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Summary

The study shows for the first time that c-Jun stadsliand activates p73, in turn, p73
influences c-Jun’s function in cell fate decisions. Gienevidences consolidated the
findings, asc-jun’ cells aredefective in p73 stabilization, transcriptional activatiand
are resistant to cisplatin-induced apoptosis. Introducidgncinc-jun’ cells restores p73
stabilization/levels, activation and sensitivitydieplatin. The half-life of p73 is extended
by c-Jun resulting in enhanced p73 mediated-transactivatibe. ability of p73 to
transactivate its down stream genes is reducaeb&ic-jun’ cells compared tgp53"
cells. Both the amino and carboxy-termini of c-Junepehdently are required for
increased p73 levels and transcriptional activity. The PRYifns conserved in both p73
and c-Jun, indicating that they have shared functionsegulating various biological
processes in the cells. Furthermore, the apoptosis mglfwnction of p73 is potentiated
by c-Jun.

Exposure to UV radiation is shown to induce p73 levela wariety of cell lines.
The UV-mediated p73 stabilization occurs at the post-transoniat level and is not
compromised in cells lacking c-Abl or c-Jun-amino-termkiahses, Jnks 1, and 2. It
was also shown that when p73 is transiently over egpdedJV stabilizes the transfected
p73. However, the consecutive exposure of cells toytmeadiation and the UV-
irradiation enhanced the stabilization of p73 and inccetise cell death when compared
to cells treated with either or UV irradiation alon€his is exemplified by the absence of
colony formation irp53” cells, indicating that combined signals can induce asiptry
stabilizing p73.

The ability of TA-p73 to influence c-Jun function was adsadied, as both appeared

XX



to be over expressed and co-exist in tumors. This sthiolys for the first time that p73
increases AP-1 (5XTRE) activity and it synergies withuc-to potentiate AP-1 activity.
The transactivation domain (TAD1) near the NH2-terminLip48 is necessary for its
ability to synergize with c-Jun. Furthermore, it appe#inat p73 potentiated AP-1
activity, predominantly dependent on the endogenous c-Jurssiqgume JNK-mediated c-
Jun phosphorylation is required, but not essentialtéoability to co-operate with p73.
Further, it can increase the expression of AP-1 targetsgeuch as collagenase-1 and
MSH-2. P78 shows the best synergistic effects with c-Jun aspewed to the other p73
family members. In addition, the basal level of AP-livdty was lowered by the
dominant negative p73 (DD), indicating that p73 is essefatiahe basal AP-1 activity.
Both TA andANp73 promoter encodes AP-1 like responsive elements anddaies the
possible existence of a regulatory loop betw&lRRp73 and TA-p73/c-Jun.

This study also show that p73 could transform immortalif@dblast cell lines
such as NIH 3T3 in co-operation with c-Jun. This indisathat p73 could support
transformation in the presence of excessive oncogemalsigout not in its absence. In
addition, p73-induced MDM2 promoter activity observec&8” fibroblasts is reduced
in p53’c-jun’” andp53"Mdm2" fibroblasts. Correspondingly, p78-c-Jun, and MDM2
synergistically increase MDM2 promoter activity. Takemeiher, these observations
suggest that p73 function is modulated in cancer celis.aggregate, this study has

identified for the first time a critical role of c-Jumthe regulation of p73.

XXI



CHAPTER |

“The important thing in science is not so much to obtain néacts as to discover new
ways of thinking about them” Sir William Bragg (1862 - 1942).

INTRODUCTION



1.1 p53, the tumor suppressor

The p53 protein is a transcription factor that induces loetl cycle arrest and
apoptosis, in response to diverse genotoxic and celltlasses. The p53 gene is
frequently mutated in human cancer, being mutated oilds5% of all tumors (Oren,
1999; Hollstein et al., 1991; Sengupta, 2005). Hence, p53 is thaupglatytan important
role in maintaining--commonly referred to gesardian of genomehe integrity of the

genome (Lane et al., 1992).

1.1.1 p53 structure and targets

The p53 protein transactivates several sets of genesgetmute DNA repair,
growth arrest and apoptosis (Figure 1.1). It contains H2-términal transactivation
domain, a central DNA-binding domain (DBD) and a carboxyhteal oligomerization
domain (OD). The DBD-- a mutational hot spot that comiyp@ccurs in various human
cancers-- facilitates sequence-specific DNA binding to p58oree elements (p5S3RE)
present within the regulatory regions of a number of pg8iated genes (Ko et al 1996;
El-Diery, 1998). The OD facilitates tetramer formati®ast-translational modifications
including phosphorylation, acetylation, sumoylation, glyation are critical in
modulating the binding activity of p53 to its responsive el@séMeek et al., 1999;

Wabhl et al., 2001; Brooks et al., 2003).



Stress

' . Apoptosis_
DNA Repair Growth arrest Bax —\[e5'C)

GADD45

Nucleus

Figure 1.1 Activation of p53 can lead to the expression of DNA rep@i]l cycle arrest
and Apoptotic target gengfyan et al., 2001; Chen et al., 1999; Lohrum et al., 2000; Ko
et al., 1996; Vousden K 2000; El-Diery WS 1998; Sengupta, 2005.)

1.1.2 Regulation of p53 function

Activation of p53 can occur in response to UV, IR, MM®),Mnti-cancer drugs,
hypoxia, nucleotide deprivation etc. (Lakin et al.,, 1999; Ekpiet al., 1998). The
signals and mechanisms that regulate p53 activity are beddn several recent reviews
(Oren, 1999; 2003 Ko et al., 1996; El-Diery, 1998; Gottlieb et1#98; Ryan et al.,
2001; Wahl et al., 2001; Haupt et al., 2004; 2003a; 2003b; 2002; Ashcraft E399a;
1999b; May et al., 1999; Sionov et al., 1999). The p53-MDM2 auto tegyleop is a
well-established regulatory network: MDM2 is a target gehp53 and is a negative
regulator of p53 protein levels. In an undamaged cell, pd8ngplexed (through the N-

terminus) with Mdm2 and targeted for ubiquitin-dependent phygiso (Haupt et al.,



1997). In response to DNA damage, p53 is phosphorylatedia¢-4&r and serine-20,
displacing Mdm2 from the N-terminus, leading to an incedaghe protein levels of p53
(Figure 1.2). Activated p53 is then capable of inducing thestrgption of genes that lead
to cell cycle arrest (p21, TGF-b and Cyclin G), apoptgBax, AIP1, PUMA, Noxa,
PI1G, DR5 etc.) or enhanced DNA repair (PCDNA, XPE @#&DDA45) (Oren, 1999;

Michael et al., 2002; Ryan et al., 2001; Sengupta, 2005).

Stress

Nucleus

Figure 1.2 The p53-MDM2 auto regulatory loofAs with other p53 target genes,
transcription of MDM2 is increased when p53 is activaded stabilized (Ashcroft,

1999). In turn, the MDM2 interacts with p53 and target it dibiquitin-dependent

degradation. In response to stress signals, p53 undergtibs geosphorylation near the
MDM2 binding site (N-terminus of p53), which blocks MDM2'’s alyilito target p53

(red) for degradation (Michael et al., 2002; Ryan et al., 2001)



1.2 p53 family members

Given the importance of the p53 gene in human cancessndit surprising that a
considerable effort has been put forth to identify p53 hogu@s. Only in late 1990s,
two novel family members were identified and termed p@BEG8 (Kaghad et al., 1997,
Caput, 1997; Yang et al., 1998). Though they were structuratijasj research in the
last 7 years showed surprising diversities. That is, p73aappecarry out both p53
related functions and completely novel functions (Iretiral., 2001).

1.3 Introduction to p73

In a search for new interleukins, a cDNA that was pted to encode p53 like

protein, Daniel Caput and co-workers identified p73 in 1997.
1.3.1 Chromosomal localization of p73

It is located to chromosome 1p36.3, a region thateguently deleted in variety of
human cancers or exhibits loss of hetrozygocity (LO@Hneuroblastoma, lung cancer,
gastric cancer, HCC, breast cancer, ovarian cancaagd@het al., 1997; Barrois et al.,
2001; Blatt et al., 2001; Casciano et al., 2002; Melino e2@D2; Yang et al., 2001;
Araki et al., 2002; Nakagawara, 2001; Imyanitov et al., 1999; ighiet al., 1999; 2000;
2001). The fact that p73 was located in a long suspected fome, was met with a
great expectation, as this gene could potentially funcés a tumor suppressor.
However, subsequent searches in many types of cancefchankneither mutations nor
consistent pattern of loss of hetrozygocity in the iamg allele of p73 gene (Melino et

al., 2002).



1.3.2Gene architecture of p73

The structure of the p73 gene is highly complex when compartdhtmf p53.
The gene encoding p73 is approximately 65 KB in size. Human B8 has a single
promoter, which directs the production of a single mMRN&&i® et al., 2001; Yang et
al., 2000). On the contrary, the TP73 gene, containsrdependent promoters, P1 and
P2, which make use of alternative splicing to generatmwsrisoforms (Yang et al.,
2000). The promoter P1 is in the 5'P-UTR, upstream of acoaimg exon 1 and
produces full-length proteins containing the TA domain (TAp73)e promoter P2 is
located within the 30 KB spanning, Intron 3. It gives risé& Aedeficient-ANp73 proteins
(Melino et al., 2002).

1.3.3Structural organization of the p73 promoter

The upstream promoter region of the human p73 gene has begallypar
characterized (Ding et al., 1999). Unlike the p53 promoterp3epromoter contains a
TATA-like box (Strano et al., 2001). Initial studies shdhat the region between
nucleotides —119 to +119 relative to the start of exon ltagemthe region required for
the basal transcription of p73 (Ding et al., 1999; Seelah,e2002). This region contains
putative SP1, AP-2, and Egr-1, 2,3 sites and several stsetfh€pG di-nucleotides
(Ding et al., 1999; Strano et al., 2001; Davis et al., 2001)e région located between
position —119 and —2714 contain additional regulatory site€¥f:and c-Myb (Levrero
et al., 1999; Melino et al., 2002; Seelan et al., 2002). Rurdhegotential p53-binding site
was identified in the p73 promoter that is responsive to pbBhand p73 and is auto

regulated (Chen et al.,, 2001). Interestingl{y-p73 promoter does not share any sort



similarity with its counter part TA-p73 promoter and fipaars to be regulated by

different transcription elements (Melino et al., 2002).

| 10 | 14 | p73d

10 | 12 | 14 | pie

10 | 13 | 14 | pi3c

C-terminal isoforms /

10 [ 1] 13 [ 14 | prsy
10 | 11 [ 12 | 14 | p73p
SP-1, AP-2, RAS, HOMEOBOX
et g 10 0 11l 12 13 [ 14 |pBa

¢-MYC & c-MYB

p33,p73,
¢-Jun

30kB

1 | ¥ 4 | 5 | Ap73(Aexon?)

5 | Ap73(Aexon3)

N-terminal isoforms

( Adapted and modified from Melino et al., 2002)

Figure 1.3 Splice variants of p73, and transcriptional factors regulgd@3 The p73
gene has two promoters, which are divided into two grotips. two groups include
those containing the TA domain (containing first three exodirected by the P1
promoter and thaN domain (containing 4-14 exons), directed by the P2 promdiee.
use of either alternative splicing or alternative prar®tcan generate NH2- (due to
exons 2, 3 and 3’) and COOH-termini isoforms (due to eXdnsl?2 and 13). Potential



transcription factors/proteins that are active on G@hred colour) and\N-p73 (yellow
colour) promoters are indicated (Melino et al., 2002).

1.3.4Structure organization of p73

The gene encoding p73 contains 14 exons and two alterqatveoters. It is
subjected to alternative splicing as well. As a resuithe use of alternative promoters
and splicing, at least five NH2-terminal and six C-termisaforms (Melino et al., 2002)

can be produced. (Figurel.3) (Melino et al., 2003; 2002; Lohrwah, &000)

P53 [TAD DBD oD
~29% ~79 ~339%

P73 [TAD DBD oD [SAM

Figure 1.4 Comparison of the protein structures of p53 and p7Bercent homology to
the p53 sequence is indicated above. Potential protein-proteraction domains,
include a SAM-like domains found only in p73 (Melino et al., 2A&)2; Lohrum et al.,
2000).

Transactivation domain (TAD)

TAD is subjected to post translational modificasiom response to DNA damage.
MDM2 binds to TAD and modulates protien functions (Micheihl., 2002; Gu et al.,
2000; 2001). MDM2 can bind to TAD and suppress its transcriptastality underin
vitro conditions (Chen et al., 1999; Balint, et al., 1999). weker, MDM2 failed to

promote p73 degradation as observed for p53 (Cox et al., 1999).



DNA binding domain (DBD)

All the ‘hot spot residues”’(R175, G245, R249, R273 and R282) in the &BD
conserved (Ichimiya et al., 2000; Yang et al., 2000). The DBIOs to promoter DNA
for the transactivation of genes, such as p21, MDM2, GAD@A8,Bax.
Oligomerization domain (OD)

OD mediates homotetramer formation (Ko et al., 19%6xthermore, a weak
heterotypic interaction between p63 and p73 proteins was sadgésbjima et al.,
2001).

SAM domain and C-terminus (CTD)

The CTD diverges among the isoforms. Structural arsatgsently elucidated that pa3
has a molecular feature at the C-terminus representstgrée alpha motif (SAM)-like
domain that is not found in p53 (Khagad et al., 1997). The $AMain is conserved
only between p78 and p63a and the percentage of homology is 51% (Melino et al.,
2003). The SAM domain is hypothesized to play a role in praetein interaction
(Davison et al., 1999). Furthermore, this region could addfgscto the function of
p73.

1.3.5 Expression of p73

1.3.5.1 p73 expression in normal tissues

Most cells express very low levels of p73. In humaralfeind adult tissues, TA
(transactivation)-p73 isoforms are most abundant (Isturabal. 2002; Grob et al, 2001),
while in the mouse neonatal brain and sympathetic gangbanjak et al., 2000)AN-

p73 seems to be the most highly expressed isoform.



1.3.5.2 p73 expression in cancerous cells

In normal cells p73 is present at the low levels, whiléumor cell lines (cancers of the
breast, lung, esophagus, stomach, colon bladder, oleey, bile ducts, ependymal
lining, myeloid and neurons) p73 is over expressed (Moll.e2@01; Chen et al., 2000;

Codegoni et al., 1999; Dominguez et al., 2001; Zaika et al., 1999;.2002)

1.3.6 Regulation of p73

p73 activity is regulated by several of the same mole@adgsh3, which supports
the idea that p73 participates in maintaining genome stabilRgcently, it has been
shown that p73 induces apoptosis by potentiating the esipresf scotin, PUMA and

Bax (Rossi et al, 2005)

1.3.6.1 Regulation in response to DNA damage signals

Like p53, p73 is induced in response to various DNA damaging afésmg et

al., 2002; Melino et al., 2003; Irwin et al., 2003).

1.3.6.2Role of Post-translational modifications: Regulation of p73 ¥ c-
Abl, ATM, and MLH-1 network.

In response to DNA damaging agents such as cisplatimaizing radiation (IR)
p73 is up regulated (Gong et al., 1999; Agami et al., 1999; Yualy, 4999). Although
the molecular mechanisms by which p73 is activated in respori3dA damage signals
is not clear yet, the presence of the mismatch remaie (MLH1) and a functional and
physical interaction between c-Abl and p73 are importaneficient induction of p73
(Gong et al.,, 1999; Agami et al.,, 1999; Yuan et al., 1999s c-ABL (Abelson

leukaemia) is, itself, phosphorylated and activated by Afdfaxia telangiectasia
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mutated), ATM might also be included in this pathway (Yuanale 1999). The

activation of p73 in response to DNA damage is mainly régdlat the post-translational
level. However, recent results suggest that p73 isaaigeated at the transcriptional level
in response to a DNA damaging drug, Campothesin (Chen €08I1). In addition,

information is lacking about the interactions of tlikedent splicing isoforms with these
kinases and acetylases. It seems likely that the mespto DNA damage is highly
dependent on the cellular context, relative abundamce modification of each of the

p73 isoforms.
1.3.6.3p38 kinase
It has been shown by Sanchez-Prieto et al., (2002),theap38 MAP kinase

phosphorylates p73 on threonine residues adjacent to molifirthermore, it was

shown that p38 mediated p73 stability and transcriptioniadedion is dependent c-Abl.

= = Nucleus

-. -t",_ rcl / ?. \';I_.l'\ g %Y :l‘. : £ 5 '-‘.“"-
SCNSEINSLINSCIN
Apoptosis Arrest

UMA, PER
__NOXA,pS3AIP
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Figure 1.5 Pathway involving p73 in DNA damagPNA damage that is elicited either
by cisplatin, or IR-irradiation triggers a p73 pathwagdependent of the p53 status and
activation-- that is mediated mainly by MLH1, ATM andABL (Gong et al., 1999;
Yuan et al., 1999; Agami et al., 1999). This p53 pathway reqa@esral complex post-
translational modifications during its activation. 8arly, there is evidence that p73 is
phosphorylated by c-Abl, p38, HIPK2 and acetylated by p300 (Zealy, 000; Kim et
al., 2002; Sanchez-Prieto 2002). As with p53, several mechardims p73 to
differentially regulate distinct classes of promotershsas cell cycle arrest and apoptosis
(Chen et al., 2000; Stiewe et al., 2001).

1.3.6.4 HIPK2 kinase

Another kinase, home domain interacting protein kinagéllPK2), has been

found to bind to p73 and enhance its function (Kim e2802)

1.3.6.5 Acetylases

The ability of p53 to bind to its cognate DNA sequence activade p53-
dependent transcriptional activity is regulated by intgac of p53 with the
transcriptional co-activator p300/CREB binding protein (Lilad., 1997). Similarly,
recent studies have demonstrated that the N-terminus (1-15&)3odirectly interacts
with N-terminal CH1 domain of p300 to activate transcripteomd to induce p73-
mediated apoptosis (Zeng et al., 2000). More recently,ete\(2002) and his colleagues
reported that p73 was acetylated by p8&®dOcarboxyl-terminal lysine residues and this

specifically potentiates the apoptotic function of p73.

1.3.6.6 Sumoylation

p73x, but not p7B has been shown to be covalently modified by the SUMO

(small ubiquitin-like modifier 1)(Minty, 2000). The major $10-1-modified residue in
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p730 is the C-terminal lysine (Lys627). The SUMO-1 modifed p33nore rapidly
degraded by proteasomes than unmodified p73. In additioas itdtently been shown
that PIAS-1 binds to p#3and sumoylates it. The PIAS1 mediated sumoylation deesea

p73 transcriptional activity on several target promotersrriz et al., 2004).

1.3.6.7 Regulation of p73 by MDM2

It has been shown that several stress signals sefp#&E8. Haut et al., (1997) and
Kubbutat et al (1997; 1999) have reported that MDM2—a target gep®3e—is a key
player in the regulation of p53 stability (Haut et al., 19ubbutat et al., 1997; 1999).
Recent studies have suggested that MDM2 itself shows afisple8i ubiquitin ligase
activity and it covalently attaches ubiquitin groups to p&3vall as to itself (Linares et
al., 2003).

p73 was also shown to induce MDM2 at the transcriptidexatl. Although
MDM2 protein binds to N-terminal regions of p73 protesnandf3, it does not degrade
p73, but neutralizes the ability of p73 to transactivate lit et al., 2002). The p73—
MDM2 interaction also affects the sub cellular lozation of p73 (Gu et al, 2001),
potentially contributing to p73 stability. In fact, MDM2shheen shown to increase the

stability of the p73 protein (Ongekoko et al, 1999).

1.3.7A N-p73

AN-p73 lacks the transactivation domain and it can be deeuder from an
alternative promoter in intron 3 or an alternativécapy that originates from the first few
exons namelyA2Np73 andA3Np73. As shown in the figure (1.4), botl2Np73 and

A3Np73 are generated from the same promoter as TA-p73 by spdictngxon 2 and
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exon 3. AN-p73 (P2) promoter has been shown to be transactivatecdthy Bep73 and
p53 (Ishimoto et al., 2002; Fillippovich, et al. 2001; Melino let 2002), indicating an
autoregulatory feed back loop (Grob et al., 2001; Kartasheah, 2002). Of note, both
MDM2 and AN-p73 are transcriptional targets of p53. Deregulatiorhe$e regulatory
loops in cancer cells, resulting in upregulation of eiti®M2 or ANp73 or both, would
effectively inhibit the function of p73 (Melino et a2002). In developing braidN-p73

is highly expressed and appears to play an anti-apoptdgicrvivo (Yang et al., 2002).
In human cancer®N-p73 is specifically upregulated (Ishimoto, et al., 2002; DousyRa
et al., 2002). This study included 35 cancers (cancers @iy, endometrium, cervix,
vulval, vagina, breast, kidney, and colon) (Zaika, et2802). Recently, Casciano et
al.,(2002) reported that in neuroblastoma patients, expressithe anti-apoptoticAN-

variant of p73 is strongly associated with reduced survivélpaedicts a poor outcome.

