell lysates were analyzed for p53, p21 and GAPDH by Western blotting. Results shown are representative of
two separate experiments. b) HPECs were treated as in (a) and pulse labeled 30 min with 5-BrdU. Cells were
harvested, stained with an anti-5-BrdU antibody and propidium iodide, and analyzed by multiparameter flow
cytometry. The incorporation of 5-BrdU in IR and or nutlin-3 treated cells relative to mock-treated cells is shown.
Error bars represent standard deviation of duplicate samples.

LMB-induced apoptosis in prostate cancer cells

LMB-treatment resulted in p53 stabilization and induction of p21 in LNCaP cells (Figure 5, II).
Furthermore, LMB induced growth arrest and apoptotic cell death in LNCaP cells containing
wild type p53, but had little apoptotic effect on p53-deficient DU145 prostate cancer cells (Figure
5, II). Preliminary work with primary epithelial cancer strains has demonstrated that p53 can
indeed be stabilized by similar concentrations of LMB that elevate p53 levels in normal epithelial
cells. It will be interesting to determine if this upregulated p53 leads to growth arrest or the
induction of apoptosis in these cancer-derived cells. Thus, if primary cancer strains display a
differential sensitivity to LMB than their normal counterparts then the activation of p53 could
have possible therapeutic applications for the treatment of both primary and metastatic prostate
cancer. In general, since LMB and nutlin-3 stabilized transcriptionally active p53 in prostatic
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epithelial cells through inhibition of nuclear export, it may be feasible in the future to develop
small molecular drugs with low toxicity that specifically inhibit the nuclear export of p53. This
could prove an effective therapeutic strategy for the treatment of cancers in which p53 is wild
type but aberrantly regulated, as is the case in prostate cancer.

Triptolide (PG490)

Interest in exploiting traditional medicines for prevention or treatment of cancer is increasing.
Extracts of the herb Tripterygium Wilfordii hook F have been used for more than two centuries in
traditional Chinese medicine to treat a variety of autoimmune and inflammatory diseases
including rheumatoid arthritis (Ramgolam et al., 2000). Triptolide (PG490), a diterpene
triepoxide, is a purified compound from Tripterygium that has been identified as one of the major
components responsible for the immunosuppressive and anti-inflammatory effects of this herb
(Kupchan et al., 1972). The exact targets and molecular mechanism of action of triptolide are still
unknown. Recent explorations of the mechanisms of action of triptolide revealed many properties
relevant not only to anti-inflammatory activity but to anti-cancer activity as well.
Antiproliferative and proapoptotic activity of triptolide has been shown with many different types
of cancer cells in vitro and in vivo (Shamon et  al.,  1997;  Wei  and Adachi,  1991).  We became
interested in triptolide because it was reported to direct cancer cells to undergo apoptosis
independent of p53 activity (Wei and Adachi, 1991 and discussions with Dr. Glenn Rosen).

Our interest in drugs using p53-independent pathways stemmed from the following facts.
Firstly, our previous studies showed that activation of p53 in response to IR, UVC, and other
stresses, is abrogated in HPECs and MHPECs, despite the presence of the wild type p53 gene (II,
III, and unpublished). Since many chemotherapeutic drugs use p53-mediated pathways to induce
growth arrest or apoptosis, we hypothesized that the silencing of p53 may partially explain the
resistance of prostate cancer to drug treatment. We therefore hypothesized that drugs using p53-
independent pathways would be most efficacious against prostate cancer. Secondly, MHPECs are
known to be extremely resistant to apoptosis, and we therefore wanted to find new compounds
that might use alternative ways leading to cell death.