1.3.8 Regulation by oncogenes

It has been shown recently that various oncogenes asict-Myc and E1A
upregulate the levels of p73 (Irwin et al., 2000; Zaika ¢2a8D0).
1.3.8.1 c-Myc and E1A
Zaika et al., (2000) have shown that p73 expression is imctdas overexpression of
c-Myc. In addition, Watanabet al. (2002) showed that the interaction between c-MYC
and p73 results in inhibition of p73’s transcriptional atyivi Flinterman et al., (2004)
showed that E1A also increases the expression of endagendp73 mRNA and

protein. Both E1A and c-Myc appear to increase p73 leksdsigh E2F1.
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1.3.9 The role of p73 in cancer

The fact that the regulatory molecules—ATM, ATR, AiB8 etc. —that activate
p73 are similar to those known for p58uggests a comparable function of tumor
suppressor genes in human cancers (Stiewe et al., 20@Ryever, data obtained from
knockout mice failed to support its role as a tumor suppre@sang et al., 1999).
Further, several groups reported increased expressios @vidtal p73 in tumor tissues
compared to the surrounding normal tissue (Zakia.et2802) However, the role of
increased expression of p73 in tumors is not clear yetor&enaking a firm conclusion,
one would need to consider the complexity, differenhdaativation potential and
apoptotic activity of p73 isoforms and their ability toeirsict with each other (Levrero et
al.,, 2000). In the case of hepatocellular carcinomasegpeession of p73 could be
correlated with a poor patient survival prognosis (Qin et2800; Herath, et al., 2000).
Another study determined thatN-p73 is a strong adverse prognostic marker in

neuroblastomas (Casciano et al., 2002).

1.3.10 p73 mutations, Loss of heterozygosity, Imprinting, andromoter
silencing

1.3.10.1 p73 mutations and loss of heterozygosity

The human p73 maps to chromosome 1p36.33, which frequentlygoedeloss
of heterozygosity in breast cancer, neuroblastoma anedradewther human cancers
(Kaghad et al, 1997). The mouse p73 maps to the digtabpahromosome 4, which
undergoes frequent loss of hetrozygosity (LOH) in raolimtnduced T-cell lymphomas

(Herranz et al, 1999; Stiewe et al., 2002). The fact p7& maps to chromosome
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1p36.33, which frequently undergoes loss of hetrozygosity, may stutige p73 could
be a tumor suppressor gene. This notion initiated am&xeeanalysis of the p73 status
(Zaika et al., 2002; Stiewe et al., 2002). Unfortunatelss lof function mutations in the
p73 ORF is quite uncommon (Melino et al., 2002).
1.3.10.2 Imprinting

Initial studies indicated that p73 is an imprinted gene @&deet al. 1997). That
is, only one allele is active and other one is seéeindy epigenetic mechanisms.
However, this appears to be rather infrequent and vinoestissue to tissue (Moll et al.,
2001; Zaika et al, 1999; Kovalev et al, 1998). A number of ssutkere demonstrated
loss of imprinting (LOI), biallelic expression of p73 oreddl switching (Stiewe et al.,
2002). In fact, LOI is exemplified in lung, esophageal amhl carcinoma (Mai et al,
1998 a & b; Cai et al, 2000; Moll et al., 2001).
1.3.10.3 Promoter silencing

Loss of p73 expression due to hypermethylation of promoter egppeabe
infrequent in general. It is reported only in certain hetogical malignancies such as
primary acute lymphoblastic leukemia (ALLs) and Burkitt lyroptas (Corn et al, 1999;
Kawano et al, 1999; Banelli et al., 2000; Stiewe et al., 2D0& et al., 2003). On the
contrary, increased expression of p73 was reported imichmyeloid leukemia, acute
myelogenous leukemia, and B-cell chronic lymphocytic leukgBi&LL) (Peters et al,

1999; Novak et al, 2001; Stiewe et al., 2002).

1.3.11 p73 alterations in human cancer

Tumor Mutations Loss of heterozygosity
Neuroblastoma 2/317(P450R, P425L) 66/307

Central nervous system 2/142 (N204S, E291K -

Melanoma 0/68 3/27
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Parathyrodi adenoma 0/16 4/16
Lung cancer 1/114(P450K) 32/107
Hypopharyngealcarcinomas 0/17 -
Oesophageal cancer 0/48 25/76
Gastric cancer 0/82 12/32
Colorectal cancer 0/125 8/46
Bladder cancer 0/23 -
Prostate cancer 0/133 2/38
Renal cancer 0/27 -
Cholanglocarcinoma 6/11
Hepatocellular carcinma 0/48 21/71
Leukemia &lymphoma 0/91 -
Breast cancer 1/145 20/194
Ovarian cancer 0/63 33/141
Total 6/1459 232/1066
(0.46%) (21.76%)

(Adapted from Melino et al., 2002)

Figure 1.6 p73 alterations in cancer.

p73 mutational analysis presented by Melino et al., (2002) sisgtiet p73 mutations
are rare in a variety of tumors. However, therea isignificant incidence (40-33%) of
Loss of heterozygocity especially in gastric, lung, pasgeal and neuroblastoma cancer
types (Melino et al.,2002). (Neuroblastoma (Douc-Rasy. e2@D2; Kovalev et al., 1998;
Ichimiya et al., 1999; Ejeskar et al., 1999; Han et al., 1999gt ial., 2000; Yang et al.
2000; Kong et al., 1999); Central nervous system (Chi e1299; Lomas et al., 2001,
Nozaki et al., 2001 Alonso et al., 2001); Melonoma (Kroissgle 1998; Herbst et al.,
1999; Schittek et al., 1999); Parathyroid adenoma (Shan 08@l; Lung cancer (lkeas
et al., 1999; Nomoto et al., 1998; Nicholson et al., 2001;d¥ai., 1998; Tokuchi et al.,
1999); Hypopharengeal carcinoma (Faridoni-Laurens et al., 20@kppDhageal cacner
(Ryan et al., 2001; Nimura et al., 1998; Cai et al., 2000) striéacancer (Han et al.,
1999 ; Kang et al., 2000; Yokozaki et al., 1999); Colorectal caftten et al., 1999;
Sunahara et al., 1998) Bladder cancer (Yokomizo et al., 199®@ksta®e cancer
(Yokomizo et al., 1999; Takahashi et al., 1998); Renal céiviegret al., 1998);
Cholangiocarcinoma (Momoi, et al., 2001); Hepatocellgkamcer (Mihara et al., 1999;
Peng et al., 2000; Herath et al., 2000); Leukemia and Lympli@wn, et al., 1999;
Stirewalt et al, 1999); Breast cancer(Han et al., 199%aZeti al., 1999; Shishikura et al.,
1999; Schwartz et al; Dominguez, et al., 2000 ; Ahomadegbd,, €080) ; Ovarian
cancer (Chen et al., 2000 ; Codegoni, et al., 1999 ; Imyamtal,, 1999).

1.3.12 Tumor derived mutants inactivate p73

A moderate degree of interaction between wild-type p53 and 5 ®den shown

(Kaghad, et al, 1997; De Laurenzi et al, 2000). More than S08arwer cells have high
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levels of mutant p53 and some tumor derived p53 mutants haxgmificant ability to
bind and interact with TAp78- In co-transfection assays, it has been shown ttiet
175, 248 and 281 mutants of p53 interact with pZ#d inhibits its ability to
transactivate reporter genes and apoptosis (DiComo &099; Gaiddon, et al, 2001;
Strano et al, 2001; Melino et al., 2002). In addition,association between p53 mutants
and p73 is regulated by a common polymorphism at codon 72 adhpb8ncodes Arg or
Pro, with Arg leading to a stronger interaction with g¥V&rin et al, 2000; Melino et al.,
2002). Together, inactivation of p73 by mutant p53 seems teidpraa selective

advantage in promoting tumorigenesis.
1.3.13 Interaction between p73 and viral proteins

Several groups showed that DNA tumor viruses (DTV) ictenath p53 (Levrero
et al., 2000; Ko, 1996; Levine 1997; Oren 1999). The interactiweka DTV and p73
results in inability of p73 to transactivate reporter geand apoptosis. For example,
SV40 T antigen, E1B, HPV proteins bind to p53 and sequesteroit ant inactive
complex. None of these viral proteins interact wait8 (Kaelin, 1999b; Melino et al.,
2002). However, the Ad E4 and the HTLV1 tax proteins bind tbiaactivate p53 and

p73 (Das et al., 2003; Lemasson et al., 2001; Moll et al., 208lind/jet al., 2002).

1.3.14 Phenotypes gb73" mice

Unlike p63"~ mice, TP73"" mice survive postnatally, despite having multiple
defects (Yang et al, 2001). Given the similarity of thenege theTP73 knockout
phenotype shows no obvious overlap with thaT Bb3deficient mice. p53 deficient

mice develop thymic lymphoma, fibrosarcoma, other tumargl excencephaly
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(Donehowver, 1996). In contrast, p73 null mice show no tsm@ous tumors (Yang et
al., 2002).

TP73" mice appear to suffer from the following:

1. Somatic growth retardation.

2. Malfunctions in fluid control in the central nervaystem and respiratory airways.

3. Middle ear inflammation/infections.

4. Defective neurogenesis.

5. Abnormal reproductive and social behavior (Yang e2@00).

1.3.15 p73 participates in DNA repair pathways

The following facts may suggest that p73 participates in D&p&ir pathways:

1. The ability of p73 to respond to DNA damage signals, ikestits counterpart-p53.

2. MLH-1" cells failed to induce p73 in response to cisplatin treatni@ong et al,
1999).

3. p73 overexpressing clones have increased levels ofiepbir proteins (Vikhanskaya
et al., 2001).

1.3.16 p73 participates in differentiation

The following facts may suggest that p73 participates iemdfftiation:

1. The overexpresion of p@3induces morphological and biochemical markers of
neuroblastoma differentiation (Laurenzi et al., (2000).

2. Laurenzi et al., (2000) have shown that TA-p73 expressimereased during retionic

acid-induced and spontaneous differentiation of neurblasteitza
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3. Human skin keratinocytes have been shown to undergin&rdifferentiation when
TAp73-y andANp73 are overexpressed (Laurenzi et al 2000; Kovalev et al 1998).
4. Li (2005) showed that pd3suppresses myogenic differentiation on one hand. On the

other hand, p73fails to have any effect on differentiation.
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2.1 c-Jun
The proto-oncogene Jun, represents one of the impaedarmonents of the AP-1

family of transcription factors (Angel et al., 1991).

2.2 Introduction to c-Jun

The transcription factor, c-jun, is the cellular hdogue of v-jun, the
transforming oncogene of the avian sarcoma virus 17 (Nishietual., 1988). The c-Jun

appears to regulate both cellular proliferation and asigto

2.3 Gene structure of thec-jun

Hattori et al (1988) and Nishimura (1988) cloned the c-jun geeely fifteen
years ago. Cloning of the c-jun gene revealed thataitgene without introns (Nishimura
et al., 1988). The human jun gene is located on chromo%aheegion p31-32 (Haluska
et al, 1988). Murine jun is located on chromosome 4 eglen C5-C7 (Mattei et al,
1990; Vogt, 2001).

2.4 c-jun promoter

The c-jun promoter region is highly conserved betweens®, rat and human
(Mechta-Grigoriou et al., 2001). The c-jun promoter castgaotential binding sites for
several transcription factors, including SP1, Jun, GJEAAT Transcription Factor) and

AP1 (Brach et al., 1992; Angel et al., 1988; Mechta-Grigortcal.£2001).

2.5 Expression pattern of c-Jun

c-Jun has been shown to be mainly expressed in develogitigge, gut and the

central nervous system (Mechta-Grigoriou et al.,, 2001). wd¥er, c-Jun is over
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expressed in several human tumors or transformed ineB bf different cell origins
(Zoumpourlis et al.,, 2000). c-Jun’s expression level évatkd both in response to
growth and stress stimuli. Its expression level is letgd both at the transcriptional and

post-translational level.

2.6 The definition of AP-1

AP-1 is a group of dimeric basic region-leucine zipper B)firoteins that belong
to the c-Jun, c-fos family and others, which recognized-1&radecanoylphobol-13-
acetate (TPA) response elements (5-TGAG/CTCA-3’) (8hwa al., 2002; Angel et al.,

1988; O'Shea et al., 1992; Chinenov et al., 2001).

arget genes

@ Growth stimuli

ML Stress stimuli

Figure 1.7 AP-1 regulation.
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2.7 The structural organization of the c-Jun protein

c-Jun posses a dimerization (280-300), DNA-binding (257-276) anskizavation
domains (1-100) and these domains can be exchanged with haligtiequivalent

domains within the bZIP family (Vogt, 2001).

Human c¢-Jun

JNE MAPK sites

863 573 T21TO3

1 _ L1

3l

257276 280-308
DB LZ

Figure 1.8 Structural domains of c-Jun proteiMorton et al., 2003).
Transactivation (TA) domain

The N-terminal half of Jun contains the transactivatlomain.
DNA binding domain (DBD)

The DBD is located immediately N-terminal to the leuckipper sequence.
Residues 252-281 in the c-Jun protein consititues the basickiiéng region, which is
responsible for the sequence specific DNA recognitioa sit DNA contact surface
(Krebs 1995).

Dimerization domain
This dimerization domain contains five heptad repeatsufihes (Landschulz et

al., 1988; Alber et al., 1992). Hence, it is also referredha leucine zipper (bZIP)
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domain. Dimerization is a prerequisite for DNA binding&zonetis et al., 1988; Smeal
et al.,, 1989) and the dimerization of Jun and Fos enhdhe@snuclear translocation
(Chida et al., 1999).

The c-Jun is known to homodimerize or heterodineexath the c-fos protein.
However, c-Jun homodimers are less stable than c-fasieterodimers and they have
a higher affinity for the DNA target sequence (Allegredtaal., 1990; Halazonetis et al.,
1988; Nakabeppu et al., 1988; Smeal et al., 1989). Cellularxtcamed extracellular
signalling molecules decide the composition of the APriilfaof proteins.

2.8 Post-translational modifications of c-Jun
c-Jun mediates transcriptional regulation in responsevariety of stimulants and

it is tightly regulated posttranslationally.

GSK-3
INK MAPK ~ Abl SUMO 200
63/791/93 170 229 237249 P

n| | DD || TA DBD & LZ| <]

Figure 1.9 Post-translational modifications of c-Ju(Morton et al., 2003; Barilla et al.,

2000; Muller et al., 2000).
2.8.1Phosphorylation
Early studies show that c-Jun needs to be phosphorylatstiae 63 and 73 to

become an efficient transcriptional regulator (Adlerakt 1992a; Mechta et al., 1997;
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Smeal et al., 1991, 1992; Davis et al, 2000; Bohmann et al., 198Qun is
phosphorylated at two residues proximal to the major acivation domain. The
trasactivation domain is phosphorylated by a family oésst-activated protein kinases
(SAPKSs) (Adler et al., 1992c; Dai et al., 1995; Hibi et 4093; Pulverer et al., 1993;
Davis et al., 2000). The corresponding kinase gene, JNKI{Jterminal kinase), was
cloned (Derijard et al., 1994). Cloning JNK2 of a secondkinase, followed soon after
(Kallunki et al., 1994).

Further, c-Jun was shown to be phosphorylated at slite23T, Thr239, Ser 243
and Ser249, which are located near the DNA binding domain ap#rkrio be
phossphorylated by GSK-3 and Casein Kinase-Il (Boyld.etl891; Lin et al., 1992).
Dephosphorylation of these sites in response to grawtiulstion augments the binding
of c-Jun to DNA (Morton et al., 2003).

2.8.2 Acetylation

It has been shown recently that c-Jun is acetylatesivo and the specific
acetylation of c-Jun enhances its ability to trasamivdlownstream genes. In addition,
mutational analysis identified that Lys 271 in the c-Jasidregion, is acetylated by
p300 (Vries et al., 2001).

2.8.3 Sumoylation

It has been shown by Muller et al, (2000) that c-Junnsw substrate for SUMO-
1 both in vitro and in vivo. SUMO-1 targets a singlarlgsresidue in c-Jun (Lys-229),
and the SUMO-1 modification decreases transactivgtaiantial on an AP-1-containing
promoter compared with wild-type c-Jun, suggesting that SUM@¢htively regulates

c-Jun activity.
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2.9Biological functions of c-Jun
c-Jun appears to play a role in proliferation, transftionaand apoptosis.
2.9.1 c-Jun and cell Proliferation
The following facts support the idea that c-Jun plays jamnale in cell proliferation:
1. Fibroblasts/hepatoblasts lacking c-Jun exhibit a seveidgpabion defect. This
inhibition of cellular proliferation is associated witeduced expression of cyclin
D1 and D3. Importantly, c-Jun regulates cyclin D1 promeaietivity directly
(Eferl et al., 1999; Hilberg et al., 1993; Johnson et al., 198RirBet al., 2000;
Shualin et al., 2000).
2. Its ability to transform cells either alone or in theesence of a cooperating
oncogene (Bos et al 1990; 1999; Johnson et al., 1996; Schuktel©88; Leppa
et al., 1999; Vogt et al., 2001).
3. Both neutralizing antibodies and anti-sense RNA inhikét ¢ell's entry into S
phase (Kovary and Bravo, 1991; Riabowol et al., 1992; SmithRrochownik,
1992; Leppa et al., 1999).
4. Over expression of c-Jun alters the proportion d§édelS, G2 and M (Pfarr et al.,

1994).
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2.9.2 Transformation

2.9.3 Constitutive expression of c-Jun alone causes trangfaation

It has been shown that both c-Jun and v-Jun could trangbrimary chicken
embryo fibroblasts (Cavalieri et al., 1985; Hartl et ab95; 1992; Castellazzi et al.,
1990; Wong et al., 1992). The transformed cells are highlptfigenic and are capable
of anchorage-independent growth (Vogt, 2001). Similarlymammalian host systems,
c- Jun, is able to transform the continuous line ofibabblasts known as Ratla (Schutte
et al., 1989; Vogt, 2001). Together, these results suppoiva that c-Jun plays a

significant role in tumor pathogenesis.
2.9.4 c-Jun cooperates with other oncogenes to transform el

NIH3T3 cells can be transformed by c-Jun in conjunction Wwitdr1 (Mechta et
al.,, 1997). In addition, c-Jun can co-operate with mutatedto transform embryo
fibroblasts (Schutte et al., 1987). In the co-transfarroells, ras was shown to act
upstream of c-Jun, inducing JNK and constitutively phodplading c-Jun (Vogt et al.,

2001; Behrens et al., 1999, 2000).
2.9.5 c-Jun as a mediator of Apoptosis

Although c-Jun is known to induce proliferation, it hag tapacity to induce
apoptosis, a property that Jun shares with other onapsdike Myc, E1A, or E2F. In
NIH3T3 cells, over expression of Jun triggers programmeddeakh (Bossy-Wetzel et
al., 1997). c-Jun can trigger either proliferative or -pnbliferative/apoptotic signals
depending on the dimer composition, context, the cpégyor concentration of the DNA

damaging agents (Leppa et al., 1999).
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2.9.6 c-Jun and apoptosis

The following facts support a role for c-Jun in apoptosis:

1. DNA damaging agents such as UV;Q4, MMS, TNF-alpha etc. induce c-jun
expression (Mechta-Grigoriou et al., 2001).

2. IL-6 depletion causes apoptosis in lymphocytes. Durimgekecution phase of
apoptosis, both c-jun and c-fos expression is incred&sethermore, addition of
c-jun/c-fos antisense oligonucleotides protects theds deom undergoing
apoptosis (Mechta-Grigoriou et al., 2001; Colotta etl892).

3. Bossy-Wetzel et al., (1997) showed that increased express$ic-Jun causes
apoptosis in immortalized NIH3T3 fibroblasts that carpbevented by Bcl-2 or
inhibitors of ICE/CED-3-type cysteine proteinases.

4. Over-expression of c-Jun also induces apoptosis in enddtbelis. The process
is preventable by a dominant negative Jun mutant (Warg &089).

All these results provide evidence that c-Jun is a potdacer of programmed cell

death in various cell types.

2.10 Knockout studies on c-Jun: c-Jurnvivo functions

c-jun heterozygous mutant mice appear to be normal,bbtyes lacking c-Jun exhibit
impaired hepatogenesis, altered fetal liver erythropo&sis generalized edema. These
embryos undergo apoptosis in hepatoblasts and erythmbtesige (Hilberg et al, 1993;
Johnson et al, 1993; Eferl et al, 1999; Mechta-Grigoriou.e2@01). In contrast, over

expression of c-Jun in transgenic mice does not resuliny obvious phenotype
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(Grigoriadis et al., 1993). Further, Jun phosphorylation ntutace [c-Jun knock-in mice
carrying c-Jun alleles with INK phosphorylation sitetaions (Jun S63A and S73A)]
are viable and develop normally, indicating that N-termptadsphorlylation of c-Jun is

not requireed for embryonic development and organogerigsisens et al., 2001).