The effect of triptolide on the growth of HPECs and MHPECs was evaluated using clonal
growth assays. Triptolide was found to be growth inhibitory: complete growth inhibition of
HPECs occurred with 1 ng/ml (2.77 nM) of triptolide, with half-maximal growth inhibition at
0.1 ng/ml of triptolide (Figure 1, I). However, since our experimental plans called for the use of
higher cell density cultures, and density can affect cellular response, we further tested the effect
of triptolide on growth of cells at higher density. Triptolide at 1 ng/ml, which completely
inhibited clonal growth, was less inhibitory in high density cultures. The highest concentrations
of triptolide (50 and 100 ng/ml) caused loss of cells over time (Figure 2a, I). Induction of
apoptosis with higher doses of triptolide (50-100 ng/ml) was further confirmed with an apoptosis
assay (Figure 3; I). Triptolide induced cell death was associated with PARP (poly-ADP-ribose
polymerase) cleavage and was partially blocked with a pan caspase inhibitor Z-VAD (data not
shown). Despite the preferential effect of triptolide on the decline of MHPEC (E-CA-10) cell
viability, as measured by trypan blue exclusion assay, we did not see higher apoptotic rates with
MHPECs (E-CA-12) compared to HPECs (E-PZ-10) in the apoptosis assay (Figure 3 and data
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not shown, I). A possible explanation to this finding is that MHPECs became non-viable by other
mechanisms in addition to apoptosis.

Low concentrations of triptolide induced senescence in HPECs

Low concentrations of triptolide (1 ng/ml) inhibited growth completely in clonal assays and
partially in high cell density assays. Growth inhibition with 1 ng/ml of triptolide was
accompanied by the induction of SA- -gal (senescence associated -galactosidase) activity, a
widely used surrogate marker of senescence (Figure 4, I). In addition to expression of SA- -gal,
cells adopted several morphological changes that have been associated with a senescent-like
phenotype (Chang et al., 1999; Young and Smith, 2000). These changes included an enlarged and
flattened shape and the development of vacuoles (data not shown). Next we wanted to investigate
the molecular signaling pathways mediating senescence. Expression of p53 protein and cell cycle
regulators p16, p21, and p27 were investigated in HPECs and MHPECs after 3, 5 and 10 days of
exposure to 1 ng/ml of triptolide. These time points corresponded to those at which expression of
SA- -gal became apparent.  In addition, the expression level of p53 was analyzed at 6 and 24 hr
after exposure to triptolide. However, none of these proteins were altered in HPECs and
MHPECs after triptolide treatment (Figure 5, I and data not shown). Previous results have shown
that in contrast to fibroblasts, HPECs do not have elevated levels of p53 or p21 after undergoing
replicative senescence (Jarrard et al., 1999; Sandhu et al., 2000). However, increased expression
of p16 has been associated with replicative senescence of HPECs (Sandhu et al., 2000), which
was not the case in the senescent-like cells induced by triptolide. A number of factors have been
reported to induce a senescent-like state in cells, but it is not known if this phenotype is exactly
equivalent to replicative senescence (Young and Smith, 2000).  The molecular signaling pathway
mediating triptolide-induced premature senescence of HPECs remains to be determined but does
not appear to involve p53, p21, p27, or p16.

In normal cells, irreversible proliferative arrest may result from terminal differentiation or
replicative senescence. Phenotypic alterations that resemble replicative senescence can be
induced in normal as well as in tumor cells by treatment with different anticancer agents (Chang
et  al.,  1999),  as  we  saw  with  triptolide.  Induction  of  accelerated  senescence  that  results  in
terminal growth arrest is proposed to be a programmed protective response of normal cells to
potentially carcinogenic insults (Weinberg, 1997). The phenomenon of senescence has attracted
increasing attention recently and is believed to be relevant to cancer prevention as well as to
tumor suppression. The induction of senescence in primary cultures of prostatic epithelial cells
suggests that chemopreventive activity of low doses of triptolide could be further evaluated in
additional experimental models.

p53 function and apoptosis in HPECs treated with higher doses of triptolide

Since higher concentrations (50 ng/ml) of triptolide induced apoptosis in HPECs, we wanted to
further study the signaling pathways responsible for this action. To our surprise, we found that
triptolide-treatment induced accumulation of p53 in HPECs and in MHPECs (Figure 6a-b, I). At
that stage of our studies triptolide was the only compound able to trigger p53 accumulation in
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HPECs. Although the activity of triptolide was originally reported to be p53-independent, after
we had started our studies two publications showed that triptolide-induced apoptosis may be at
least partly mediated through p53 activation in cells with wild type p53 (Chang et al., 2001; Jiang
et al., 2001). We therefore considered the possibility that triptolide was able to activate p53 and
looked at the status of transcriptional downstream target genes of p53. Upregulation of p53 target
genes, e.g., p21, Hdm2, and Bax, was not seen in conjunction with upregulation of p53 by
triptolide in HPECs. Rather, protein levels of several p53 target genes, including Bcl-2, were
reduced after triptolide treatment (Figure 6, I). For example, our results showed reduction of
Hdm2  (the  intact  90  kDa  form)  after  triptolide  treatment.  Given  that  Hdm2  targets  p53  for
degradation (Haupt et al., 1997), the reduction in Hdm2 protein could partially provide an
explanation for the observed sustained elevation of p53. Triptolide also reduced expression of
p27, which is not a direct target of p53. This observation raised the question of whether triptolide
would exert its apoptotic functions acting as a general transcription inhibitor. However, this was
not the case since some apoptotic target genes were found to be upregulated at the mRNA level in
triptolide treated cells (data not shown) (Chang et al., 2001).

Triptolide treatment decreased the level of intact Hdm2 (90 kDa), whereas a shorter form
of Hdm2 (60 kDa) increased steadily after 24 hr of treatment with triptolide (Figure 6, I). The
smaller 60 kDa form of Hdm2 could be either a product of alternative spliced Hdm2 mRNA or a
caspase cleaved product. It has been reported that Mdm2, the mouse homologue of Hdm2, is a
substrate for proteases involved in apoptosis that share specificity with CPP32 (caspase-3). These
proteases cleave Mdm2 at residue 361, generating a 60 kDa fragment (Chen et al., 1997; Erhardt
et al., 1997). More recently, work from the same investigators showed that a distinct caspase
activity for Hdm2 was induced by p53 prior to the onset of apoptosis in H1299 cells expressing a
temperature-sensitive human p53 (Pochampally et al., 1999). The p53 binding and inhibitory
functions of Hdm2 have not been reported to be affected by the cleavage.  However, cleaved
Hdm2 has been reported to be unable to promote p53 degradation and may function in a
dominant-negative fashion to stabilize p53 (Chen et al., 1997; Pochampally et al., 1999).  We
next wanted to know whether Hmd2 (60 kDa) binds to p53 and functions as p53 inhibitor
preventing p53-mediated transcription. We addressed the extent of p53-Hdm2 interaction in
triptolide treated cells by metabolic and cold immunoprecipatations and found that the majority
of upregulated p53 was unbound to Hdm2 (90 kDa) and the smaller fraction of Hdm2 (60 kDa)
was unable to bind to p53 (data not shown). These results further indicated that p53 was free
from its major negative inhibitor Hdm2 in triptolide treated cells.
 Even though p53 was stabilized in HPECs after triptolide-treatment, it failed to activate p21,
since both p21 mRNA and protein were downregulated after triptolide treatment (Figure 6, I and
data not shown). p53 functionality after triptolide treatment was further studied with an in vitro
DNA-binding assay (Buzek et al., 2002) and with an in vivo transactivation test using a p53-
inducible GFP-reporter construct (Peltonen et al., 2005). These experiments showed that p53 was
able to bind to p21 target gene but did not have any transcriptional activity towards its classical
target genes as shown by the lack of GFP expression after triptolide treatment (data not shown).
These results are in line with a previous report showing that reduction of p21 protein levels by
triptolide in the HT1080 (fibrosarcoma) cell line was due to transcriptional inhibition of p21
(Chang et al., 2001). These same investigators attempted to study the effect of triptolide on p21
expression in p53 wild type and null mouse embryonic fibroblasts to determine whether
decreased expression of p21 was directly mediated by p53.  However, basal expression of p21
was  almost  absent  in  the  p53-null  cells,  making  this  experiment  impossible.   However,  they
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found that triptolide did not affect p21 expression in the p53-mutant HT29 colon cancer cell line,
leading them to propose that downregulation of p21 was a p53-mediated event (Chang et al.,
2001). It has been reported that the p21 protein can antagonize p53-mediated apoptosis, as the
induction of endogenous p21 or overexpression of a p21 transgene prevented apoptosis
(Bissonnette and Hunting, 1998; Gorospe et al., 1997). Therefore, downregulation of p21 may
contribute to triptolide’s ability to induce apoptosis. However, it must be noted that apoptosis and
accumulation of p53 in AGS (gastric cancer) cells in response to triptolide were accompanied by
upregulation of p21 (Jiang et al., 2001). This discrepancy suggests that the mechanism by which
p53 induces apoptosis and the role of p21, as well as other targets of p53, in this process is
dependent on multiple factors and is cell type-specific (Fei et al., 2002; Giaccia and Kastan,
1998). Our results raised the following question: do triptolide treated cells target p53 to repress
certain target genes in order to launch apoptosis? Alternatively, could the lack of p53-mediated
transactivation in triptolide-treated HPECs reflect the lack of an appropriate modification of p53,
the presence of an inhibitory molecule bound to p53, or lack of co-activators needed for target
gene induction? Since the same phenomenon (repression of p21) was also reported in other cell
types (Chang et al., 2001), it seems unlikely that the lack of p53-mediated transactivation in
triptolide treated cells is a reflection of altered regulation of p53 specific to HPECs.