2.11 The Regulation of c-Jun

2.11.1 Transcriptional mechanisms

Growth factors (EGF, FGF) and tumor promoting agenBA(PMA) induce the
expression of c-jun at the transcriptional level ar/tinduce it through a TRE- like site
present in the murine c-jun promoter regulatory sequencesHhte-Grigoriou et al.,
2001).
2.11.2Post-translational mechanisms

The stimulation of c-Jun expression and post-transiatiodification seem to be
regulated sequentially: endogenous basal c-Jun protein r&& &ctivated by
phosphorlyation. Next, phosphorylated c-Jun augmentsvitsexpression, which results
in a positive feed back loop (Angel et al., 1988). The abditg-Jun to function as a
transcription factor is enhanced by JNK dependent phosphorylaiechanism. At least
three classes of JNK kinases (JNK1, JNK2 & JNK3) Haeen identified (Davis R et al.,
2000). JNK phosphorylates c-Jun and thereby connects Jwamidais signals, generated
by mitogens, stress signals, and genotoxic substancesr (étdal., 1995a,b; Derijard et
al., 1994; Franklin et al., 1993; Smeal et al., 1991, 1992). # sumgested that
phosporylated c-Jun could recruit CBP or histone deasstaio augment the c-Jun

dependent transcription (Arias et al, 1994; Mechta-Grigoeioal., 2001). The signaling
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molecules that originates upstream of JNK and their s¢iqlierieractions have not been
fully worked out. However, it appears that JNK is litsgctivated by a signal that

originates in Ras (Adler et al., 1992; Minden et al., 199dstwick et al., 1994).
2.12 The stability of c-Jun protein

Several studiesuggest that multiple proteolytic machineries, including the
proteasomes, lysosomes, and ubiquitous calpains, mayigetgian the destruction of c-
Jun. The relative input of each pathway is far from beimgwh. It has been
demonstrated that, in certain occurrences, the degraddtmdun by the proteasonme
vivo involves the ubiquitin pathway. Treier et al (1994) shothadtl c-Jun, but not v-Jun,

can be efficiently multiubiquitinated. ConsistentlyJwn has a longer half-life than c-Jun.
2.13 The relationship between p53 and c-Jun

c-Jun null fibroblasts have a proliferation defect. Thsliferation defect found in c-Jun
null cells was attributed to the accumulation of p53hisTdata suggests that c-Jun
negatively regulates p53 in fibroblasts (Shualin et al., 200d Jtavas shown to suppress
the expression of p53 at the promoter level (Schreibeal.et2000). In addition,
fibroblasts lacking c-Jun express very low levels afioyD1 leading to slow progression
from G1 to S phase (Wisdom et al, 1999; Wagner E, 2003). eTdieservations indicate
the ability of c-Jun to directly regulate cell cycledaapoptotic machinery. On the one
hand, it activates cyclin D1 transcription and on thleothand, it inhibits p21

accumulation through repression of p53 expression (Shuadin 2001).
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3.1 Hypothesis: c-Jun plays a role in the regulation of p73

3.1.1 c-Abl regulates p73 in response to cisplatin and IR inded DNA damage.

c-Abl is activated by certain DNA-damaging agents such a#atiis and ionizing
radiation. It contributes to the induction of programncetl death (apoptosis) by p53-
dependent and p53-independent mechanisms (Shaul et al., 20@@icer cells with
mutation in p53 gene are resistant to anti-cancer drugsevaw, their resistance is
partial, which indicates that alternative apoptotic patlsaayst (Gong et al., 1999). The
protein p73 is a structural and functional homologue of the y®8mt-suppressor protein.
It can induce apoptosis in the absence of p53 (Jost, é98I7). The p73 protein level is
increased in wild-type fibroblasts but notMLH" and AblI”™ fibroblasts. AlsoMLH™
and Abl™ fibroblasts were more resistant to cisplatin and hadf-life of p73 was
extended by cisplatin (Gong et al., 1999). Further, c-Abldesen shown to bind to p73
through its SH3 domain with the carboxyl-terminal homgarherization/PxxP domain
of p73. c-Abl phosphorylates p73 on a tyrosine residue d@tigo89 in cells that have

been exposed to IR (Yuan et al., 1999; Agami et al., 1999).

3.1.2 Cisplatin but not IR stabilizes p73

Both ionizing radiation and cisplatin induction have belown to result in
enhanced c-Abl kinase activity. However, only ionizing raaoim induces tyrosine
phosphorylation of p73. Further, only cisplatin treatm@sults in the stabilization of

p73, but not ionizing radiation (White and Prives 1999). Thetsguing observations
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raise the possibility that there could be other mo&sumvolved in cisplatin mediated
p73 stability. lonizing radiation induces double stranded DNAakse This kind of
DNA damage is more amenable to repair; hence, it indangscell cycle arrest. In
contrast, cisplatin interacts with DNA to form intrand interstand crosslink adducts
(Siddik et al., 2003). The cisplatin-modified DNA is ratenable to DNA repair
(Jordan et al., 2000). Thus, it is cytotoxic to cellshe Tact that p73 is not being
activated inMLH™ (Mismatch repair deficientMEFs in response to cisplatin indicates
that MLH is upstream of p73 and it participates in the Digpair process. Transient
activation of p73 in response to ionizing radiation wouldiltaa the activation of repair
pathways. This clarifies why p73 is only transiently indugedesponse to ionizing
radiation. While in response to cisplatin, the susthip@3 induction, results in
stabilization and activation of apoptosis. Hence, #nse clear as to why cisplatin
stabilizes p73 and not IR. However, it is essentialdemtify the molecules that are

involved in cisplatin mediated p73 stability.
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The c-Abl regulates p73 in response to
cisplatin/IR-induced DNA damage

Cisplatin

Wild-type cells
C- Af_:n' -/- cells

1 p73

References:

AgarmiE et al,, Nature 329, 809-813(199%)
Gong Jetal, Nature 393, 806-809(199F)
Tuan Z et al , Wature 399, 214-817 (1999

Figure 1.10 c-Abl regulates p73 in response to cisplatin and IR iceldt DNA damage
The resistance af-abl” MEFs to cisplatin treatment was attributed to lacknaiiction
of p73 in these cells. c-Abl has also been shown &rant and phosphorylate p73 in
response to IRBoth c-Abl and p73 seem to cooperate with each other in inguci
apoptosis in response to cisplatin treatment.
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How does Cisplatin stabilize p73?
IR Cisplatin

c-Abl ~

D

Induction Stabilization

Figure 1.11 cisplatin stabilizes p73 but not IBoth IR and cisplatin induce c-Abl
activity, however, only cisplatin stabilizes p73 but ri®t IThis fact raises the question of
how cisplatin stabilizes p73.

3.1.3Does c-Jun play a role in cisplatin mediated p73 stability?

It has been shown earlier that c-Jun act as a comeagmint of many signaling
pathways (Karinet al, 1997). Its activityis regulated at the transcriptional and post-
transcriptionalevels. Serine/threonine phosphorylation at Ser63/73 (Plooglated by
JNKs) and Thr91/93 (Phosphorylated by MAP kinases) siteisces arncrease in the
DNA-binding and transactivation potential of thetein, as well as an increase in the

stability of c-Jun (Treisman, 199Rarin et al, 1997). It has been shown that increased
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c-Jun levels increase the activity of c-abl, in turn, clabase phosphorylates Jun on
tyrosine 170 (Barila et al., 2000; Raitagioal., 1995; Renshaet al., 1996). This positive
feedback loop enhances the ability of Jun to activatefusthher. However, whether c-
Abl enhances JNK activity or c-Jun enhances c-Abl actinaiio response to stress
signals is not clear. For example, UV and IR do nduae c-Abl activity and c-Jun

expression respectively (Liu et al., 1996; Shualin et al., 2000)

Cisplatin induces the expression and activity of c-AK &nd c-Jun, while IR is
known to induce only c-Abl, raising a possibility that c-@&auld play a role in cisplatin
mediated p73 stability. Furthermore, c-Jun might influenee ahility of c-Abl to
activate p73. However, the study led by Superti-Furga (2000)d fadeindicate the
significance of tyrosine phosphorylation of c-Jun AWl and its importance in
genotoxic signaling.

3.1.4 The Role of c-Jun in cisplatin resistance and p73 activa.

Most of the anti-cancer drugs exert their action by induapaptosis. Cisplatin, a
well-known anti-cancer drug, is used to treat a wideetarof cancers, although its
efficacy is often limited by its inherently poor actw#gainst many tumor types and by
the development of resistance (Young, et al., 1989; Siddik,e2003). The mechanism
through which cisplatin exerts its toxicity in cancetlsces not clear yet, but it is
generally accepted that it acts through the formatioDMA adducts (Zamble, et al.,
1995; Jordan et al., 2000). Thus, it is important to understenchechanism of action of
cisplatin and molecules involved in the signaling pathvmyorder to increase the
efficacy of the anti-cancer treatment.

Cisplatin has been shown to activate both p53-dependemptomsm and p53-

35



independent apoptosis in cancer cells (Hawkins, 1996. Thespd®& ia determinant of
cisplatin cytototoxity in ovarian cancer cells (De Feudit al., 1997), testicular tumor
cell lines (Burger, et al., 1997), breast cancer, and hudoraskin fibroblast cell lines
(Fan, et al., 1994; Hawkins, 1996).

Furthermore, cisplatin has been shown to activatdlc-#38 MAP kinase and
JNK. However, the components involved in the cisplatioiated p53-independent
apoptotic program are not clear yet.

Together, the facts described so far, support the hypothasisif cisplatin
mediated p73 stability/activation requires c-Jun thgan-/- cells will be resistant to
cisplatin mediated apoptosis and this can be attributduettatk of stabilization of p73

in these cells.

Does c-Jun play a role in the regulation of p73?

IR Cisplatin

C-Jun

C- Abl

Induction Stabilization
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Figure 1.12C-Jun could play a role in cisplatin mediated p73 stabilityA schematic

diagram illustrating the difference in p73 stability in resg® to cisplatin and IR
mediated signaling. Although both ionizing radiation angblaisn induction results in
enhanced c-Abl kinase activity, only cisplatin treatmeunt,not ionizing radiation results
in stabilization of p73. This indicates that other molesuyplay a role in p73 stability.
cisplatin has been shown to induce both c-Abl and c-Jaile WR induces only c-Abl

activity, indicating that c-Jun could contribute to cisplanediated p73 stability.

Questions:

* Is c-Jun required for cisplatin-mediated activation/apoptosis?

_ Cisplatin .,

B

Wild type cells
C-Ab{:_/- cells

e

'¢ . i;73

c- Jun
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Cisplatin <.

Figure 1.13 A & B, A role for c-Jun in regulating cisplatin medied p73 stability and
apoptosis. Integration of facts derived from various cellular netwanklicates a
possibility that c-Jun could play a role in cisplatisiseance and stabilization of p73.

The facts presented so far are illustrated in this itigcdiagram.
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4.1 Aims and scope of the thesis

The tumor suppressor, p53 is mutated in at least 55% of sarstgyesting its
pivotal role in the prevention of tumor developmetit.can promote growth arrest and
apoptosis in response to various anti-cancer drugs. pbBerelated gene, p73 also
induces growth arrest and apoptosis when overexpressediwed by certain DNA
damaging agents like -irradiation and cisplatin treatméflike p53, p73 is not
susceptible to mutations. The p73-mediated apoptosis can iocaup53-independent
manner, suggesting that p73 activation can be exploitethéoelimination of various
cancers with p53 mutations. Hence, identifying moleculasdctivate or potentiate p73
in tumor cells would have therapeutic benefits. In amlditit would pave the way for
better treatment of cancers, specifically those drvamy p53 mutations, as these tumors
are often resistant to p53-mediated drug induced apoptosis.

The mechanism of p73 stabilization is not clear yetsid&s c-Abl, a non-receptor
tyrosine kinase, no other physiological molecular deteam of p73 activation has been
identified. Earlier, it was shown that irradiationdagisplatin, a DNA damaging agent
and anti-cancer drug could activate p73 in c-Abl dependent maci#dsl has been
shown to be induced by both cisplatin and irradiatidmwever, only cisplatin treatment
results in p73 stability. This suggests that other molecate involved in cisplatin
mediated p73 stability.

Understanding of the MLH1-ATM-c-Abl-p73 pathway is potehtiabf great
clinical relevance, as it might explain the respomsehtemotherapy in the majority of
cancers that have mutated or functionally inactivated p58erdstingly, it has been

shown that c-Abl phosphorylates c-Jun, which in turnaenbs the ability of c-Abl to
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enter into the nucleus (Barila et al., 2000). In additamy cisplatin has been shown to

induce c-Jun, but not IR, which raises the possiblity thdun could play a role in

cisplatin mediated p73 stability. c-Jun, a well-knowaypl in cell proliferation, can

induce apoptosis in certain cellular settings. Howevergeta for c-Jun mediated

apoptosis have not been described so far.

The following goals were set as objectives for my Rhd3is:

1.

Identifying the molecular component(s) responsible feplatin mediated p73
stability.
Clarifying whether c-Jun null cells are resistantigplatin-mediated apoptosis.

Then, identifying molecular component(s) responsibletfor

3. To find out whether c-Jun stabilizes p73.

4. To find out whether c-Jun interacts with p73. If so, idginlg domains

responsible for the interaction.

5. To find out the physiological significance of c-Jun mesligh73 stabilization.

6. Clarifying how c-Jun influences p73’s ability to transadevibss downstream

genes (p53 RE promoters).

7. To test whether p73 is stabilized in response to UV irt@dia
8. To test how p73 influences c-Jun’s function (on AP-1REnoers).

9. To test whether phosphorylated c-Jun is required fobitgyeto cooperate with

p73 (on AP-1RE promoters).

10.To test how p73 and c-Jun influence each other's functitvansformed cells.
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CHAPTER 2

“To engage in experiments on heat was always one of my most agreeable
employments”. Benjamin Thompson (Count Rumford) (1753-1814) Rhigsand
diplomat, born in U. S.

MATERIALS AND METHODS
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2.1 Cell lines used in this study

NIH-3T3, COS7, HI299, SAOS2, 293 HBuri", abl”, p53", p53"MDM2", p53
FJun” Ink1" Ink2", p53” cells anda number of 3T3 immortalized fibroblasts. Schreiber
et al., (1999) generated p58n™ cells by crossing53™ jun*” andp53" jun™
mice.
2.2 Cell maintenance

Indicated cell lines were cultured in DMEM supplementeth w0% (v/v) fetal
calf serum (FCS), antibiotics, pyruvate and glutamate.
2.3 Transient transfection of Cos 7 cells (Calcium phosphateathod)

Cells were transfected by a calcium phosphate co pratgr method according
to standard Manniatis (book) protocol.
2.4 Transient transfection using Lipofectamine plus reagentGOS7, NIH-3T3,
HI299, SAOS2, 293 HK, jurf, abl", p53", p53"MDM2", p53~Jun” Ink1” JInk2",
p53")

In this study, Lipofectamine reagent was mainly used fostraf the transient and
stable transfections (according to standard LifeTechnedggiescribed protocol).
2.5 Establishment of stable cell lines

NIH3T3/MCF7 cells were transfected in a 10cm tissue cufilaie with 2 mg of
purified DNA following the lipofectamine protocol. 24 hourseaftransfection cells
were reefed with 10ml of fresh medium for overnighte Tollowing day transfected cells

were trypsinized and seeded at 1:5 ratio. Once cellsradio the plates, 1 mg of

G418/ml was added. Every 72 hours later, the G418 was resupitledl0 ml fresh cell
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culture medium. Drug resistant clones carrying the exjpres®&ctor was pooled after 3
weeks and grown as cell lines.
2.6 Cell survival assays

For the analysis of cell survival 0.5¥18ells in a total volume of 1 ml were
dispensed into a 6/10 cm tissue culture plate. After 48shaohe live cell numbers were
determined by trypan blue exclusion method.
2.7 Colony formation assays

NIH3T3/MCF7/Cos7 cells were transfected in 10cm tissue @ufilate with 2ug
of purified DNA (2ug each-PCDNA-pa33 or PCDNA-p73/p with PCDNA-c-Jun/c-
Jun mutants) following the lipofectamine protocol. 6 haoaftsr transfection, 5ml of
complete medium was added. 24 hours after transfea@ls, were washed with PBS
and reefed with 10ml of fresh medium for overnighte Tbllowing day transfected cells
were trypsinized and seeded at 1:5 ratio. 1pg of G418/mladdsed. Every 72 hours
later, the G418 was resupplied with 10 ml fresh cell cultasglium. After 2 weeks,
colonies were fixed and visualized by staining with crysi@ket. Colony numbers were

counted in the respective plates.
2.8 Retroviral infection

High titer retroviral stocks were produced by transfectigtgoviral construct pBabe-c-
Jun (3.1g) into a packaging cell line by the lipofectamine met{chreiber et al., 1999).
Virus containing culture supernatants were collected 72 hposstransfection, at 24
hours intervals, and pooled together. Frozen low paskageMEF’s were thawed and

plated at a density of 2x30cm dish. After fourteen-hours, cells were infectethwi
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filtered supernatants in the presence of polybreng/(8l; sigma). Fresh supernatants
were added three times, at 4h intervals. Forty-eighirshgost-infection, cells were
trypsinized and replated; twenty-four hours later, fregldium containing 10% FCS was
added to the cells. Cells were selected in puromycipd/fl of the medium for about 3
weeks.
2.9 TRYPAN blue dye exclusion assay

This assay is used to measure the cell viability. Trypaa dye is impermeable
to viable (white) cells, but it is permeable to dead (bkedls. A cell suspension was
mixed with 0.4% trypan blue in PBS to assess the cell wabii haemocytometer.
Placed the haemocytometer on microscope and counteauthier of blue and white
cells.
2.10 Annexin-V binding assay

During the early stages of apoptosis, Phosphatidylsesit@mslocated from the
inner to the outer surface of the plasma membrane t&Emb al., 1997). AnnexinV
protein binds to Phosphatidylserine with high affinity. fgfere, increased AnnexinV
staining is used to detect cells in early stages of apstdartinet al.,1995). The cells
were pelleted and washed with PBS, and re-suspendendjih 0@ X annexiin binding
buffer. To the cell suspensionyl5 of annexin V-FITC (final concentration was 0.5
pg/ml) was added and incubated at room temperature for 15nntime dark before
subjecting it to flow cytometric analysis.
2.11 Preparation of single cell suspension for cell cycle

The cells were washed twice with sample buffer arsliggended in sample

buffer. The cells were centrifuged, and the supernatastramoved. For fixing, 1ml ice-
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cold 70% ethanol was added to the cell pellet drop by drowhrtexing the cells. The

cells were fixed in the ethanol overnight at 4C.

2.12 Propidium iodide (PI) staining and flow cytometry

The fixed cell sample was vortexed and centrifuged t@venthe 70% ethanol.
Cells were gently resuspended in residual ethanol and ®bsthining solution added
(25uL PI stock (Img/ml). 50 Kunitz units RNAase A in 0.5 ml saenipliffer was added
to each sample. Samples were incubated in the dadoat temperature for at least 30
minutes before flow cytometric analysis (Bossy-weétel., 1997).
2.13 Sub-cloning: Restriction enzyme digestion

All the restriction enzymes were purchased from New |l&my Biolabs or
Promega. All digestions were carried out afG3®dr 30C overnight, with proper
restriction buffer in a total volume of 20 to 100
2.14 Ligation of DNA fragments

DNA fragments from digestion were ligated to linearizexttors. pBabe-c-Jun
and pcDNA plasmids were restriction digested with Ec@Rtd BamH1 enzymes.
Restriction digested plasmids were run on a gel andigdirihe c-JuncDNA fragment
(insert) and linearized pcDNA vector (vector). DNA ligetireaction (1:10 molar ratio of
(pcDNA) vector: insert (c-JuncDNA) was carried outi¢gtly in 20uL of volume at 4C
for 16 hours.
2.15 Isolation of RNA from cells

Trizol RNA isolation procedure was used to isolate RNA.
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2.16 Running RNA samples on denaturing gels

The integrity of RNA was checked in a denaturing formaldelagiose RNA
gel before subjecting it for RT-PCR analysis.
2.17 Reverese transcriptase (RT) reaction- PCR

The QIAGEN OneStep RT-PCR Kit (210210) was used to checkxpeession
of p73 and its downstream targets. After checking thegiityeof the RNA isolated,
cDNAs [e.g. with reverse transcriptase from Molonayrime leukemia virus (M-MuLV)
or avian myeloblastosis virus (AMV)] were amplified agdantified carefully with
housekeeping primers such @Ggubulin and GAPDH as controls. The following p73
primers were used for RT reaction and PCR analysis (baugéeal., 1998).
5-TTCTGCAGGTGACTCAGGCTG-3br RT p73
5-ACTTTGAGATCCTGATGAAG-3'(sense primer) and
5-CAGATGGTCATGCGGTACTG-Janti sense primer)
2.18 Gene Sequencing
c-Jun, N-c-Jun, C-c-Jun, pd3and 3 etc. were sequenced and verified using specific
primers. The purified DNA was sequenced using a Tag Dye DeEbkyerminator cycle
sequencing kit (Perkin Elmer, CA) based on he chendickdoxy-termination method.
Sequencing results were analyzed using Biosystems.
2.19 Bio-Rad protein assay

Coomassie Brilliant Blue G-250 dye (Promega) was usedet@sune the protein

concentration. Equal volumes of cell lysate was addethéodye and mixed well.
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Known quantities of standard albumin (Sigma) were usedséandard. The absorption
at wavelength 595 was measured versus dye.

2.20 SDS PAGE (Sodium dodecyl sulfate polyacrylamide gel efeophoresis) and
Transfer/ Immunobotting/Western blotting.

Whole cell extracts were prepared in lysis buffer épaithy et al., 1999), and protein
content was measured. 30-8@0of protein was run on 10-12% SDS-polyacrylamide gels
and transferred the proteins by electroblotting to nitratoe membrane for 2 hours (for
large gels). Ponceau S fixative dye solution was usebeckdf transfer has taken place,
Transferred filters were incubated with blocking buffer (Béfi-fat dry milk/5% BSA in
TBST) for 1 hr at room temperature or overnight @ 4n a shaker. Antibodies were
diluted in washing buffer containing 3% non-specific milk ar@b® tween-20. After 2-
3 hours incubation at room temperature or overnight in@bat 4C, membranes were
washed three times with TBST, each time for 10-15 minutBid (11000) the
appropriate peroxidase-conjugated secondary antibody in T&#Ed to the membrane,
incubated at room temperature for 60 min and washed thress tn TBST (Bossy-
wetzel et al.,, 1997). Finally, the specific protein of nest was identified using
chemiluminescence reaction (ECL-system): incubatedigmabrane in a 1:1 mix of ECL

solutions 1 and 2 or super signal for 1-5 minutes (Pierce).

2.21 Antibodies used in the immunoblot analysis
p73 antibodies

1.mADb ER-15(Santa Crutz).

ImmunogenN-terminus of p73

Specificity: Recognizes p78 andp.
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2. mAbGC-15 (Oncogene science):

Monoclonal GC15 (AB-3 from Oncogene Science; recognineisaacids 380-499 of
human p73 b); WB: 2 micrograms/ml; IP: 5-6 micrograms/tube.

Immunogen:GST fusion-protein corresponding to residues 380-499 of3.pCone
GC15.

Specificity: Recognizes p18 (MW~70kDa). This antibody does not effectively blot
p733, but will immunoprecipitate p78-under non-denaturing conditions.

Imgenex antibodies:

3. IMG-246 - recognizes N-terminal epitope; human and mouse.
4. IMG-260 - recognizes C-terminal epitope; human only.
5. IMG-259 - recognizes all protein isoforms; human andseo

c-Jun antibodiesc-jun (H79) rabbit polyclonal antibody was from Sa@taz

Biotechnologie.

p53 antibodies: CM5 (Abcam, ab 2433) Rabbit polyclonal to hysb&n

GFP: Rabbit polyclonal (clone tech)

Actin: Rabbit polychlorure(Santa crutz)

2.22 Immunobilot stripping

Primary and secondary antibodies were removed frommtémbrane using stripping
buffer. The membrane was incubated in stripping buffer 3rmin at 56C. The
membrane was washed at least 5 times with TBST amditiveas reprobed with new

antibody.
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2.23 Immunoprecipitation

For immunoprecipitation of cellular proteins, proteintAGsepharose was used. Cell
Lysates were first precleared with the proteinG/A sepbe. Then 20 to 50ug Sepharose
was incubated with 3-5ug of antibody, 300-500ug precleared Igadtthe volume made
up to 1 ml in an Eppendorf tube using lysis buffer. Sample® weubated on an
incubator for at least 4 to 12 hours & 4nd then washed with appropriate wash buffers,
depending on the stringency required. The immunopre@plitptoteins were boiled in

Laemmli buffer and subjected to SDS PAGE and Westettirigo

2.24 Metabolic labeling & Immunoprecipitation

Radiolabelling consists of two steps:
1. Pulse - Short period of incubation witts-methionine or cysteine.
2. Chase- Incubation with excess concentration of urddbdet+Cys.

Metabolic labeling

Cos7 orjun” andjun’ +Jun cells were transfected with 2pg of p73/c-Jun pcDNéte.
After 7-9h incubation with DNA: lipofectamine mix rinsed enand replaced with fresh
medium (10ml/plate)24h after changed medium, rinsed cells with Labeling Medium
(5ml/plate). Added 250uCi ofJS] methionine/cysteine/10cm plate and cultured for
another 2 hours at 37°C (pulse). Then added 5mi/well anaseum and cultured for
another 4 hours (chase). Harvested metabolicallyddbeglls at the regular intervals. IP
was carried out as described previously. The immunoprat@gitproteins were boiled in
Laemmli buffer and subjected to SDS PAGE. Soaked geleimtancer solution for one
hour and then dried completely. p73 expression was detlegtadtoradiography using

intensifying screen.
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2.25 Luciferase reporter gene assay
p73, c-Jun, c-Jun mutants expression vectors anag0ob plasmid containing PG13
IMDM2/GADDA45/p21/Bax/p53AIP1/5XTRE/Collagenase-I promoters hooked
luciferase reporter gene were transfected either atsn@ combination into H1299/
Sa0s2; p53; p53"jun’; Jnk1 2" cell lines at the indicated ratios in the respective
experiments using Lipofectamine transfection method. T&3Huciferase reporter gene
contains 13 tandem repeats of a p53 binding sequence, Bax, MGRR2DA45, p21
promoters encode p53 binding sequences and 5XTRE contains 5 tepmkats of TPA
responsive elements upstream of the luciferase repomer gbe transfected cells were
harvested and lysed in 10Dof lysis buffer and incubated on ice for 30 min. Thede
cell lysates were precleared by centrifugation at maxirspeed for 30 min. 50 ul of
precleared cell extract was added to Luciferase AssagBufhe activity was measured
after injection of 50ul of D-luciferin solution on a lurometer. The luciferase activities
were normalized against the [3-galactosidase activity-tfacsfected 0.5ug gal vector in
the 3 - galactosidase assay. Results are presentecifasake units normalized to beta-
gal units. Each experiment is performed in duplicatesriplicates. The mean and
standard deviations of two independent experiments arensinaive figures.
2.26B-galactosidase assay

The [3-galactosidase assay was performed according t@ndast protocol
(Sambrook, J., Fritsch, E.F., and Maniatis, T. 1989: Mdéccloning: A laboratory
Manual 2nd Ed., Cold Spring Harbor Laboratory Press, Mexk). Precleared cell lysate
was added to 3-gal Assay Buffer and ONPG-solution and atedor 1 hour. The 3-gal

activity was measured on a luminometer.
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CHAPTER Il

“I do not know what | may appear to the world; but to myself | seerhave been only
like a boy playing on the seashore, and diverting myself in now #reh finding of a

smoother pebble or a prettier shell than ordinary, whilst tpeeat ocean of truth lay all
undiscovered before nie

Sir Isaac Newton (1642-1727) Physicist, mathematician.

RESULTS

SECTION I: C-JUN IS REQUIRED FOR

STABILIZATION AND ACTIVATION OF 73

“Theory guides. Experiment decides.”
“An old saying in science, seen attributed to many differentgmans.”
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3.1.1 Role of ¢ Jun in cisplatin resistance and p73 activah

3.1.1.1 c-Jun null 3T3 fibroblsts are resistant to cisplatirmediated apoptosis

The feasibility of the hypothesis proposed in Chapter | exasnined by treating
wild type andjun null mouse fibroblasts with cisplatin. In agreemerthwine hypothesis
proposed, 3T3 cells lackingjen were more resistant (37%) to cisplatin than wild type
fibroblasts. This data suggests that c-Jun is requiredi$ptatin-mediated apoptosis.
The c-Jun expression is increased in response to cis(@atmnthez-Periz et al., 1998) and
its activity is sufficient to trigger apoptotic cell deathNIH 3T3 fibroblasts (Bossy-
Wetzel E, 1997), in human vascular endothelial cells @\&tral., 1999), and in neuronal

cells (Ham et al., 2000). However, how c-Jun regulateptapis is far from clear.
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Figure 3.1.1.1 The absence of c-Jun confers resistance to apoptfses treatment
with cisplatin. (TRYPAN blue dye exclusion assay)

Wild type andjun™ fibroblasts were treated with 25uM of cisplatin for 24 lsoutell
viability was estimated as previously described (Chapter 2, Z&gh time point is the

average of three independent experiments for which thatam was less than 5%.
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3.1.1.2 p53" cells are more sensitive to cisplatin-mediated apoptosisan p53"Jun”
fibroblasts

Several studies suggest that treatment of cells wsfilatin results in increased levels of
p53 in the nucleus and concomitantly increased apoptadswever, further studies
suggest that cisplatin induces both p53-dependent and p53-indepepdptdss. To
eliminate the contribution of p53 in cisplatin mediatezll death and evaluate the
cisplatin-mediated p53-independent cell dea8” and p53 jun’ cells were checked
for cisplatin resistance. Furthermore, to rule oet pbssibility that the reduced rate of
proliferation of jun” cells--rescued by deletion of p53 gene--is responsible fer th
reduced rate of apoptosis (Shaulian, 2002). As shown in figlré.3,p53" cells were
found to be more sensitive to cisplatin compared ép&8” jun’ cells, indicating that c-

Jun is required for cisplatin-mediated-p53-independent apsptosi
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Figure 3.1.1.2 p53" cells are more sensitive to cisplatin tharp53"jun™ cells
(TRYPAN blue dye exclusion assay)

Wild type orjun™ fibroblasts were treated with indicated concentratimhsisplatin for
24 hours, and the fraction of dead cells was estimatptea®usly described (Chapter 2,

figure 2.9)
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3.1.1.3jun™ cells are resistant to cisplatin mediated apoptosis

In a detailed analysis, to confirm the earlier resalitained by an independent
assaywe measured staining of phosphatidylserine exposed on theceliterembrane
by flow cytometry. In agreement with the data obtaiogd ryphan blue dye exclusion
assay, annexin V staining showed tbaly wild type andnot mutant cells exhibited a
higher percentage of apoptosis-jun’, c-jun’+ Jun, andabl” cells were treated with
4uM and 20uM of cisplatin and collected after 24 hoursrireat. As shown previously
in figure 3.1.1.3 and Table 2, jun’” mouse 3T3 fibroblasts were found to be more
resistant to cisplatin compared ¢gun’™ + c-Jun cells (figure 3.1.3)c-abl” fibroblasts

were used as a negative control (Agami et al., 1999).
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Figure 3.1.1.3 c-Jun is required for cisplatin-induced p73-mediated apsj# (flow

cytometry)

Wild type andc-jun’ 3T3 fibroblasts transduced with the retrovirusgisecting the

expression of c-Jun or the puromycin resistance gene Dimdge cells were selected with

puromycin for two weeks and treated with the indicated eatnations of cisplatin for 24

hours. The extent of apoptosis was determined by stainiisgngtgh annexin-V FITC and

subsequent flow cytometric analysis. Each time poitthesaverage of few experiments

for which the deviation was less than 5%.
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3.1.1.4p53" cells are more sensitive to cisplatin-mediated apoptosikan p53~Jun™
cells (Flow cytometry)

In a similar annexin-V FITC staining and subsequent FACS8lyais, we
determined the sensitivity op53" c-jun”, p53-c-jun’ andp53” cells to cisplatin. The
difference in the number of dead cells betw@&8" and p53" jun’ is ~17% (figure
3.1.1.4). On the other handhe difference in the number of dead cells betwerh and
jun’ with c-Jun or wild type cells is ~35%(figure 3.1.1.1), which meé#mes contribution
of p53 in cisplatin-mediated apoptosis is 18% (35%-17%).refbwee, it appears that the
contribution of cisplatin-mediated-p53—independent andncdependent apoptosis is
17%. Together, the data presented here confirm that ¢sJuequired for cisplatin-

mediated p53-independent apoptosis.
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Figu/re 3.1.1.4p53" cells are more sensitive to cisplatin-mediated apoptosis thar p53
Jun™ cells

p537cjun”, p53~ and p53c-jun’” fibroblasts were treated with indicated
concentrations of cisplatin for 24 hours, and the foactif viable cells was estimated by

flow cytometic analysis as previously described (Chapter
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3.1.1.5 c-Jun is required for increased p73 levels in respemto cisplatin

In the earlier experiment jon null cells were compared against wild type
fibroblasts to see whether p73 is induced in response pitatinstreatment. In order to
avoid any clonal specific effect in thejum null backgroundjun™ cells were transduced
with recombinant retroviruses directing the expressiowitaf-type c-Jun or puromycin
resistance gene only (as described in chapter 2). As simofigure (3.1.1.5), cisplatin
induced expression of p73 @mjun’ + c-Juncells but not in cells lacking c-Jun. This
data suggests that c-Jun augments the expression of p73pwonsesto cisplatin

treatment.
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Figure 3.1.1.5 c-Jun is required for p73 induction (GC15)

jun” and jun” + c-Jun cells were treated with cisplatin at différeancentrations as
indicated above. At 24 hours after cisplatin treatmeell, extracts were prepared and
400ug of proteins per sample was loaded and subjected to Wesialysis. The blot was

probed with the following: 1. anti-p73-specific (GC15) mAb (1:1000) 2. anti-actin

(1:400) specific mAD.
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3.1.2 c-Jun stabilizes p73

Our preliminary analysis suggests that c-Jun is requirethéoeased p73 levels
in response to cisplatin treatment. However, it isal@ar whether c-Jun is required for
p73 induction or stabilization. Thus, experiments were desigo address the question

of whether c-Jun stabilizes or induces p73 in detail.
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3.1.2.1 c-Jun is required for increased p73 levels in 3T3 maufibroblasts

To check whether transiently transfected c-Jun increpg8slevels, p73 was
either transfected alone or in the presence of c4dgjan’™ and jud™ + Jun fibroblasts.
Cell extracts were collected 48 hours post-transfeeti@hsubjected to Western analysis.
As shown in figure 3.1.2.1, p73 protein expression is weak ifi filomoblasts (panel 2,
lane 3). While in juit + Jun fibroblasts, p73 expression is seen, indicating cidain
augments p73 levels (panel 2, lane 5). On the other hand, pi&ssion is seen jun”
+Jun cells (panel 2, lane 3), indicating that c-Jun carte#to the increased levels of
p73 (panel 2, lane 5). It is also important to note that4dun cells express c-Jun at the

physiological level (figure 3.1.2.1, panel 2, laneé}
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Figure 3.1.2.1 c-Jun is required for increased p73 levels in 3iBuse fibroblasts

jun” andjun”+Jun cells were transfected with the indicated expressistors. EGFP

expression vector was cotransfected to assess the ttamsfefficiency. The levels of

p733, c-Jun and EGFP proteins were determined by immunoblotting.
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3.1.2.2 Expression of c-Jun results in increased p73 levaelsGOS7 (Monkey kidney
(epithelial) cells)

To test whether co-transfection of p73 and c-Jun in athedal cell line,
increases p73 levels, COS7 cells were transfected with pJiy,cor in combination..
EGFP expression vector was also cotransfected to naariake transfection efficiency.
As shown in figure 3.1.2.2, co-expression of c-Jun an@ pyBi1299 cells increases p73
levels compared to expression of p73 alone (compare lanés 4). In contrast,

expression of c-Jun did not affect the levels of gfeemmescent protein (Egfp).
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Figure 3.1.2.2 c-Jun increases p73 protein levels in Cos 7 (Monkieyey cell line)
cells

This blot is a representative of three experimentsemhout. Cos7 cells were transfected
with vectors encoding empty vector (pcDNA), pcDNA-c-JyutDNA-p73, or in

combination as indicated above. Transfected cells welkected 48 hours post-
transfection. Antibodies specific for pPB3{(GC15) mAb (1:1000)), c-Jun (H-79)

(1:1000), EGFP (1:1000) and actin (1:400) were used for westalysan
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3.1.2.3 Expression of c-Jun results in increased p73 leveisHuman non-small cells
lung carcinoma cell line (H1299)

To check the universal nature of the observation andntedyze if the earlier
observation can be reproduced in a human cell line, H1@33 [null) human epithelial
cell line] cells were transfected with the indicategression plasmids (3.1.2.3). As
shown in figure 3.1.2.3, co-expression of c-Jun and3pi@3H1299 cells resulted in a
dramatic increase in the levels of g7&mpared to expression of gralone (compare
lanes 2 to 4). Thus, this data confirmed our earlier obsens in various cell lines of

different tissue origin.
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Figure 3.1.2.3 c-Jun increases p73 protein levels in Human norafincells lung

This blot is a representative of three experimentsiechrout. H1299 cells were
transfected with vectors encoding pcDNA, pcDNA-c-JunDIpA-p733, or in
combination as indicated above. The level of p73, c-Jun@mdpaoteins were assessed

by western analysis using antibodies directed againsir thetein products.
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3.1.2.4Increasing concentration of c-Jun increases the p73 proteievels

To validate the earlier observations in a more rigoseang, increasing amount of
c-Jun (100ng and 300 ng) was co-transfected with constant ambp3(100ng) in
COS7 cell line. As shown in figure 3.1.2.4, transfectingeasing amount of c-Jun
increases the levels of p73 compared to the expressiprdoélone (panel 1, lane 2-3).
This data clearly confirmed our previous findings that, indeedlyn plays a causative
role in the accumulation of p73. EGFP (100ng) was tratesleas a measure of

transfection efficiency.
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Figure 3.1.2.4 Increasing concentration of c-Jun increases thtein level of p738
Cos7 cells were transfected with empty vector pcDNA, irsengaconcentration of
pcDNA-c-Jun and constant amount of p73 as indicated abdweibodies specific for

p73H ((GC15) mAb (1:1000)), anti-c-Jun (H-79) (1:1000) and anti-EGEB0Q) were

used for Western analysis.

70



3.1.2.5 c-Jun increases the half-life of pB3

To check whether c-Jun regulates p7&ability, we followed the half-life of over-
expressed pf8in COS7 cells. Transfected COS7 cells were pulse ldbeith *°S
Met/Cys followed by a four-hour chase (Figure 3.1.2.5). Tieamly expressed pPB3had
a half-life of about 1.5 hours (Figure 3.1.2.5: p73). When cwias co-transfected with
p733, its half-life increased to 4 hours (Figure 3.1.2.5: p73 Jurg= Furthermore,
coexpression of c-Jun and p73 led to the highest levelp78f expression, thus

demonstrating that c-Jun stabilizes p73 pratewvo.
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Figure 3.1.2.5 c-Jun enhances the half-life of pB3

Cos 7 cells were transfected with expression vectsrmdicated above. Transfected
cells were®S labelled and chased over time as indicated abovai®06ll lysate/sample
of transfected protein was pre-cleared using mouse Ig-Agasjugated. Pre-cleared
samples were immunoprecipitated using p48y(5ample) specific mixture of antibodies
(p73p specific GC15 and mouse mono clonal antibodies). p73umoprecipitates were

subjected to Western analysis.
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3.1.2.6¢-Jun does not induce p73 mMRNA in response to cisplatireatment

To check whether c-Jun induces or stabilizes p73 mRNA, Cdis/veere transfected
with vector or p73 alone or in the presence of c-Jun. 48 testednsfection, RNA was
extracted and then reverse transcribed using MMLV Revexgscriptase. cDNAs were
calibrated carefully house keeping primers such as GAPDHtwndin primers. As
shown in figure 3.1.2.6, in response to cisplatin treatmelun does not alter p73 mMRNA
levels. However, the fact that jlircells have decreased level of p73 protein in response
to cisplatin treatment clearly indicates that c-Jonoreases p73 protein either at the

translational or post-translational level.
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Figure 3.1.2.6 c¢-Jun does not induce p73 mMRNA in responsegplatin treatment
Cos7 cells were transfected with@ of human p73 expression plasmid, either alone
(lane 2) or together with @y of c-Jun expression plasmid (lane 3) treated with digpla
(25 uM). As a negative control parallel cultures were tracfd with pCDNA3 empty
vector. Total RNA was isolated and from each culture d& after transfection, and
1ug RNA was subjected to RT-PCR analysis with gene spemifiners. cDNAs were
amplified and quantified carefully with house keeping prénsuch a{3-tubulin and

GAPDH.
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3.1.2.7 The effect of c-Jun mutants on p73 stability

To determine the domain(s) involved in c-Jun’s abilitytebsize p73, Cos 7 cells were
transfected with p73, c-Jun and its deletion mutants ssidh@Jun £194-334) and C-c-

Jun A1-194) either alone or together with p#3As shown in figure 3.1.2.7, The N-
terminus of c-Jun (transactivation and delta domamsssential for c-Jun’s ability to
stabilize p73, indicating a possibility that transcriptiand delta domains could
contribute to the increased p73 protein levels. On therdtand, C-terminus of c-Jun
(DNA binding and dimerization domains) mutant weakly staédip73 compared to wild
type c-Jun (lane 6). Together, these findings suggestraraactivation, DNA binding

domains are required for efficient p73 stability.
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Figure 3.1.2.7 The effect of c-Jun mutants on p73 stability

Cos 7 cells were transfected with indicated combinatbrvectors encoding empty
vector pcDNA, p78, c-Jun, N-terminus-c-Jun and C-terminus-c-Jun eith@meabr in
combination as indicated above. Transfected cells wellected after 48 hours. Cell
lysates were prepared and protein concentration meastradsferred membranes were
sequentially probed with the following antibodies:

1. anti- p73 specific (GC15) mouse monoclonal antibody (1:1000).

2. A mixture of anti-c-Jun antibodies (c-Jun (H-79) nepslyclonal antibody (1:1000)
and c-terminus specific c-Jun antibody)

3. Anti- EGFP specific antibody (1:1000).
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3.1.3 Expression of c-Jun modulates transactivation function qf73

It has been shown that the enhanced stability of trantgoral factors can lead to
increased transcriptional activity towards its downstrggmes. Thus, it was decided to

check whether c-Jun mediated p73 stability lead to enhanoetidnal activation of p73.
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3.1.3.1 C-Jun enhances the induction of MDM2 promoter by p73

The effect of c-Jun over expression on the ability of fw/8timulate transcription
from the p53-responsive promoter was tested. H1299 cellstvemsfected with c-Jun
and p73B or c-Jun alone in addition to a plasmid containing p73-resgmMdDM?2
promoter, which in turn drives the luciferase reporter gekg.shown in figure 3.1.3.1,
while p73 stimulated MDM2 promoter activity (1 fold), ovdretcontrol vector, the

stimulation (about 4 folds) became apparent when c-&sce-transfected with p73.
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Figure 3.1.3.1 c-Jun enhances the induction of MDM2 promoter by p73

H1299 cells were transiently transfected with the indicatedbinations of plasmids (in
duplicates) encoding pcDNA (empty vector), p/%-Jun, MDM2-luc and beta-gal
plasmids. The total amount of plasmid DNA used fongdfection kept constant by
adding an empty PCDNAS3. Luciferase activity measured (inichatek) 48 hours post-
transfection and normalized for transfection efficienwith beta-gal activity. Standard

deviation is indicated.
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3.1.3.2 ¢c-Jun enhances the induction of GADD45 promoter by p73

To check the consistency of this observation H1299 cellee imnsiently
transfected with a luciferase reporter gene driven by pb@-responsive GADD45
(Growth arrest and DNA damage-inducible gene number 45) pronieten though
GADDA45 has been identified as a downstream target of p&3jnduced in response to
several stresses such as MMS, UV and IR, in a p53-indepemanner (Takekawa and
Saito, 1998). As shown in figure 3.1.3.2, co-transfection &frc-and p73 enhance the

activity of the GADDA45 promoter 5 to 6 folds compared t@nvector (PCDNA3).
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Figure 3.1.3.2 C-Jun enhances the induction of GADD45 promdigrp73

H1299 cells were transiently transfected with the indicatedbinations of plasmids (in
duplicates) encoding pcDNA, pf#3c-Jun, GADD45-luc and beta-gal plasmids. Cell
extracts were prepared 48 hours post-transfection andcsedj® the determination of
luciferase and beta-gal activity. Results are repredexstdold induction of ratio between

luciferase and beta-gal activity.
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3.1.3.3c-Jun has minor effect on the induction of p21 promoter by p73

The p53 target gene, p21 protein, is a well known inhibitazyofin dependent
kinases(cdk’s) and it is known to be induced in p53-depenaeatp53-independent
manner. The p53 dependent p21 expression promotes G1 arrdist gDal., 1994).
However, cells that lack p53 fail to activate the Glckpeint in response to DNA
damage (Shaulian, 2002). To check the consistency oflkereation H1299 cells were
transiently transfected with a luciferase reporter genenliby the p53-responsive p21
promoter. As shown in figure 3.1.3.3, cotransfection of p&B@dun resulted in less
than two fold induction of p21 promoter, relative to the eedtPCDNA) control.
However, in comparison to other p53 responsive promoteth as GADD45 and

MDM2, c-Jun does not seem to potentiate the functiqpv8ftowards p21 promoter.
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Figure 3.1.3.3 c-Jun has minor effect on the induction of p21 proter by p73

H1299 cells were transiently transfected with the in@datombinations of plasmids
encoding pcDNA, p78 c-Jun, p21-luc and beta-gal plasmids. The total amofint
plasmid DNA used for transfection was kept constant byingddCDNA3 (3.1g).