Recently it has been reported that triptolide induced loss of the mitochondrial membrane
potential, cytochrome c release and resulted in caspase-9 mediated cell death in leukemic cells
(Carter et al., 2006). p53 is able to induce apoptosis through transcription independent
mechanisms mediated via the mitochondrial pathway (Moll et al., 2005). It is tempting to
speculate that upregulated p53 could play such a role in induction of apoptosis in HPECs after
triptolide treatment, but further investigation is required to determine whether upregulation of
p53 is coincidental or instrumental in this process. Certainly p53 is not essential for the activity
of triptolide in prostate cells, since regression of the prostate cancer cell line PC-3 (mutant p53)
tumors (Carroll et al., 1993) occurred in mice treated with PG490-88 (Li and Filder, 2001).

The effects of different doses of triptolide on HPECs might be exploited for different
applications. The moderate growth-inhibitory activity and induction of senescence by low doses
of triptolide might be appropriate for chemopreventive strategies against prostate cancer. The fact
that normal as well as cancer-derived cells responded to triptolide is supportive of this possibility.
Induction of senescence is especially relevant to slowly proliferating prostate cells that do not
respond well to agents directly targeting replication. The proapoptotic activity of higher doses of
triptolide may be more suitable for chemotherapeutic applications. Triptolide has also been
reported to potentiate the activities of other agents and may therefore be useful not only as a
single compound but also in combination with other cytotoxic drugs for cancer treatment (Chang
et al., 2001; Fidler et al., 2003). It is notable that primary cultures of prostatic cancer cells, in
contrast to established cell lines, are very resistant to apoptosis. We have identified few agents
capable of causing apoptosis in these cells, so if this resistance to cell death is reflective of cancer
in vivo, then any compound capable of inducing apoptosis in primary cultures may be particularly
worthy of further investigation.  Although extracts of the herb Tripterygium Wilfordii hook F
have been used for a long time in traditional medicine, triptolide did not show specificity to
MHEPCs, which might indicate limitations for its use in therapy.
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Why is the activity of p53 kept low in HPECs ? (I-III)