Luciferase activity was measured 48 hours after transfecti
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3.1.3.4 c-Jun is required for p73 transcriptional activity

To get an insight into how c-Jun enhances p73 transcriptmizity, p53" jun’
cells were chosen for study, as it is important to conthe enhanced transcriptional
activity of p73, which operates not only on H1299 cell ling, dso on an authentic and
genetically definedp53" jun’ Vs p53") cell line. Inp53"jun’ cells, the ability of p73
to transactivate p53 responsive gene promoter (MDM2-luc,hwés an authentic p53
responsive elements) is reduced, while in pE&8" cell line the p73 transcriptional
activity enhanced by six folds. This data is consistenh Vatels of p73 and AP-1
activity seen in these cell lines, |a§3"jun"' cells have lower levels of p73 and AP-1
activity compared tp53" cells (data not shown). Together, the data suggeststhat
endogenous c-Jun protein is utilized by p73 to execute transarin cells, and lack of

expression of the c-Jun/co-activator impairs p73 trangongit activity.
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Figure 3.1.3.4 c-Jun is essential for enhanced p73 transaoipal activity

p53"jun” and p53” fibroblasts were transiently transfected with &+ pCDNA,
p53RE-luc and-gal plasmids. 100ng of p73 was transfecte@g58 Jun’ and inp53"
cell lines (which has an intact c-Jun gene). Total amotittansfected DNA was kept
constant by the addition of pCDNA. Cell extracts wemepared 48 hours post-
transfection. Results are represented as fold inductioratio between luciferase and

beta-gal activity.
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3.1.3.5 ¢c-Jun potentiates p73’s ability to induce p53 downstreagenes

The various Luc-reporter assays (figure 3.1.3.1 to 3.1.3.4)rskawier suggest that the
enhanced stability of p73 can lead to enhanced transcriptit®m downstream genes. In
order to confirm that whether the c-Jun enhances p73'styald trasactivate its
downstream genes such as GADD45, MDM2, p21 RNAs, p73 was dctedfeither
alone or in the presence of c-Jun into Cos7 cellstalTRNA was collected from each
cell pellet and checked for the quality of the RNA Ibefeubmitting it for reverse
transcriptase reaction. As shown in figure 3.1.3.5, awsfegtion of c-Jun and p73 lead
to enhanced RNA levels of MDM2, GADDA45 and p21 in Cos7 cé&ligs data confirms

that c-Jun indeed potentiates p73’s ability to transactiteat®wnstream genes.
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Figure 3.1.3.5 c-Jun potentiates p73’s ability to transactivatedtsvnstream genes

Expression of p53/p73 target genes was analysed by RT-PCianélos 7 cells were
transfected with indicated combinations of expressionovecnd then total RNA was
isolated. Integrity of the RNA was verified beforebmeting it to the reverse
transcriptase reaction. cDNAs amplified were quadifcarefully with house keeping
primers such agi-tubulin and GAPDH before determining p53/p73 target genes

expression.
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3.1.3.6 ¢c-Jun enhances the induction of MDM2 proteins by p73

To determine whether c-Jun enhances p73 mediated trarmtaipéictivity, not
only on artificial promoter constructs but also on endogs p73-responsive
chromosomal genes, MDM2 (a p53/p73 target gene) protein medgsad in Cos7 cells.
Cos7 cells were transiently transfected with [p#one or together with a plasmid
encoding c-Jun. As shown in figure 3.1.3.6, in the presearicco-transfected c-Jun
steady state levels of MDM2 protein increased compar@d 3 alone. Thus, this data

strongly suggests that c-Jun potentiates the ability of@#&nsactivate its target genes.
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Figure 3.1.3.6 C-Jun enhances the induction of MDM2 protein py3;

Cos7 cells were transiently transfected with plasram=ding p7f (2ug/10-cm dish) or
c-Jun (19/10-cm dish) and EGFP (500ng/10cm)/ dish. Antibodies speftfi p73§
((GC15) mAb (1:1000)), Jun (H-79) (1:1000), MDM2 (1:1000) and EGFP (1:50® wer

used for Western analysis.
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3.1.4 The PY motif conserved in both p73 and c-Jun

PY motif functions as a transcription activatiatomain in a subset of
transcription factors. It utilizes a WW domain— twigrature tryptophan residues—
containing protein aa co-activator for the efficient stimulation ofnszription (Sudol et
al., 2001).

The p73 andp contain a PY motif in their C-terminal regions, but pb8. It has
been shown that PY motifs present in p73 are requireturiction as an efficient
transcription factor (Strano et al.,, 2001). The faeit ttrJun stimulates p73 function
prompted us to look for conserved sequences in the amidosaquence of c-Jun and
p73. This analysis has identified the PY domain as aeceed motif in both human and
mouse c-Jun (figure 3.1.4.1). The conservation of PY mnotiboth c-Jun and p73
indicate that they have similar/shared functions in letgng various biological processes
in cells. In addition, it indicates that common regotlatcarrying WW domain containing
proteins can regulate both c-Jun and p73. For example\\dllydomain containing
protein, which binds to both p73 and c-Jun through PY domainsd amrvert a
relatively weak transactivator @ strong one (Kristie and Sharp, 1990; Stern and Herr,
1991). Since there are many WW domain-containing proteins witleraifit functions in
the cell (Rotin, 1998), it is possible trtWW domain-containing protein(s) associates

with the PY motif of transcription factors in certainla&r contexts.
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p73 o ATPNLGPV GEGMLINNHGHAVP AISEM TS SHGTOSMVSGSHCTPPPPYHA 489

P73 o 457 GHAVPANGEMSSSHSAQSMVSGSHCTPPPPYHADPSLVSFLTGLGCPHNCIEYFTS 511
PT3B 457 GHAVPANGEMSSSHSAQSMVSGSHCTPPPPYHADPSLVSRTWGP 500

p73y 457 VIEHLPPAEPDH 468

Jun | 121 LHEQWTLESYV TSAAQPVIGA GMVAPAVASY AGGSGSGGES ASLHSEPPVY 170

[x] | oo || ™ PY PD DBD Lz c

Figure 3.1.4.1 The PY motif conserved in both p73 and c-Jun

A comparison between p78,(3 andy) and c-Jun amino acid sequences identified

conserved PY domain.
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3.1.5 The Role of Phosphorlylation: c-Jun stabilizes analctivates p73

3.1.5.1 The effect of c-Jun phosphorlylation mutants on p73
trasncrptional activity

To determine the domain(s) involved in the c-Jun’s ability deogerate with
p733 in mediating the transcriptional activation of the p&3§ene promoter, p73, c-Jun
and its deletion/point mutants such as N-c-Jad-194), C-c-Jun A194-334), Jun
S63/73A (JNK phosphorlylation mutants), Jun S91/93A (phosphamylamutants),
5XASP (five serine residues are replaced with asparta®ues, to mimic the
phosphorylation state) and c-Jun delta domain (30-57) and GarNde (232-334) were
transfeted into human lung carcinoma H1299, either atwrtegether with p73. As
shown in figure 3.1.5.1, c-Jun cooperates with p73 to transactp@BRE reporter
activity compared to p3alone. Interestingly, c-Jun point mutants also co-apexdth
p73, which indicates that the phosphorlyated c-Jun is nabaolute requirement for its
ability to co-operate with p73. On the other hand, bo#ndl C-termini of c-Jun mutants
included in the assay failed to co-operate with p73. Togethisr data indicates that

phosphorylation of c-Jun is not essential for itsighib augment the function of p73.
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Figure 3.1.5.1 The effect of c-Jun phosphorlylation mutants @73 transcriptional
activity

H1299 cells were transiently transfected with indicated covations of plasmids
encoding pcDNA, p78 c-Jun, c-Jun phosphorlylation mutants, c-Jun delta oloma
mutant, 5XASP, MDM2-luc and beta-gal. The total amourtrarisfected DNA in each
dish was kept constant by the addition of empty vectoraviee necessary. Cell extracts
were prepared 48 hours post-transfection and subjected detirenination of luciferase
and beta-gal activity. Results are represented asrfdicttion of ratio between luciferase

and beta-gal activity.
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3.1.5.2 p73 is stabilized idnk1’ 2" fibroblasts

To check whether p73 levels can be increased in the abseid&band 2,Jnk1
"2 cells were transfected with p73 or c-Jun or in combinatfs shown in figure
3.1.5.2, c-Jun increases p73 levels even in the absemm#odnkl and Jnk2. This data
indicates that JNKs are not essential for c-Jun medlip73 stability. Of note, c-Jun is
normally expressed and phosphorylated in jnk1/2 double knoekobityos, presumably
by JNK3 (Hochedlinger et al., 2002). Similarly, in respotws&V irradiation or cisplatin
treatment, c-Jun is induced imkI2” cells, indicating that c-Jun can be activated

through alternative pathways (results not shown, Sahgi<, unpublished).
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Figure 3.1.5.2 JNK 1 and 2 are not required for c-Jun mediated g#dility
JnkI"2" cells were transfected with indicated combination atwes encoding pcDNA,
p73p and c-Jun. 48h later, lysates were subjected to SDS-PA®Eestern blots were

performed using pfBspecific GC15 and EGFP antibodies.
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3.1.5.3 p73 transcriptional activity is not compromised ifdnk1” 2" cells.

To determine whether phosporylated c-Jun is essentidisfability to stimulate
p73 functionJnkI 2" cell lines were chosen for study. p73 was transfectédkfi 2
and wild type fibroblast cell lineandits ability to function as a transcription factor was
tested in these cell lines. As shown in figure 3.1.5.3 athlkty of p73 to transactivate
p53 responsive gene promoter MDM2-luc (which has an auth@biic responsive

elements) was not reduced in the absence of INK1 and 2.
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Figure 3.1.5.3 JNKs 1 and 2 are not required for p73 transcriptionaliaty

wild type and JNKI'2" cells were transiently transfected with the indidate
combinations of plasmids encoding pcDNA, p/7B8IDM2-luc and beta-gal. The total
amount of transfected DNA in each dish was kept con$tarthe addition of pcDNA
wherever necessary. Cell extracts were preparedu48 post-transfection and subjected
to the determination of luciferase and beta-gal acti®gsults are represented as fold

induction of ratio between luciferase and beta-gal agtivit
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3.1.6 c-Jun potentiates p73’s ability to induce apoptosis nesponse to Stress

As stated in the introductory sections, there is arapidence exist that links the
c-Jun to the control of cell death. In a few seexjferiments, whether p73 and c-Jun

co-operate with each other in inducing apoptosis waskelec
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3.1.6.1 c-Jun potentiates the ability of p73 to induce apoptasiAlP1

Our earlier findings presented in this thesis indicateusaldink between c-Jun
and p73 in cisplatin-mediated apoptosis. Further, both cahuhp73 are induced in
response to cisplatin treatment, and p73 is stabilized Juncdependent manner that
results in increased activity of p73 towards its downstrganes. Interestingly, it has
been shown recently that p300 acetylates p73 in resporid3BlAodamage and thereby
potentiates the apoptotic function of p73 by enhancing theyabilip73 to selectively
potentiate the transcription of p53AIP in comparisonp1 (Costanzo et al.,, 2002).
These findings indicate that acetylation guides p73 towapdgtotic pathway. Thus, it
was decided to determine whether c-Jun mediated p73 staleitiits in enhanced
activity of p73’s apoptotic target genes such as p53AIP1. Tlsilpbty was checked by
co-transfecting p73 and c-Jun in H1299 cells with p53AIP-luc teporAs shown in
figure 3.1.6.1, in the presence of c-Jun, p73 displays enthautwity towards p53AIP1
promoter, indicating that c-Jun potentiates the abilitp48 to transactivate its apoptotic

target genes.
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Figure 3.1.6.1 C-Jun enhances the induction of p53AIP promoteri3

H1299 cells were transiently transfected with the in@datombinations of plasmids
encoding pcDNA (empty vector) pff3c-Jun, AlP-luc and beta-gal. The total amount of
transfected DNA was kept constant by the addition of gmgttor wherever necessary.
Cell extracts were prepared 48 hours post-transfectidrsanjected to the determination
of luciferase and beta-gal activity. Results are reptedeas fold induction of ratio

between luciferase and beta-gal activity.
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3.1.6.2 p73 co-operates with c-Jun in transactivating Bax promoter

Recent findings suggest that early induction of apoptosiassciated with
mitochondrial changes. Bax, a p53 target gene, hasKmewn to alter mitochondrial
events and promote apoptosis by facilitating the relessapoptosis-inducing factor
(AIF) and cytochrome C from the mitochondria, whichtumn triggers a cascade of
caspase activation (Narita et al., 1998; Susin et al., 198%.appears to be essential for
p53-mediated cell death in brain tumours (Yin et al., 199@)fianoblasts (McCurrach et
al., 1997) but not thymocytes (Brady et al., 1996). Henaeeast of interest to determine
whether c-Jun potentiates the ability of p73 to tram&atet, Bax promoter, an apoptotic
target. H1299 cells were transfected with p73, c-Jun albeae or in combination. As
shown in figure 3.1.6.2, when c-Jun was co-transfected withap@8t 2 fold increase
over the p73 transfected alone, indicating that c-Jun pates the apoptotic function of

p73.
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Figure 3.1.6.2 C-Jun enhances the induction of Bax promoter by p73

The indicated plasmids were transfected in H1299 cell$ it reporter plasmid

containing bax promoter, which drives the luciferase gend, aamplasmid encoding

beta-galactosidase gene for evaluating the transfeeffiiciency. Cell extracts were

analyzed 48 hours post transfection for beta-galact@smias luciferase activity. Results

are represented as fold induction of ratio betweendrast and beta-gal activity.
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3.1.6.3 c-Jun potentiates the ability of p73 to induce apoptasi

Since c-Jun appears to potentiate the apoptotic funofi@?3 by enhancing its
ability to transactivate its apoptotic target genes aglBax and p53AIP-1. It was
decided to determine whether the co-operation betweean esid p73 result in increased
apoptosis. Cos7 cells were transfected with p73, c-abl,calun either alone or in the
presence of each other as indicated in figure 3.1.6.3. f€caed cells were analysed by
tryphan blue exclusion method and both dead and live cells wounted in duplicates.
Number of live cells was plotted against the plasmidlmoation transfected. As shown
in figure 3.1.6.3, co-trasfection of p@Bor 3 and c-Jun resulted in reduction of number
of viable cells by approximately 15%. It has been showleedhat c-Abl potentiates
p73’'s ability to induce apoptosis (Agami et al., 1999). Thuspkakhd p73 were co-
transfected to see the reduction of number of viabls.cCBEfiese results indicate that both
c-Jun and p73 collaborate to induce apoptosis.

Further more, p73 was transfected io-jun’+ jun mouse fibroblasts or those
lacking either c-Jun or c-Abl, and followed the faterahsfected cells by including the
EGFP expression plasmid in the transfections. Analg$igells under fluorescence
microscopy indicated that unlikejun’+ c-Junfibroblasts and similar to c-abl null cells,
c-Jun deficient cells were relatively resistant to g#3ediated cell death, ascertained by

their morphology (data not shown).
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Figure 3.1.6.3  c¢-Jun potentates the ability of p73 to indap®ptosis
Quantitative representation of c-Jun-induced cell deatiCas7 cells after transient
trasfection of indicated expression vectors. 48 hourstparssfection, cell viability was

analysed by Tryphan blue exclusion method.
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CHAPTER 3

RESULTS

Section II: Ultraviolet light (UV) induces p73 levds
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3.2.1 Background and Hypothesis

UV can induce p73

Several lines of evidence indicate that UV and lonizimgatéon cause different kinds of
DNA lesions and trigger different repair pathways. Whil radiation activates nuclear
excision repair, IR radiation results in the actwatiof the base excision repair
machinery. It seems that UV and ionizing irradiation iasee p53 levels through
different mechanisms (Zeng et al.,, 2000). Activated p53 gem dn its downstream
target genes. It seems that p53 is required for IR, dut¥o mediated G1 arrest. For
example, UV, but not ionizing radiation, induced p21, and Géstain p53 deficient
fibroblasts from Li-Fraumeni syndrome patients (Loignon ak, 1997) and Gl1
accumulation was observed in UV-irradiate83” T lymphoma cells expressing Bcl-2
(Strasser et al.,, 1994). Furthermore, several studies stutige p53 null fibroblasts
(both primary and immortalized) are sensitive to UV raaimmediated apoptosis (Al
Mohanna et al., 2001, Lackinger et al.,, 2001, Lackinger andak&000; Mckay and
Ljungman, 1999; Wani., 1999), indicating the presence of p53-indepé apoptotic
program. Thus, the requirement of p53 in UV-dependent G1t amesapoptosis is less
Clear.

UV increases the expression of c-Jun and it is nbthkgar whether UV-induced
c-Jun participates in DNA repair or apoptosis. Newde$s, it has been shown tilm"'
cells are less responsive to UV-mediated apoptosis. dEté& suggests that c-Jun could

participate in apoptotic response (Shualin et al., 2001). Tieepdasented in chapter |
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suggests that c-Jun is required for increased p73 levelseHercpropose that UV can

stabilize p73.

3.2.2 Role of p73 in UV-induced pG13 luciferase activity ip53'" cell
lines

3.2.2.1 p53-independent pG13-luc transcriptional activity

It has been shown that UV-irradiation induces apoptosiss3” cell lines (Al
Mohanna et al., 2001, Lackinger et al.,, 2001, Lackinger andak&000; Mckay and
Ljungman, 1999; Wani et al., 1999). Recently identified p53 diogues, such as p73
and p63 are shown to be capable of transactivating p53 regpaiement containing
promoters( Yang et al., 2001). To check whether p53 indepep88RE- activity can
be observed ip53" cells, apanel ofp53” cell lines such as SAOS2 (Osteosarcoma cell
line), H1299 (non-small cell lung carcinoma) ap83’(fibroblasts) were chosen and
transfected with plasmids containing p53 responsive elemehish in turn drive the
luciferase gene reporter. As shown in figure 3.2.2.1, p53-imdieme p5S3RE-reporter
activity was observed ip53” cell lines. Thus, this result suggests that p53 related

proteins exist ip53" cells that are capable of transactivating p53RE repactérity.

107



Fold induction
i

p53-/- H1298 SAOQS52

Figure 3.2.2.1 p53-independent pG13-luc transcriptional activity

p53", H1299 and SAOS?2 cells were transfected with reporter pissenipressing the
luciferase gene under the control of p5S3RE (pG13) promatkaglasmid encoding the
beta-gal promoter for evaluating the transfection efficy. Transfected cells were

analysed after 48 hours (post-transfection) for botifdtasse and beta-gal activity.
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3.2.2.2 UV induces p53 reporter activity irp53” cell lines

Our earlier observation suggests that the p53 repottigityaés present inp53"
cell lines. To check whether UV light can stimultite p5S3RE reporter activity further,
the same panel @53" cell lines used in the earlier study was transfected p@h3-luc
reporter. Subsequently, these cells were UV irradiaigsl.shown in figure3.2.2.2, in
UV-irradiated p53~ cell lines, the p53 reporter activity is augmented. Hebis,

observation suggests that the UV can induce p53 reportétyaict p53” cell lines.
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Figure 3.2.2.2 UV induces p53 reporter activity in p5&ell lines

p53", H1299 and SAOS?2 cells were transfected with reporter plasexpressing the
luciferase gene under the control of p5S3RE (pG13) promatets plasmid encoding the
beta-gal promoter for evaluating the transfection efficy. Transfected cells were

analyzed 48 hours post-transfection for both luciferasebata-gal activity.
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3.2.2.3Dominant negative p73 inhibits endogenous pG13 luciferase activily p53"
cells

In order to clarify whether p53 reporter activity presemtpSS" cell line is
contributed by p73, p73DDAB15-636 a.a), a dominant negative of p73, p53 binding
sites driving a luciferase reporter gene, beta-gal plasweds transfected in H129953
null) cell line. As shown in figure 3.2.2.3, the p53 reporter agtvbserved in the p53
null background was brought down by the p73 DD (Irwin e2800). Furthermore, p73
transcriptional activity is efficiently brought down by pE®. This data suggests that
p53RE activity observed inp53” cells could be attributed to the functional activity of

p73.
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Figure 3.2.2.3 Dominant negative p73 inhibits endogeneous pG13 trapsonal
activity in p53” cells

H1299 cells were transfected with pcDNA, gF3p73DD separately and in combination
with p73{f3, reporter plasmids expressing the luciferase gene uhe@ontrol of p5S3RE
(pG13) and the beta-gal promoters for evaluating transfeatificiency. The total
amount of DNA was kept constant by using the PCDNA. Teatsd cells were collected
after 48 hours. Both luciferase and beta-gal activity wasasured as described in

chapter II.
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3.2.3 UV increases p73 levels

3.2.3.1 UV increases transfected p73 levels in cos7 cells
The following facts may suggest that UV-light can stadipz 3 levels:

1. UV is a potent inducer of c-Jun.

2. c-Jun stabilizes p73.

3. UV- can induce p53 reporter activityp3’ cell lines.
Cos7 cells were transiently transfected with fp73\fter 24 hours, cells were irradiated
with UV light (50J/mf). As shown in figure 3.2.3.1, in contrast to the eadigggestion
that UV-light may not induce p73, UV radiation could stiabilp73 further when it was

transfected. The blot shown here is a representativee®e experiments carried out.

‘__ pr3
s e « o

Figure 3.2.3.1 UV increases p73 levels in Cos 7 cells

Western blot analysis of p73 and actin protein leveksr afansfection into Cos 7 cells.
Transfected cells were UV irradiated (50J/m2) for ad@ihours and collected 48 hours

post-transfection.
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3.2.3.2 UV-induced endogenous p73 is p53 independent

To check whether UV inducesndogenous p73 irrespective of the p53 status,
p53" andp53" 3T3 fibroblasts were UV irradiated (50nfor two hours. As shown in
figure 3.2.3.2, p53 null cells expressed detectable levelas#l Ip73, which was further
induced by UV-irradiation (Figure 3.2.3.2), indicating that biddiated p73 induction
occurs independent of p53. This data suggests that p53-indep&hdeneédiated cell
death observed ip53” cell lines could be attributed to the increased p73 levals
support of this notion, it has been shown that p73 is cajpdielucing apoptosis when

it is over expressed (Marin et al., 1998).
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Figure 3.2.3.2 UV-induces endogenous p73 levels independent of p53

p53" cells and 3T3 wild-type fibroblasts were UV irradiated (B@) for two hours.
After 48 hours, cell lysates were prepared and subjecté@tesbern analysis. Transferred
membranes were sequentially probed with antibodies draagminst p7$ ((GC15)

(1:1000)) and actin (1:400).
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3.2.3.3 UV but not IR increases p73 levels

It has been shown that UV can induce c-Jun expressiondbuR (Shualin and Karin,
2001). The data presented in this thesis suggests that cabilizes p73. Keeping these
facts in mind, we proposed that UV irradiation should augrpéa levels but not IR. To
test this, H1299 (null for p53 expression) and COS7 (p53 isivadet by large T
antigen) cells were transfected with pCDNA or p.73hese cells were irradiated with
UV (50J/nf) or IR (20y). As shown in figure (3.2.3.3), only UV irradiation stetais p73

but not IR.
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Figure 3.2.3.3 UV increases p73 levels but not IR

Cos7 cells were transfected with pCDNA-3 or #/@Ag). 24 hours after transfection,
trasfected cells were either UV (503)ror IR (2Q\) irradiated for about 12 hours. The
level of p73 and actin proteins were assessed by Westalgses using antibodies

directed against their protein products.
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3.2.3.4 Cisplatin but not IR induces c-Jun

It has been shown that only cisplatin stabilizes p73 btutamising radiation (IR)
(White and Prives, 1999). Further, it has been shown tisglatn treatment alone
induces c-Jun but not IR irradiation (Shualin et al., 200Kgeping these facts in mind,
3T3 cells were either irradiated (g0or cisplatin (23M) treated as indicated in figure
3.2.3.4. y-irradiation did not induce c-Jun, whereas cisplatgatment resulted in c-Jun
induction. The same blot was probed with actin antibodghieck the equal loading of
proteins in each lane. In line with the earlier obagons, this data confirms that c-Jun is

induced in response to cisplatin treatment.
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Figure 3.2.3.4 cisplatin but not IR induces c-Jun

3T3 fibroblasts were exposed to cisplatin or IR irradig20y) as indicated above. Cell
lysates were prepared and protein concentration measureel.level of p73-beta and
actin proteins were assessed by western analysis astiigpdies directed against their

protein products.
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3.2.3.5 c-Jun over expressing cells increase p73 levels ipm@sse to IR

The lack of c-Jun induction in response to IR irradmttould be the cause for
lack of p73 stability in response to IR. In order to pratie this issue, human colon
carcinoma cells (H1299) stably over expressing c-Jun ovebmr were generated and
subjected to -irradiations (20. As shown in figure 3.2.3.5, p73 basal level is inadas
in c-Jun over expressing cell line, which indicates thatrc-contributes to the increased
levels of p73. Further, p73 was induced after 1 hour as expbatethe levels had
declined by 24 hours post-irradiation in vector expressing H1288. ©n the other
hand, p73 was detected at similar levels at both 1 and 24 post-irradiation in c-Jun
over expressing cells. This result confirmed that thesgmce of c-Jun is sufficient to

stabilize p73 in response to IR.
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Figure 3.2.3.5 IR stabilizes p73 in c-Jun overexpressing cells

HI1299 cells were exposed to ionising radiation. Cells vargested at 1 hour and 24
hours after irradiation for western analysis. 300udotdl lysates were used for WB
analysis. Transferred membranes were sequentially prafibdanti-p73-beta specific
(GC15) mouse monoclonal antibody (1:1000), anti-c-Jun (H-p@cisc (1: 1000)

antibody and an actin (1:400) mouse monoclonal antibody.

121



3.2.3.6 UV mediated p73 stability is increased in the preses of c-Jun

To determine furthewhether c-Jun is required for UV mediated p73 induction,
jun” andjun” + Jun cells were transfected with PcDNA3 and p73. Tratefecells
were subjected to UV-irradiation grirradiation. UV, but noty-irradiation, enhanced
both p73 and c-Jun levels @jun’+ c-Jun cells (compare lanes 7 with 9 and 12 with
respect to actin in figure 3.2.3.6). On the other handdld\hot effectively increase p73
in jun” cells (compare lanes 1, 3 and 5), indicating that UV-atedi p73 stability is
increased in the presence of c-Jun. Together this datasssigiget c-Jun is required, but

not essential for UV mediated p73 induction.
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Figure 3.2.3.6 UV enhanced p73 levels is further increasedha presence of c-Jun

The c-Jun null cells and Jun null cells reconstitutetth w-Jun were transfected with
pPCDNA-3(V) or p73B. 24 hours after transfection, cells were irradiatédt either UV
(50J/m2) or IR (2B) for 12 hours. Antibodies specific for pB3{(GC15) (1:1000)), c-

Jun (H-79) (1:1000), and actin (1:400) were used for Western analys

123



3.2.4 Factors influencing UV-induced p73 levels

3.2.4.1 UV increases p73 levels mainly at the post-transcriptial level in MCF7-
p73{ clones

To test whether it is due to the increased transcnptéCF-7-p73 cells were
treated with Actinomycin D, a transcription inhibitor. Akown in figure 3.2.4.1, UV
mediated p73 increase did not decrease in the presen@nsdription inhibitor. This
data suggests that UV-mediated p73 increase could take pldee @dst-transcriptional

level.
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Figure 3.2.4.1 UV increases p73 levels at the post-transcriptideat! in stable clones
The MCF7-p738 stable clones were either untreated, treated witmamotycin D
(25ng/ml) for about 15 minutes. Drug treated and untreated plages UV (50J/f)
irradiated for about 12 hour. Cell lysates prepared and protaicentration measured
using Bradford method. Antibodies specific for p73-bet&£1& (1:1000) and actin

(1:400) were used for western analysis.

125



3.2.4.2 UV increased p73 levels do not depend on JNK 1 and 2 &kial

It was shown earlier that Jnks are not required faurcfdediated p73 stability.
To test whether UV mediated p73 induction and stabilityiregINK 1 and 2 and Abl,
jnk12" fibroblasts andabl” cells were transfected with pCDNA or p73. 48 hours Jater
cells were UV (50J/m2) irradiated for about 16 hours and stdaj@o Western analysis.
As shown in figure 3.2.4.2, p73 is stabilized by UV irradiatio bothjnk1” 2" andabl’
cells This data suggests that both Jnks and abl are noteedair UV induced p73
stability. It is not surprising to find p73 stability in thbsence of c-Abl, as only ionizing

radiation has been shown to activate c-Abl, but notitcAdiation.
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Figure 3.2.4.2 Jnks and abl are not essential for UV increas@d 3 levels

JnkI"2"; abl™; jun” and jui+Jun cells were transfected with pCDNA-3 or g¥3-
These cells were either untreated or UV irradiated (58)Jfar 6 hours and subjected to
Western analysis using antibodies specific for the [p7@C15) (1:1000). Transferred

membrane was stained with ponsue (data not shown).
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3.2.4.3 Generation of p73 expressing MCF-7 stable clones: UV increases pB3-
levels in MCF-7-p73 stable clones

To test the ability of UV to induce p73, pB3expressing stable cell line was
generated. For this purpose, MCF7 (human breast caraircath lines) cells were
transfected with pcDNA and pcDNA-p3- 48 hours after transfection, 2890 G418/ml
was added to the transfected cells. After two weekisug selection medium, very few
surviving clones were selected and developed as cell ligsisTthe first demonstration
that p73B expressing stable cell line can be developed. MCF-7ppstable clones were
either untreated or UV irradiated (50J/m2). As showngaré 3.2.4.3, UV increased the

p73 levels.
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Figure 3.2.4.3 UV increases p7B4evels in MCF-7-p738 stable clones

The MCF-7-p733/vector (V) cells were UV (50J/m2) irradiated as indkchat
the top of each lane. 48 hours later, cell lysates vpeepared and subjected to SDS-
PAGE. Western blot analysis was performed using antH3S3ecific (GC15) (1:1000),

anti-p53 (1:500) and anti- actin (1:400) antibodies.
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3.2.4.4 UV induces both p73 and p53 levels in MCF-7-pBexpressing stable clones

Earlier we have shown that MCF-7 cells stably exprespini@ was further
stabilized after UV irradiation. In this experiment, Wave decided to compare (/3
expression with its counter-part, endogenous p53 expressiGi-7 cells were UV
irradiated for the indicated periods and cell lysatesevgeibjected to western analysis.

As shown in figure 3.2.4.4)V irradiation was able to stabilize both p73 and p53 levels.
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Figure 3.2.4.4 UV increases both p73 and p53 levels in MCF-7-p73 stelblees

The MCF-7 cells stably expressing pF3vere UV (50J/m2) irradiated for the indicated
periods. Transferred membranes were sequentially probedheifollowing:

1. anti-p73p specific (GC15) mouse monoclonal antibody (1:1000)

2. anti-p53 specific polyclonal antibody (rabbit) (1:500)

3. anti-actin (1:400) mouse monoclonal antibody.
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3.2.5.1 Synergistic signals (UV+IR) stabilize p73
We proposed that exposure of the cells to inductive/aaivasignal (lonizing

Radiation-IR) followed by stabilization signal (Ultralet radiation-UV) would further
enhance the stabilization of p73. To verify this possyhiltOS7 cells were either or UV
irradiated alone or in combinatiopirradiation resulted in induction of p73 levels after
one hour, but reduced by 4 hours (Figure 3.2.5.1). Howevatnteat of -irradiated cells
one hour later with UV-irradiation rescued the decreias@73 levels and p73 was
detected at 4 hours post -irradiation. In contrast, itd&diation (I0J/m2) alone did not

result in the elevation of p73 levels.
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Figure 3.2.5.1 Synergistic signals (UV+IR) stabilize p73
Cos 7 cells were either UV (10J/m2) or IR {lDradiated or both as above. Western blot

analysis was performed with anti-p73-beta, anti-c-Ju@gHand anti-actin antibodies.
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3.2.5.2 Synergistic signals (UV+IR) induce apoptosis

IR promotes transient cell-cycle arrest in most o tbell types except
thymocytes. It has been shown that IR induces apapiosinly thymosites but not in
fibroblasts (Levrero et al., 2001). To check the possitoli long-term effect of and UV
treatment on replicative cell death in cells lackip§3, colony-forming assay was
performed. As shown in figure 3.2.5.2, colony number was reduicegdr either UV or
irradiation treatments in comparison to untreated ;c€ldls treated with both and UV
irradiation did not form any colonies (see figure, ungdat-100; 34; UV: 25; + UV: 0).
It is possible that UV irradiation could have furthealslized p73 that is induced by

irradiation, which led to p53-independent cell death.
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Figure 3.2.5.2 Synergistic signals (UV+IR) led to reduced colamymbers in p53

fibroblasts

p53" (5X10* cells per 10 cm) cells were washed, fixed as describedaieridls and
methods. Colony formation assay was carried out dfter (10J/m2) or IR (29
irradiation or both. After 2 weeks, colonies were vigali by staining with crystal

violet.
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CHAPTER 3

RESULTS

SECTION llI: p73 INCREASES AP-1 ACTIVITY
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3.3.1 Background and hypothesis: p73 could positively influendeP-1
transactivation.

A structural comparison between p53 and its homologue p73 $sgbas DNA
binding regions (DBD) of p73 possess a high level of contervavith DBD of p53
(63%) (Levrero et al., 2000). p73 regulates the genesrhaegulated by p53 (Yang et
al., 2002). However, the striking differences between p83&B8 knockout mice suggest
thatinvivo p73 may regulate different genes. While p53 null mice I[dpvegpontaneous
tumors, p73-deficient mice have neurological, pheromamdiflammatory defects and
lack spontaneous tumors (Yang et al., 2000), suggestingnthabd p73 may regulate
different genes. In aggrement with this notion, miar@adata from several laboratories
suggest that the genes regulated by p53 and p73 are consideifebintd(Fontemaggi
et al., 2002). Further, it seems that p73 may regulate e3hresponsive elements
containing genes and other responsive elements containirgs gatier directly or
indirectly. It has been shown that AP-1 activity ighty pronounced in several tumor
cell lines. Similarly, it has been recently estaldlithat several primary tumor cells and
tumor cell lines overexpress wild-type p73 including cancdrghe breast, lung,
esophagus, stomach, colon, bladder, ovary, liver, bile duspendymal Ilining,
myelogenous leukemia and neuroblastoma (Moll et al., 2001).

The fact that both p73 expression and AP-1 activity arbhhigronounced in
most of the human tumors indicates a possibility th#t p73 and c-Jun could co-exist in
human tumors. It appears that most of the tumors loawer levels of p5S3RE-promoter
activity (at least 50% tumors have mutation in p53 genehigiter levels AP1 activity.
This data prompted us to propose that p73 could positively mdéuéhe function of c-

Jun/AP-1 transcriptional activity.
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Tumors: p73 and AP-1: Co-exist

p73  C-Jun

cancer cell

Facts supporting the hypothesis

AP-1 activity is high; p53 activity is low

C-Jun transactivates AP responsive element containing promote

P73 transactivates p53 responsive element containing promoters

Both c-Jun and p73 co-exist(over expressed) in tumors

Does p73 increase AP-1 activity?

Cancer cell

Figure 3.3.1.1 a & b Hypothesis: p73 could augment AP-1 activity
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The diagram depicted above indicates the expressiars &tp73 and c-Jun transcription
factors in cancer cells. Although both p73 and c-Jumipregulated and co-exit in many
tumors, only AP-1 transcriptional activity is high, but p&8RE activity. Hence, it was

proposed that p73 can increase AP-1 activity.
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3.3.2 p73 potentiates AP-1 activity.

3.3.2.1 p73B increases AP-1 activity.

To check whether p73 influences AP-1 activity, p73 and c-Jue wansfected
separately in HI299 cells (a human osteosarcoma cellds® null producer), along with
5XTRE-Iuc [5X 12-0-tetradecanoyl-13-acetate(TPA)-responsiemehts-TRE (5XTRE,
five tandem AP-1-binding sites) | and 3-gal promoters. Asvaha figure 3.3.2.1, p73
potentiated SXTRE luciferase activity. c-Jun was used @ssdive control for its ability
to transactivate AP-1 responsive elements. It wasreed that p73 activity is as good as
c-Jun mediated AP-1 transcriptional activity. On theeptitand, the expression of p53
did not have any effect on 5XTRE elements. Hencealbilgy of p73 to stimulate AP-1

elements throws light on its ability to regulate atirely new set of genes.
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Figure 3.3.2.1 p7B potentiates AP-1 responsive element (5XTRE) promoter agtivit

H1299 cells were transfected with plasmids encoding 5XTRED.5ug), 3-gal
(0.5ug), PCDNAS, p73(100ng), p53(100ng) and c-Jug(2 The total amount of plasmid
DNA used for transfecteion was adjusted tou8.by adding PCDNA3. Luciferase
activity was measured 48h after trasfection and norewlipr transfection efficiency
with 3-gal activity. Results of at least three indepehdexperiments performed in

duplicate are shown here.
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3.3.2.2 p7B potentiates Collagenase-1 promoter activity.

To generalize the fact that p73 can increase the acwiitpP-1 responsive
elements containing promoters activity, collagenase-1 pemmoegas considered as it
contains 1X AP-1 responsive elements. [p¥&as in the presence of collagenase-1
promoter along with R3-gal plasmid in H1299 cells. As shawfigure 3.3.2.2, p73
potentiated collagenase-I promoter in comparison to vectatrol. This finding strongly

suggests that pBXxan increase AP-1 responsive elements containing promatgivity.
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Figure 3.3.2.2 p7f potentiates collagenase-1 promoter activity

H1299 cells were transfected with plasmids encoadingagetiase I-pro-luc
(0.5ug), R-gal plasmid (0jfg), PCDNA3, p78 (100ng), p53 (100ng), and c-Junué.
The total amount of plasmid DNA used for transfecti@swadjusted to 3uf by adding
PCDNA3. Luciferase activity was measured 48h after tctsfe and normalized for

transfection efficiency with [3-gal activity.
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3.3.3 The Dose effects of pp3on the reporter expression from 5XTRE promoter:

p73p synergizes with c-Jun in potentiating AP-1 activity

To check whether increasing amount of c-Jun increasesbility of p73 to increase AP1
activity, HI299 cells were transfected with an AP-1-drilciferase reporter gene in the
presence of increasing amount of c-Jun (100ng) 2nd constant amount of B 8L00
ng). All luciferase activity was normalized using a mmsfected [3-gal expression
vector. Over expression of c-Jun caused an incredabe elative activation levels of the

AP-1 reporter and the expression of p73 protein furthermeththe AP-1 activity. .
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Figure 3.3.3.1 Synegistic effect of gFand Jun on AP-1 promoter activity

H1299 cells were transfected with Agpof 5XTRE--luc, 0.pg 3-gal plasmid and 100ng
of p733, 100ng and g of c-Jun. The total amount of plasmid DNA used for
transfecteion was adjusted to j8glby adding an empty PCDNA3. Luciferase activity
was measured 48h after trasfection and normalizeddasfection efficiency with 3-gal

activity.
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3.3.3.2 p7P synergizes with c-Jun in potentiating the AP-1 activity

Previously, we showed that c-Jun stabilizes p73. TheHattc-Jun homodimers
and c-Jun-c-fos heterodimers increases AP1 activitgugir their ability to interact with
each otherprompted us to ask whether p73 synergies with c-Jun in inoge&sir RE-
luc activity. Both p73 and c-Jun were transfected imptlesence of the reporter 5XTRE-
luc in H1299 cell line. Remarkably, luciferase activity wiasch enhanced (5 to 6 folds)
than expected in their combination (2 folds), indicatimat {73 and c-Jun synergistically
increase AP-1 activity and not p53/Jun. These results/ithpt p73 could be a partner
in AP-1 dimers. The importance of AP-1 composition enscriptional activation is
beginning to emerge. c-Jun containing dimers showed digiioenoter specificity in
transient-transfection experiments, depending on thegrait is possible that choice of
dimerization partner defines the role of c-Jun in gactévation and cell cycle regulation
(Kaminska et al., 2000). It would be interesting to delieehe functions of p73 and c-
Jun dimers within a cell. Together, this data suggestp#&not only synergizes with c-

Jun, but also contributes to enhanced AP-1 activity
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Figure 3.3.3.2 p73 co-operates with c-Jun in potentiating AP1 attiv

H1299 (75% confluence in 35mm plates) cells were transfedtadl00ng p78,
alone or with g c-Jun, 500ng of the luciferase reporter plasmid driven b XTdRE
motif and 500ng 3-gal plasmid (as an internal controlg tokal amount of plasmid DNA
used for transfecteion was adjusted tou8.by adding an empty pCDNAS3. Transfected
cells were collected 48 hours after transfection. Lus#eactivity was measured and

normalized with3-galactocidase activity.
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3.3.3.3 p73 efficiently synergies with c-Jun but not with other famly members

The structure of p73 gene is highly complex when comparéuhtof p53. The
p73a contains the SAM domain near t@eterminus but not p78- To find out whether
there is any difference in the ability of p73 isoform&ncrease AP1 activity, H1299 cells
were transfected with indicated combinations of plasnmd=ddition to 5XTRE-luc and
3-gal plasmids. As shown in figure 3.3,31% co-transfection of both pf8and c-Jun
reproducibly resulted in a moderate increase of the APVitgctas measured by
luciferase and 3-gal assays. In contrast, none ddtther p73 family members increase
AP1 activity as much as p73-3 does. Furthermore,oqpdi@- not co-operate efficiently
with c-Jun to increase AP1 activity. Of note, SAM daom@aay not be essential for p73’s

ability to potentiate AP-1 activity, as pBis much more efficient than p%8-

148



1800.00 -

1600.00 +

1400.00 ~

1200.00 +

1000.00 + l
800.00 +
600.00 +

400.00 - ﬂ ﬂ
200.00 - ’L‘
0.00 D

éé o 0 S S 300 ¢ ¢
RN N R RN o8 B e

Luc/beta-gal values

Figure 3.3.3.3 p73-f synergies with c-Jun better than p/and other p73 family

members

H1299 (75% confluence in 35mm plates) cells were transfecidd pv3x
(100ng), p7B (100ng) alone or with c-Jun (100ng) and the luciferase repplasmid
(100ng) driven by the 5XTRE motif and 500ng 3-gal plasmid (as&rnal control).
The total amount of plasmid DNA used for transfecti@swadjusted to 3uf by adding
an empty pCDNAS3. Transfected cells were collected d®enours and luciferse activity

was measured. Luciferase activity was normalized fvifalactocidase activity.
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3.3.4 Structural requirements of c-Jun and p73 in potentiang AP-1
activity

3.3.4.1 The effect of c-Jun mutants on the abilty of p7Bto stimulate AP1 activity

To identify which domain of c-Jun is important for itisilay to cooperate with p78;
p73 and a series of c-Jun mutants (JUMANL{194); JunC A 194-334); TAM (A 142-
334); c-Jun-d-domainAGB0-57); c-Jund-NLSA1-232)) were co-transfected into H1299
cells. As shown in figure 3.3.4.1, although c-Jun mutantergyred with p733 to
potentiate 5XTRE-Iuc activity, they were not as good ad-typpbe c-Jun. Interestingly,
c-Jun mutant lacking domain, which is similar to v-Jun, synergized with (8/8auch
better than wild-type c-Jun. This could be because né<llomain mutant is

constitututively active and more stable than wild-typRin.