p53 mutations are uncommon in primary organ-confined prostate tumors (Isaacs et al., 2002).
The presence of normal yet nonfunctional p53 in prostate progenitor cells (HPECs) might thus
explain the lack of selection for p53 gene mutations in early stage prostate tumors. These findings
imply that p53 activity is kept silenced or under negative control in HPECs. Tight regulation of
p53 can be achieved in a variety of ways, e.g., HPECs may lack appropriate co-factors needed for
p53 transactivation, p53 can be improperly modified and/or HPECs can harbor p53 inhibitory
molecules. It seems likely that the latter alternative would, at least in part, explain the negative
regulation of p53 in HPECs. Our results showed that the negative regulation impinging on p53
can be circumvented by exceedingly high levels of p53 protein, as was evidenced by nutlin-3 and
LBM-treatments. High expression levels of p53 triggered p21 induction and led to cell cycle
arrest. Furthermore, the same result was achieved by transient overexpression of wt p53 in
HPECs. Additionally, the lack of p53 stabilization and activation in response to IR induced DNA
damage may reflect altered functions of other regulatory proteins facilitating control over p53 in
the HPECs. In the case of triptolide, it seems likely that p53 is programmed to participate in the
induction of apoptosis through transcription independent mechanisms and thus the lack of p53-
mediated transcription does not therefore necessarily reflect inappropriate regulation of p53
specific to HPECs. Why is the activity of p53 downplayed in HPECs? It is tempting to speculate
that as a part of a reproductive system, the activity of p53 in the prostate has to be diligently
restrained, even at the expense of accumulation of DNA lesions, due to its potent effects on cell
survival and differentiation. It is also known that cellular responses to IR can vary dramatically,
are regulated in cell type- and tissue- specific fashion, and depend on the developmental stage
(Gudkov and Komarova, 2003). For instance, fibroblasts enter a prolonged cell cycle arrest
following IR, whereas thymocytes undergo apoptosis. High radiosensitivity is observed in tissues
with rapid proliferative activity, i.e. during early embryonic development, in hematopoietic and
bone marrow cells, and in intestinal epithelial cells. Recently, it has been recognized that the
differentiation state of the cell also plays a critical role in the response to DNA damage.
Pluripotent embryonic stem cells fail to arrest in G1 after IR due to localization abnormalities of
p53 and Chk2. p53 was found to be predominantly cytoplasmic, and inefficiently translocated to
the  nucleus  after  DNA  damage  (Aladjem  et  al.,  1998),  while  Chk2  was  sequestered  to
centrosomes and was thus unavailable to phosphorylate its nuclear substrates (Hong and
Stambrook, 2004). Previous studies have shown that primary cultures of human mammary
epithelial cells also exhibit a differential p53-mediated response to IR- and UVC-radiation
(Meyer et al., 1999). Attenuation of p53 function is not limited to normal human prostate and
mammary epithelial cells, but has also been described in normal bronchial epithelial cells and in
normal human keratinocytes (Flatt et al., 1998; Gadbois and Lehnert, 1997). These findings
indicate that mechanisms may have evolved in several slower renewing epithelial tissues in order
to maintain p53 under unexpectedly tight control.
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Lack of damage induced checkpoint control in HPECs and link to prostate tumourigenesis

Activation of damage induced checkpoint pathways and p53 function are essential for the
maintenance of genomic integrity, and act as barriers against tumourigenesis. The HPECs
provide a cancer-relevant cellular model, also amenable to targeted drug testing. Oxidative stress
has been implicated in the development of prostate cancer, and is linked to frequent DNA base
lesions (Malins et al., 2003), hypoxia (Hochachka et al., 2002), and inflammation (Palapattu et
al., 2005). Under these circumstances, cells and tissue environment can be challenged by
abnormal amounts of ROS produced either by inflammatory cells or during the process of
reoxygenation around the mitochondria in the hypoxic regions (Coussens and Werb, 2002). Since
ROS are known to induce DNA damage (Klaunig and Kamendulis, 2004), the surveillance
mechanisms to preserve genomic integrity are of extreme importance in an organ such as the
prostate, challenged not only by general genotoxic insults but also prone to these organ-specific
harmful conditions. The prevalence and multifocal nature of prostate cancer (Villers et al., 1992),
together with frequently occurring structural alterations in the DNA of normal prostate tissue
(Malins et al., 2005; Malins et al., 2003), may arise from defective DNA damage checkpoints, as
described in this study (Figure 11). In particular, inadequate regulation of p53 and cell cycle
checkpoints through Wee1A may increase the risk of prostate cancer development, and should be
considered targets for prostate-specific intervention strategies.