150



600000.00 -
500000.00 - B
400000.00 +
300000.00 ~
200000.00 ~

wowe i e Naaall

IR RO

Luciferase activity

%
o -

Y
PRI R \AIRNGIOVEPL SRS RS Aol
e >y <\§ ) obb '\'59\ & obe ,§ "5&6
> O D AD O A7 A
S FEEST
N

Figure 3.3.4.1 The effect of c-Jun mutants on the abilty of p#3o stimulate AP1

activity.

H1299 cells were transfected with PCDNA, vector conp@8{3, and c-Jun, N-c-
Jun (1-194), C-c-Jun (194-334), TAM (142-334); c-Jun-d-domain (30-57);-bHI8(1-
232) separately, or in combination. In addition, reportesmlds expressing the
luciferase under the control of 5XTRE promoters andlasmid encoding the [3-gal
promoter were co-transfected. The total amount ofnph$NA used for transfection
was adjusted to 3u® by adding PCDNA3. Transfected cells were collected 4&in af

transfection and both luciferase activity and 3-gal#gtin cell extracts were measured.
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3.3.4.2 TAD1 domain of p73 is essential to cooperate with c-Jun

N-terminus of p73 contains transactivation domain, whitdress 34% sequence
identity with p53 though it is not the only transactiant@omain proposed. It seems that
p73 has an additional glutamine rich transactivation domaam the c-terminus. In an
effort to understand whether N-terminus of p73 is imporf@nits ability to transactivate
AP-1 responsive element containing promoters, indicated weffigure 3.3.4.2) were
transfected either alone or in combination. Althoughtdlp73 increases 5XTRE
activity, it was not as efficient as p73-3, indicatihgt N-terminus of p73 is not essential
for its ability to transactivate 5XTRE elements. wéwer, delta N-p73 failed to co-
operate with c-jun in transactivating 5XTRE elementdicating a possibility that c-Jun
binds to the N-terminus of p73 and thereby augments its yabditstimulate AP-1

elements.
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Figure 3.3.4.2 N-terminus of p73 is not essential for its aWilio transactivate AP-1

responsive element but for its ability to co-operate with e+Ju

H1299 cells were transfected with vectors encoading PCDN&3;(3, c-Jun,
delta N-p73, p53 separately, or in combination with eithetaddlp73 or p53 and a
plasmid expressing the luciferase gene under the comftr6KTRE promoters and a
plasmid encoding the 3-gal promoter for evaluating thesfeation efficiency. The total
amount of plasmid DNA used for transfection was adgugie3.21g by adding PCDNA3.
Transfected cells were collected 48h after transfedind both luciferase activity and 3-
gal activity in cell extracts were measured. This repoaissay was part of the earlier

experiment, just for the clarity sake it is presenteé Beparately.
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3.3.5 The role of Post translational modifications

3.3.5.1 JNK phosporylation is (63/73a.a) required, but dispensablfor c-Jun’s
ability to co-operate with p73

To check whether JNK-mediated c-Jun phosphorylatiorgsired for its ability
to co-operate with p73 to transactivate AP-1 (56X TREpwase elements, p73, ¢c-Jun and
its phosporylation mutants (Jun63A/73A and 5XASP, serindues are replaced with
aspartate residues) were transfected separately omihiration in HI299 cells, which
do not produce p53 protein. As shown in figure 3.3.8hdugh c-Jun 63/73 co-operated
with p73 in transactivating 5XTRE elements, it was motraich as wild-type c-Jun. On
the other hand, phosporylation-mimicking (5XASP) c-Junoperated with p73 in
comparison to wild-type c-Jun, indicating that phospomytats important for its ability

to transactivate 5XTRE elements.
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Figure 3.3.5.1 Phosphorlylation of c-Jun is required for its abilitp co-operate with
p73

H1299 cells were transfected with reporter plasmidgdXTE-luc, 0.ug 3-gal
(for evaluating the transfection efficiency) and expi@s vectors encoding pp3
(100ng), c-Jun (2g), Jun 5XASP (@g), Jun S63/73A (2g), and PCDNA3. The total
amount of plasmid DNA used for transfection was adgidte 3.1igm by adding
PCDNA3. Luciferase activity was measured 48h after teatisn and normalized for

transfection efficiency with (3-gal activity.
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3.3.5.2 c-Abl negatively regulates c-Jun’s ability to co-operateith p73 in increasing
AP-1 activity

c-Abl has been shown to increase the ability of p73nthude apoptosis by
directly phosphorylating it (Yuan et al., 1999; Agamaéf 1999; Gong et al., 1999). c-
Abl is also known to phosporlylate c-Jun at tyrosine 178e tyrosine phosporlyated c-
Jun, promotes a positive feedback loop by enabling c-Adhter into the nucleus (Barila
et al., 2000). In order to find out whether c-Abl influencelin to co-operate with p73
to increase AP1 activity, H1299 cells were transfected thi¢hindicated vectors (figure
3.3.5.2). c-Jun co-operated with p73 better than tyrosiosghiorlyation mutant of c-Jun
(Y170>F170). This data suggests that c-Abl down regulates theyabfilip73{f3 to

stimulate AP-1 activity.

156



700000 -

600000 - T

500000 -

400000 +

300000 +

200000 +

Luc/beta-gal value

100000 -~ T

| o []

Vector p73b Jun 170F  p73b/Jun p73/170F

Figure 3.3.5.2 C-Abl negatively regulates the ability of p73riorease AP1 activity

H1299 cells were transfected with reporter plasmids S5XTIRE feta-gal, expression
vectors PCDNA3, PcDNA3-p73-13, PcCDNA3-c-Jun, PCDNA3-Junl7@ara¢ely and in
combination with either c-Jun or c-Jun 170F. Transfaatifficiency was controlled by
cotransfection of a [3-gal construct. The total amounplasmid DNA used for
transfection was adjusted to gg2by adding PCDNAS. Transfected cells were collected
48 hours after transfection for luciferase and [3-gadysssLuciferase activity was

normalized by the internal 3-gal activity.
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3.3.6 Dominant negative p73 (p73 DD) inhibits AP-1 transcripnal
activity.
3.3.6.1 Dominant negative p73 (p73 DD) inhibits AP-1 transcripticad activity.

The p73-DD encodes (315a.a-636 a.a) carboxyl terminus of p73, wetaéths the
oligomerization domain. It has the capacity to oligoree with wild-type p73 to
inactivate its transcriptional activity towards p53 respanglements (Jost et al., 1997).
To clarify whether p73 activity is essential for the ARactivity, we checked if the
endogenous AP-1 activity was brought down by the p73 DD in H128® ) cell line.
Remarkably, 5X-TRE-luc activity was lowered by the dominagative p73, indicating
that p73 contributes to the AP-1 transcriptional actiyiigure.3.3.6.1). Intriguingly,
the basal AP-1(5XTRE) activity seen with PCDNAS3 is diisined in the presence of

p73DD. Thus, this data suggests that p73 contributes to thé ARsa activity.
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Figure 3.3.6.1 Dominant negative p73 inhibits AP-1 transcrptiorzattivity

H1299 cells were transfected with PCDNA3, p73-3, c-Jun, p73 Paraely and in
combination with either c-Jun or p73DD and reporter plasmigsessing the luciferase
gene under the control of 5XTRE promoters and a plasnadding the 3-gal promoter
for evaluating the transfection efficiency. The toaahount of plasmid DNA used for
transfection was adjusted to ggZn by adding an empty PCDNA3. Transfected cells
were collected 48 h after transfection and both luciéeeasivity and 3-gal activity in cell

extracts were measured.
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3.3.6.2 p73's ability to stimulate AP-1 transcription in p5Rin” null cells

To check whether p73 induces the AP-1 transcriptional actikitough c-Jun,
increasing concentration of p73 was transfecte¢p58 c-Jun’” null fibroblasts. As
shown in figure 3.3.6.2, increasing concentration offp#@dly increases luciferase/l3-
gal ratio. This data may suggest that the ability of p7&titaulate AP-1 activity is not
completely compromised in the absence of c-Jun. Hexydvis important to note only

mild increase is noted.
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Figure 3.3.6.2 Dose effect of pf3on the reporter expression from 5XTRE in p53
Jun™ fibroblasts

p53"Jun’ cells were transfected with reporter plasmidp@.5XTE-luc, 0.5ig R-gal
plasmids and increasing amount of p73 and p73DD. The total@ of plasmid DNA
used for transfecteion was adjusted tqu8.lhy adding PCDNAS3. Luciferase activity was
measured 48h after trasfection and normalized for treimsfe efficiency with 3-gal

activity.
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3.3.6.3 p73 synergizes with c-Jun in potentiating hMSH2 promotgp53RE and AP-
1) activity.

The following facts support the idea that p73/c-Jun coudflilage the expression of
hMSH2 promoter:

1. Treatment of cells with tetradecanoylphorbol- 13atee(TPA) specifically increases
the amount of p73 mMRNA (Fontemaggi et al., 2001).

2. p73increases the AP1 activity.

3. TPAis known to induce AP-1/c-Jun activity.

4. hMSH2 contains AP-1 responsive elements.

As shown in figure 3.3.6.3, tr®ynergism between p73 and c-Jun when they were co-
transfected can be explained on the basis of thenuesd binding sitefr both p53
and AP-1 in thehMSH2 promoter sequence. However, th®ISH2 transcription is

clearly independent of p53incethe SAOS2 cell line used in this is a p53 null producer.
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Figure 3.3.6.3 p73 cooperates with c-Jun in potentiating MSH2 promofe&3RE and
AP-1) activity

Saos2cells were transfected with reporter plasmid hMSH2 promotébug), 3-gal
plasmids(0.fg) and increasing amount of p73(10ng to 100ng), and p53. The total
amount of plasmid DNA used for transfection was kept teoisoy adding PCDNAS.
Luciferase activity was measured 48h after trasfectionremchalized for transfection
efficiency with 3-gal activityTransfected cells were collected 48 hours after transfect

and both luciferase activity and 3-gal activity in catracts was measured.
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3.3.6.4 p73 promoter contains AP-1 like responsive elements

Fontemaggi et al., (2001) have shown that TPA, a potent endafcc-Jun/AP-1
activity (Lamph, 1988), increases TAp73 mMRNA levels, whicliceigs a possibility that
AP-1/c-Jun could also regulate TAp73 at the transcriptitmnael. These observations
prompted us to analyze TAp73 promoter for any AP-1 likgpaoresive elements. As
shown below, promoter analysis ranging frci2713/+1 revealed the presence of a
consensus binding site for the transcription factor AF¥e exact localizationf this
sequence (5-TGA C/G TCA-3)) is circled in figure 3.3.6.Rromoter analysis of the
human TA-p73 promoter revealed seven putathe-1-like binding sites. The
identification of AP-1 like sequences in the p73 promoteicatds a possibility that c-
Jun/AP-1 family of proteins can regulate p73 levels—iom@ext dependent manner— at

the transcriptional level.
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p73 promoter sequence accession number:. E51345

AP1 sites: (5-TGA G/C TCA-3).

No. AP-1 like sites| Positions
1 tga a tac 127-134

2 tga g cac 414-420
3* tga ga tca 830-838

4 tgg a tcg 890-897

6 tga g cca 1411-1417
7 cga g tca 1428-1434

1 gcggcecgecce cecggecctge ccgecgggga cgetggecace gaggatgtee tgeeegtgge
61 ccaggtcccc gecgcetcacce aggtacttge cgtccgggga gaacttgcag agtaagetgg
121 agagct tga a tac ctcggag aagttcatgg ccgccgectg ccgegggegce caccctgege
181 ccgaaaaccc gcgggacccee tgggegegea gecaggcetgca acagecgacg ccggecteeg
241 aggccggaag tcagaaggcg gaagtgaact gcagcctatc agcgccgecg acttccgege
301 ggcattgtgg ggcttgtagt tcttgtgcecg cagggcttta aaggaaacgce ccacgtttct
361 tccgaccagg gatttccgac ccgagaacct tacctcaaag gccgggaggc ctt tgagcac
421 ctccagctag ggctgctgat aaaaatgtag aaagcacagt aaaatt tgaatttca gattc
481 acaacaaatc tagttataag tatgttccca aatattgcac gggacatgct aatacggaaa
541 aattactcgc tagtctgaaa ttcaaattta attgagcgac ctgtgtgtct gegtgtgtgt
601 acacatgcat a tata tata t ttatatttata tgtaaatgt atgtttacat gtaaatatat
661 gtttacctac aaatatatct ttaataagta atacggtgtc tgtcgcacat atattatatc
721 gtgtatgtaa tgtataagta tttatttcgt ttgcttgggg ttitgtttge ttttgctgag
781 tccgacccect ctacctgeeg cetggecctt gectcacget ccagtgecac tgaga tca ag
841 gagagaacga atttgccgct gactgggcag agcgagegceg tggatcgegg ccaccgeccg
901 ttcatcaccc gegegeatct gggetggcac cgggcgaaga atcgtgeggg tetgggacct
961 gggggcccag agggagegag ctectgegeg ggegeteggt cecgecaggtit cgcaggcetea
1021 ggggcgtgcece tegttctcac cccecacteceg gaccecggte ctettceccta gacageggece
1081 cccteccaccc ctggetceceg caggecgcta gtagtccgeg ccaggecceg ccggegectc
1141 tagggccccce cagatcgege agaccctgac atcccegect ggecctgggt tetgggaget
1201 gagagccggc cagggtcctg ctegtacctc cgggegecca gectegggte tgctcceege
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1261 ggacgcccca acctcccegg ccgaatggat ggtggtgege gegegtecta ctcecggeggt
1321 gceggccttt tetgttgecca aaactagacce caaacctctg catgggattc gtetttgggt

1381 ccccaccecg tgcgeccage aaacagtggg tgageca tga agatg tg cgagtca gecgga
1441 cccteccegt caggegegga ccegetgegg ccagagaacce cagtctgege cageceggct
1501 cgctcgcgaa geccacgggct tcactgacge gactttccaa gacgtggggg tcaccatggg
1561 cagaggacat cggttcggag ccagatcacg ggccccataa gcatcagacc ataagcagcg
1621 ccgccactga gagecgctcg gaactcgecce agcatgtcgg gtcccctage cagggectgg
1681 tgtacgtggt cgagggccct ggaagccccg atggectagg aggagcagge gggeggagcg
1741 gcgggtgtcg ctggccggta gagagcettcg gectgaccta gecgcaggtct ggtgegegea
1801 gagaacaact ccaagcgcac cgacgcccgce gagcetectic caaacaccga acgggatcca
1861 gagcccgage ccacaggegg cggecggggg agggageagg gtgetggecg cecgeccggga
1921 gtgttcgegt cctgggtgac ccectggaagg acgtggggec caaactcegg ctggggttgg

1981 gagagcagcc cccagaggct ctccgeggga tectetgecg ggecgggacceg tggctccaca
2041 ggagaagtgg gtggcaagcc ctgcttggecg gaaagcagcc gttccectece tectgggect
2101 ggggceggcegc cectcaccecc tgttcceege cectcaccec tgttcceege cggecacate

2161 ccctgeccct tggattccaa gegececcgeg cgeccgaggag cccagegcta gtggeggegag
2221 ccaggagaga cccgggtgtc aggaaagatg ggccgtctgg gggacagcag ggagtccggg
2281 ggaaacgcag gcgtcgggca cagagtcggce accggegtce ccagetctge cgaagatcge
2341 ggtcgggtct ggceccgeggg aggggecctg gegecggacc tgettcggece ctgegtggge
2401 ggcctegeeg ggcetetgcag gagecgacgeg cgccaaaagg cggcgggaag gaggcgggge
2461 agagcgegee cgggaccecg acttggacge ggccagetgg agaggeggag cgecgggagg
2521 agaccttggc cccgecgega cteggtggece cgegetgect tccecgegege cgggctaaaa
2581 aggcgctaac geccecgeggec gectactcece cgeggegect ccecteceeg cgeccatata
2641 acccgcctag gggecgggcea gecegecctg ccteececgee cgegeacceg ceccggagget

2701 cgcgegeecg cga

Figure 3.3.6.4 p73 promoter possesses AP-1 like responsive element
The promoter analysis of TA p73 promoter (TAp73 promoter seguaccession

number-E5134phas identified at least seven AP-1 sequences (hightdigitielue).
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3.3.6.5ANp73 promoter contains AP-1 like responsive elements

Costanzo et al have suggested in abstract presented BSDIR meeting (2002)
that deltaNp73 promoter can be regulated by both c-Jun and HB58:ever, whether
deltaN p73 promoter has AP-1 elements is less clear flosnstudy. Interestingly,
deltaN p73 promoter could be analogous to MSH-1 promotet, lessibeen shown to
encode both p53 and AP-1 RE at the proximal sites and redwgtboth c-Jun and p53.
Similarly, MDM2 promoter contains both AP1 and p53RE t& promoter and is
subjected to the regulation both by AP-1/c-Jun and p53 @ies, 2000). Therefore,
deltaNp73 promoter was analyzed carefully for any AP-1 t&gponsive elements.
Interestingly, as shown below, deltaNp73 promoter arsmlgsnging from - 2940/+1
revealed the presence of a consetuding site for the transcription factor AP-1. The
exact localizatioof this sequence (5'-TGA C/G TCA-3') is circled in figGt8.6.5. This
promoter analysis revealed seven putafiFel-like binding sites. The identification of
AP-1 like elements in deltaNp73 promoter analysis suggestshtiman deltaNp73
promoter can be synergistically potentiated by p73 and @&Pdh/transcription factors.
Further, it indicates the possible existence of regujakmop between deltaNp73 and

p73/c-Jun.
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DeltaNp73 promoter sequence accession number: intron 3 wisicides the DeltaNp73
promoter.