Figure 11. A model for imperfect DNA damage checkpoints in the prostate epithelia. HPEC  cells  are  not
amenable for the DNA damage mediated activation of p53, and lack induction of p21. The basal level of Wee1A
kinase is low, and it fails to phosphorylate Cdk1/2 on Tyr15. Downregulation of Cdc25A alone is insufficient for the
maintenance of Tyr15 phosphorylation. Cdk2 kinase activity remains intact after IR allowing unhindered DNA
replication, cell cycle progression, predisposing the cells to accrual of DNA damage and malignant conversion.
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CONCLUDING REMARKS

The basis for the extremely high frequency and multifocality of prostate cancer is unknown. This
key feature could be indicative of a defect in DNA damage and checkpoint control pathways, but
so far no susceptibility genes involved in the checkpoint control have been identified as altered in
prostate cancer. Furthermore, prostate cancer is known to be highly resistant to chemotherapy,
and new treatment options are therefore urgently needed.

Our studies provide evidence that the pathways controlling DNA damage responses are
attenuated both in human prostatic epithelial cells and human prostate tissues. Unlike cells with
intact DNA damage responses, HPECs lack DNA damage induced G1/S, intra-S and G2/M
checkpoints and are resistant to IR-induced apoptosis. The slower clearance and sustained nature
of DNA damage foci in the presence of continuous replication is suggestive of persistent DNA
damage and/or replicative stress.

The results presented here show that the lack of cell cycle checkpoints induced by DNA damage
associates with defects in two processes: p53 response and inhibitory Cdk1/2-Tyr15
phosphorylation by Wee1A tyrosine kinase. HPECs have low levels of Wee1A due to fast
degradation of the protein by the proteasome. Ectopic Wee1A kinase restored Cdk2-Tyr15
phosphorylation and efficiently rescued the IR-induced checkpoint. The lack of IR-induced p53
function was restored by nutlin-3 and LMB, leading to accumulation of p53, activation of
downstream target genes such as p21, and concomitant cell cycle arrest. These results indicate
that downstream signaling pathways of p53 are indeed functional in HPECs and can be targeted
for therapeutic activity.

The integrity of genomic DNA is constantly challenged by genotoxic insults. Cellular DNA
damage triggers the DNA damage response pathway, activates tumor suppressor p53 and Wee1
kinase, and leads to enforcement of cell cycle checkpoints. We hypothesize that the prostate has
evolved to activate these pathways only to certain stresses in extreme circumstances. In doing so,
this organ inadvertently made itself vulnerable to genotoxic stress, which may have implications
in malignant transformation. Recognition of the limited activity of p53 and Wee1 in the prostate
could drive mechanism-based discovery of preventative and therapeutic agents.

Triptolide, a purified compound from the herb Tripteryium Wilfordii hook, is one of the few
agents which possess various anti-tumorigenetic effects on HPECs. These results suggest that the
dose dependent effects of compounds like triptolide on prostatic epithelial cells might be
exploited for different applications. The moderate growth-inhibitory activity and induction of
senescence by low doses of triptolide might be appropriate for chemopreventive strategies against
prostate cancer. The fact that normal as well as cancer-derived cells responded to triptolide is
supportive of this possibility. Induction of senescence is especially relevant to slowly
proliferating prostate cells that do not respond well to agents that directly target replication. The
proapoptotic activity of higher doses of triptolide might be more suitable for chemotherapeutic
applications. We used fresh human prostate tissue to study the DNA damage responses. This
novel model could provide a preclinical model system for future studies addressing tissue
responses to, for instance, external DNA damage or cytotoxic drugs.
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