No. AP-1 like sites| Positions
1 tca gc tca 60-67

2 tga c aca 235-242
3* tga g tca 454-460

4 tag c tca 662-668

5 tgc a tca 883-889

6 tga aa tac 1841-1847
7 tga a tac 2547-2553

* AP-1 site ; The highlighted sequence in blue represemsl Ake site

1 ccagggagga tctgtagctg gaggaagggt ggggtcatge gtgggagcag ggagggggct
61 cagctcacca cggtcagctc tgagactcca geccaccegt taccccctce cagagagecce

121 ccactcagcc tttcctttgg tgggcetttcg tgacaaagca cttiggggct gcacagaagt

181 gaaccccacc cagcacccag gtctcagagce cttgcagctt ctgeggcectce ttccatgegg

241 tgggatgaag ccagctgccc agcagggacc ctgtgccatg agtttggect tgaactgaca

301 ca tcactggc accaggaaac gaagtccccc tgtctgtict ggcacataac ccctcccact

361 aactggttcc tgaagagtgc cgtggcectge ggcagegteg ttccceectg tectgeggec

421 cagggtcctgcggaaagtca ggcggaatce ccgg tgag tca gaagcagaa tgaaagcaga
481atggaggacccagcagggag ggaacctgga ggaggcgcta agggccacge caagggggtg
541 tggccccaga teeectgtee ctgtectetg caaggetggg cettgggaac gtttgcagaa

601 agctgggtgc cgctctgggg cagaggcecag tggttttggg tgctttigag ttggaaacgt
661gtagctcagc cgcactggga tcccegeagce ctggeccaga tgctaagggt ggagagatge
721 ggggtctcag gcacggtgec ctgggceatgg gtggggceteg tgctgaagge agectggcetg
781 tcttecttee tcacgtectt ccacttggeg ctctectttt ggctatttat aaaaccatca

841 ggccggecctgtgcatggga ctegectgagtetectttic aa tge a tca t teectttgge

901 aggagaggac accgcctaca gaggctgagg atgtgccctg tgggggtcgg gagcggaacc
961 caggccccge ctcggecectg ctectgagggt ctgtccatce ctggggagec cgcccccaac
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1021 ccaagagggg tcccaggctc agaagcagaa ggcaccctca tccccagggce atccccgatc
1081 ccagcaggag tctcctagtg ctcgecctgg getctectge aaggaggctg ctgctttcce

1141 cagaacatcc agtctgggcc ccagccgacc ccctgcaggg ggcettcccag agacgecctt
1201 cctgaacctg atctaccaga caaaactgtc tttttctcag tcgtctecte ctgagtgcetg

1261 ctgcccttce tgttggggge tgagatcctc tgccacagga agagacgggce gtccaggact
1321 cacctgctge ctcceggecc tagggecctg agetgggcetc tccaggecce agecccttgg
1381 ggcacaacac ctggaatcgt cctttcgtce tcagccegge ctgetggtgg ggcagggegg
1441 gtccccaggg ctectcagge agetgcagte caaacctcce ctgecctcac ccagctctge
1501 ccgctctcce gggggtgggg gtggggageg atgaggecce tgeeggcetet cggtggggac
1561 gacagggagg aaggaagctg gggagatgga gacaagagaa agcaggcagg tggtttggga
1621 tttggcagga aaaggttgga aggaaagggg aaagggtctc cgcatggatt tctca getce
1681 ccatggattt ctca gccctc gtgagagcca cggecgecctg gggactggaa gtgtgggtce
1741 gcaggcccca gtccccaggt ttgtctgage atagatgecc tgectgettc cagggggact
1801 cgggccccte tgccagggtc aactttgtac ccaagacggce tga aa tacaa tggaaattca
1861 gacggcccaa cagggag tgg cag tca cctc aaaggcccca ctagacgggt gcggggeacce
1921 actgcagagc ccctcectgg ctgtgccaag gecgteccacg cectgcagggg gecccactge
1981 cgggctgttc tttggcaaca gtggcttgtc cctgtttcct gggggcttgg ccagtgecag

2041 ggtgggctcec aaacgcacgg ctetgggctce ttggactcac cectgetttg ggcaggceagt
2101 ggaaggcagg ccccacaaga getgetcact cecgtcacct gtctcecteg ggggtctagg
2161 gtcgaacctc ctgtgagccc ctectctcca tgcagecctt ggactagtce tggcggacca
2221 ccgagttcce cgecgcagggg gecaggtgege cccacctggg tgccaaggga ggcgacacca
2281 tctcteeecce ttggggtgge ccagecttge ctaccatgat ctccagggec ggggcetcage
2341 cctcatgect gggaacagag getgctttac ggggtgaggg cctggggece cccgagectt
2401 ccccaggceag gcagcatctc ggaaggagcc ctggtgggtt taattatgga gecggegcetg
2461 accggcegtcc ccgeccteece cacgcagect cettggtgeg gtccaacaca tcaccgggea
2521 agctgaggcctgccccggac ttgga tga a tac tca tgagg aataaagggg tgggccgegg
2581 gttttgttgt tggattcagc cagttgacag aactaaggga gatgggaaaa gcgaaaatgc
2641 caacaaacgg cccgcatgtt ccccagcate ctcggetect gectcactag ctgeggagec
2701 tcteeegcte ggtccacgct gecgggegge cacgaccegtg accettceece tcgggecgec
2761 cagatccatg cctcgtccca cgggacacca gttccctgge gtgtgcagac ccceceggege
2821 ctaccatgct gtacgtcggt gacccegcac ggcacctcge cacggtaggt gtgacgegec
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Figure 3.3.6.5DN p73 promoter encoades AP-1 like responsive elements

The promoter analysis of DN p73 promoter (DeltaNp73 promsgguence accession
number ACCESSION ABO055067) has identified at least sevenl Asequences

(highlighted in blue).
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CHAPTER Il

RESULTS

SECTION IV: P73 AND C-JUN COOPERATE IN

TRANSFORMATION

171



3.4.1 Background and Hypothesis: p73 and c-Jun can cooperate in
transformation

3.4.1.1 p73 is over expressed in various human cancers

Whether p73 is a tumor suppressor or a proliferation agsocgene is still under
immense scrutiny. However, it is certain that p73 is aa@lassical tumor suppressor
gene that would follow Knudson’s two hit hypothesis (Melin@le 2002). Despite the
search in 900 human tumors for mutation in p73 gene, ébglts were unfruitful for
cancer biologists (Zaika et al., 2002; Stiewe et al., 2002).

Current studies strongly suggest that p73 appears to bexpressed in a variety
of tumors including neuroblastomas, ependymomas, hepatacellgastric, breast,
bladder, ovarian, and esophageal cancers compared witmaoneal tissue counterparts
(Moll et al., 2001). Importantly, p73 over expression appeatse positively correlated
with prognostically relevant parameters (Petrenko et 2003; Sun, 2002). The
correlations between high-level expression of p73 anduaprognostic factors indicate

that p73 could function like an oncogene to enhance turogrgssion.
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3.4.1.2 Role of c-Jun/JNK in supporting transformation events ittumor cells
It has been shown earlier that both c-Jun and JNiK @aaimportant role in tumor cells.
The following evidence suggests a role for both c-Jun and idNKansformation and
tumor cell survival:
1. The AP-1 activity is required for tumor promotion (Youngale, 2002).
2. Ras induced transformation requires c-Jun (Johnsdn &086)
3. Ras induces c-Jun phosphorlyation on sites that areppbdgated by JNK
(Pulvrer et al., 1991; Smeal et al., 1991).
4. Knock-in studies demonstrated that mutation of the JNKsphorlyation sites on
c-Jun prevented Ras-induced tumorigeneicity (Behrens, &08I0)
5. In addition, it has been shown that JNK is constialyivactivated in several
tumor cell lines and that the transforming actions @ess oncogenes (for eg.,
BCR ABL) have been reported to be JNK dependent (IDavwk, 1998).
These accumulated data support the hypothesis that lboth @xd JNK are relevant

to cancer.
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3.4.1.3 Hypothesis: p73 and c-Jun can cooperate in transformation

The p73 (wild-type) is over expressed in variety of tumolsceHowever, it is
unclear why TA-p73 did not prevent tumorigenesis, espeaidin it is expressed in the
wild-type form. Why would tumors need to retain factorsexpress factors that would
make them more sensitive to apoptotic stimuli? Furihesr,ntriguing to note thqb73"
cells slowly exit from S-phase in response to UV irraaligtindicating that it could play
a role for p73 in G1-S phase transition/proliferationgi@ozo et al., 2002). Alternatively,
it may suggest that p73 does not act as a UV checkpointrabieer counteracting
checkpoint function. Indeed, p73 expression is itself mradddlduring the cell cycle and
TAp73 proteins accumulate in S phase. In addition, the funotigaY3 proteins is also
regulated by post-translational modifications and proteemn interactions in different
cellular and pathophysiological contexts (Fulco et 2003). Furthermore, it has been
shown that cyclin-dependent kinases phosphorylate p73eatnihe 86 in a cell cycle-
dependent manner and negatively regulate p73 function. Alppat@ins have a Cyclin
Recognition Motif located within the N-terminal portion thie DNA binding domain
(KKL; 149) (Gaiddon et al., 2003). Alternatively, over exga®d dominant negative p73
or interacting oncogenes could modulate TA-p73 functiotumor cells. Intriguingly,
p73 is regulated by oncoproteins such as c-Myc, MMI, c-JUDM, and mutant p53
etc. All these proteins could effectively bind to p73 umobrs and suppress its p53
related functions. Similarly, during the tumor developmémb/INK-dependent stress
induced apoptosis must be suppressed or adopt mechanisms tessuppn/JNK-

dependent apoptosis. It is also possible that tumor welis activate survival pathways
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that function dominantly with respect to the JNK/Jun-gpoptotic pathway. JNK/Jun
could even function differently in tumors and normallsce Evidently, it has been
demonstrated that JNK is required for stress-induced apsptioggrimary cells (Garay et
al, 2000; Ho et al., 2002). In contrast, induction of apoptsd inhibition of growth of
tumor cells were noted when tumor cells were transteclvith anti-sense JNK
nucleotides (Bost et al.,, 1999; Patopova et al., 2000). eThesults imply that JNK

supports transformation in tumor cells.

Together, all these critical facts and questions r#mee possibility that the
function of p73 is modulated in tumor microenvironment and p7R%3 related
functions” are compromised in cancer cells. Pringagl’3 and other oncogenes such as
c-myc and c-Jun have the capacity to induce apoptdstswhey are over expressed.
However, it does not happen efficiently in tumors, otheswumorigenesis would be
prevented. Alternatively, the majority of tumor seWould have undergone apoptosis
and a few surviving cells could have learnt to modulatefuhetions of these proteins
through protein-protein interactions and developed as clondss onhco-suppressor
protein function is tuned or modulated according to theds\ed the cancer cells to
sustain proliferation and this could one of the reasehg p73 is over expressed in

tumors.

Keeping all these facts in mind, it was hypothesizatltbth p73 and c-Jun can

cooperate with each other in transformation.
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Cancer cell

Figure 3.4.1.1 Hypothesis: p73 and c-Jun can cooperate in transfation

It appears that AP-1 activity is required for tumor proowijYoung, et al., 2002) in the

mouse model. c-Jun is specifically activated in sévaraor cell lines and AP-1 activity

is highly pronounced in tumors (Shualin et al., 2002). Furthexmmoth p73 and c-Jun

synergistically increase AP1 activity. These findings syport the hypothesis that p73

and c-Jun can cooperate with each other in transf@mat
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3.4.2 p73 transforms fibroblasts in conjuction with c-Jun.

3.4.2.1 p73n/B inhibits colony formation.

NIH 3T3 cells were transfected with pCDNA, p73 alpha and pi&-laad
selected in G418 for about two weeks. As shown in figure (34 2ansfection of either
p73x or p73 did not give rise to any macroscopic colonies. The suppme®f colony
formation could be due to apoptosis. In contrast, mamyg resistant colonies were
formed following transfection with the empty vector (dgAB). This confirms the

earlier reports that p73 induces apoptosis when it ipovduced.
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Figure 3.4.2.1 p7@&/Binhibit colony formation

NIH 3T3 cells were transfected with a pcDNA that corddrG418 /neomycin resistance
and pcDNA plasmids expressing pi7dnd f (2 micrograms each). For colony formation
assay 5X1bcells per 10 cm plate were transfected with a neomyleisnpd and were
grown for 48 h before 75Qgm/ml of neomycin was added. After 2 weeks, colonies
were fixed and visualized by staining with crystal violétlote that the inhibition of

colony formation by p7@ is much better than pB3

178



3.4.2.2p73 and c-Jun co-operate in transformation
TA-p73 (wild-type) is over expressed in many human tumigidl(et al., 2002).

However, it fails to induce apoptosis to prevent tunombtion. In addition, its putative
target genes (p53 responsive element encoding genes such p2psBAaIP1) seem to
be not upregulated in tumors. One could argue that delta N-gi@, Wwas the ability to
inactivate both p73 and p53 are also over expressed in tuhtws, it was hypothesized
that wild-type transcriptionally active p73 (TA-p73) alphadabeta cannot prevent
proliferation in the presence of oncogenic signals pravioe c-Jun. This hypothesis
was tested by transfecting wild-type pCDNA-p73 alpha/begather with pCDNA-c-Jun
in immortalized fibroblast cell lines such as NIH 3T3 celsid selected in
G418/Neomycin 750-1000(microgram/ml). As shown in the figure 3.4pZ2 increased
the number of colony formation in the presence of ¢-dJuncomparison to vector
(pcDNA) and c-Jun. This result indicates that c-Juduates the function of p73 in such
a way that it supports the transformation process,uashds been shown to support

transformation in conjuction with other establishedayanes.
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Figure 3.4.2.2 p7@&/Btransform fibroblasts in co-operation with c-Jun

NIH 3T3 cells were transfected with a pcDNA that corddrG418 /Neomycin
resistance and pcDNA plasmids expressingap@dd p738 (2ug each). For colony
formation assay 5Xf0cells per 10 cm plate were transfected with a Neomyiismid
and allowed to grow for 48 h before 768/ml of Neomycin was added. After another 2
weeks, colonies were fixed and visualized by staining witlstalwiolet. Note that

inhibition of colony formation by p#8is much better than pp3
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3.4.3 c¢-Jun mutants ability to modulate p73 function

3.4.3.1 c-Jun mutants cooperate with p73 in transformation: iher N or C-termini
of c-Jun co-operates with p73 in transformation

In the earlier chapter (chapter 2) it was shown th&t bband C-termini of c-Jun
(1-194 and 194-334, respectively) cooperate with p73 in inducing APRdityactiTo
check how the binding of N and C-termini of c-Jun influenp@8 in promoting
transformation, NIH 3T3 cells were transfected witdicated vectors. As shown in
figure, p73 increased the number of colony formation eveheipresence of either N or
C- termini of c-Jun independently (Figure 3.4.3.1). Irdgengly, both N and C-termini
of c-Jun by itself reduces the colony number compared ktefidgth c-Jun, but in the

presence of p73 it increased the colony number.
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Figure 3.4.3.1 p73 transform fibroblasts in co-operation with both N and C-termini of
c-Jun

NIH 3T3 cells were transfected with pcDNA that conferretl&/Neomycin resistance
and pcDNA plasmids expressing pirdnd £, c-Jun, N-c-Jun(1-194), C-c-Jun(194-334)
(2ug each) separately and together as shown in the figoecolony formation assay,
transfected NIH3T3 cells were allowed to grow for 48h leefdBOpg/ml of Neomycin
was added. After 2 weeks, colonies were fixed and visuabyestaining with crystal
violet. Note that C-terminus of c-Jun is much bettem N-terminus of c-Jun to co-
operate with p73 in transformation. In the presence c-Jun, both@&hd[3 increased

the colony number.
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3.4.4 Factors contributing to c-Jun- p73 mediated transfanation

3.4.4.1 Both c-Jun and MDM2 are required for enhanced MDM2?romoter activity

In an effort to look at other cellular changes that Wddve favored the ability of
p73 and c-Jun to co-operate in transformation, it was did¢adook at changes in the
p53 level, as the presence of p53 has already been slwowmder transformation
process. p73 has also been shown to transactivate2iddnoter. Unlike p53, MDM2
does not promote degradation of p73, but it has been shown lba inansactivation at
the highest concentration. Interestingly, MDM2 hasrbeshown to stabilize p73
(Ongkeko et al., 1999) at the protein level. However, theham@sm of action is not yet
clear. To clarify this point, the ability of p73 to augm®&DM2 promoter activity was
checked in genetically defingtb3”; p53"jun’; p53"Mdm2" cell lines. Equal amount
of p73 and MDM2-luc plasmid and beta-gal plasmids were tctedeand luciferase
assays were performed to find out the MDM2 promoter agtiithe knockout cell lines
chosen. Interestingly, MDM2 activity was highdB3” cell line, in comparison to both
p53jun” and p53Mdm2" cell lines, indicating that both c-Jun and MDM2

independently are required for maximal MDM2 induction (Figude431).
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Figure 3.4.4.1 Both c-Jun and MDM2 are required for enhanced MDM2opmnoter
activity

p53"; p537Jun’; p53"MDM2" cells were transfected with pcDNA,Vector control,
p73-beta and reporter plasmids expressing the luciferase gelee the control of
MDM2 promoter and a plasmid encoding the beta-gal promoterevaluating the
transfection efficiency. The total amount of plad@NA used for transfecteion was
adjusted to 12y by adding an empty PCDNA3. Transfected cells were atetie48

hours after transfection and both luciferase actiwitg Beta-gal activity in cell extracts

were measured.
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3.4.4.2 Immunoprecipitation analysis to find out the interactionbetween c-Jun, p73
and MDM2: Immunoprecipitation(IP) with c-Jun Ab

Our earlier observations suggest that c-Jun and p73 ihtesitt each other
through both N and C-termini of c-Jun. It has alrelaglgn shown that p73 interacts with
MDM2. Unlike p53, MDM2 does not promote the degradation of p73thEBumore,
when a large amount of MDM2 was over expressed p73 trptisodl activity towards
p53 responsive elements was lost. Considering these ahbieesy it was decided to
check whether a complex containing these proteins existivn. To determine whether
c-Jun, p73 and MDM2 interact with each other, cos7 eedie transfected with vector
carrying no insert (pCDNA), p73-i3, ¢c-Jun, MDM2 and in combama#is shown in figure
3.4.4.2. 48h after transfection, cell extracts were pegpand immunoprecipitated with
agarose conjugated c-Jun Ab and c-Jun immunoprecipitates amatyzed by western
blotting. The membrane was sequentially probed with, p78nadd MDM2, indicating
a possibility that ininvivo such a complex could exist. C-Jun antibody efficiently
immunoprecipitated p73 when either p73 alone or both c-Jdmp@8 were transfected
together, indicating that endogenous c-Jun interacts owdr expressed p73. When
p73.MDM2 or p73.c-Jun.MDM2 was transfected together, againnc-dntibody
efficiently immunoprecipitated p73. Next, the membrane stapped and re-probed with
a mixture of MDM2 antibodies (SAM10 and a mouse monodlantbody). When p73/
MDM2 or p73/c-Jun/MDM2 were transfected together c-Jun iefftty pulled down
MDM2. Interestingly, when p73 was transfected alone.enMDM2 was brought down

by c-Jun, indicating that p73 induces MDM2 expression arzeisg brought down by
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the endogenous c-Jun. In addition, when MDM2/c-Jun wa¥dcted it did not bring
down either MDM2 or c-Jun indicating that this plate wads transfected efficiently.
Finally, the membrane was stripped again and re-probedcwaldtin antibody to check
whether the agarose conjugated c-Jun antibody is effigiepulling down

overexpressed/endogeneous c-Jun. As can be seen &diguite, c-Jun antibody pulls
down c-Jun. Together, this experiment failed to impBuo-physically bind MDM2, but

that both are in same complex.

Figure 3.4.4.2 A c-Jun, MDM2 and p73 interact with each other: Wsing c-Jun
antibody

COS7 cells were transfected with expression vectormdisated above. Transfected
cells were collected 48 h after transfection and odllaets were prepared and protein
concentration measured. Equal amounts of protein lyE§2@83g/sample) were first pre-
cleared with glutathione agarose beads and then immunopgeed with Agarose
conjugated polyclonal-c-Jun (H-79) antibody. Immunoprémips were analyzed by
immunoblotting with p73 (mouse monoclonal antibody), c-gomly clonal antibody-

H79) and a mixture of MDM2 (SAM90 plus 12A), the data pre=giais shown above.
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3.4.5 The co-operative effect of c-Jun, MDM2 and p73: a pot&al

mechanism to degrade p53

3.4.5.1 The co-operative effect of c-Jun, MDM2 and p73 on MDM2rpmoter

Since these proteins interact with each other ane tkeat possibility that they
may coexist in human tumors, we checked their abiitiransactivate MDM2 promoter
in human lung carcinoma cell line (H1299). H1299 cells werasfeated with the
indicated vectors and cells were collected 48h post-watish. Extracts were analyzed
for luciferase and beta-galactisidase activity. Asaghin figure (3.4.5.1), when MDM2
was co-transfected with p53, it brings down the activithjle it did not inhibit the
transcriptional activity of p73. MDM2 promoter activity svanaximal and induced by
six folds when p73 and c-Jun were co-transfected togdthaddition, when p73, c-Jun
and MDM2 expression vectors were transfected togethemudgmented the MDM2
promoter activity by fourteen folds, indicating a possibilibat coexistence of these
factors can effectively inactivate wild-type p53 in themors as well as during

transformation process.
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Figure 3.4.5.1 The co-operative effect of c-Jun, p73 and MDM2MBM2 promoter
H1299 cells were transfected with the indicated expressgators. In addition
reporter plasmids expressing the luciferase gene undeoth®lcof MDM2 (full length)
promoter and a plasmid encoding the beta-gal promoter wansfécted. The total
amount of plasmid DNA used for transfecteion was adfuso g by adding an empty
PCDNA3. Transfected cells were collected 48h aftesteanion, both luciferase activity
and beta-gal activity in cell extracts were measured, tha data presented as shown

above.
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CHAPTER IV

“Happy is he who gets to know the reasons for things”. Virgil (70-19)BCE

DISCUSSION

“Science does not know its debt to imagination” RalpHd&/&merson.
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Section |: c-Jun s required for p73 activation and stabization

1.jun”"and p53"jun cells are resistant to cisplatin

The resistance ofun” cells to cisplatin suggests that c-Jun is required isplatin-
mediated apoptosis. Furthéhe resistance gf53"Jun’” cells to cisplatin indicates the
importance of c-Jun in cisplatin-mediated p53-independenptapis. A number of
studies suggest that c-Jun participates in stress respdngeinduced by various stress
stimuli such as UV radiation, MMS and anti-cancer dreigs Furthermore, it has been
shown that over-expression of c-Jun induces apopto&$3nfibroblasts (Bossy-Wetzel
et al., 1997), in human vascular endothelial cells (Wetngl., 1999), and in neuronal
cells (Behrens et al.,, 2001). Studies using sympathetic reeamch PC12 cells have
shown that inhibition of c-Jun activity either by mier@iction or expression of dominant
negative mutant forms of c-Jun protects the cells fiverve Growth Factor (NGFand
withdrawal-induced apoptosis (Estas et al., 1994; Ham ,e1295; Xia et al., 1995). c-
Jun has also been shown to inhibit oncogene-mediatedararaion in primary rat cells
(Ginsberg et al., 1991). However, neither the mechanistrJah-mediated apoptosis nor

its targets are known at present.
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2. c-jun null cells have low levels of p73, and re-expressi of c-Jun
restores p73 levels and sensitivity to cisplatin

If cisplatin mediated p73 stability occurs through c-dnen c-jun’ cells would be
resistant to cisplatin-mediated apoptosis and p73 statidn and function will be altered
in these cells. Further, a number of studies suggestahatn augment c-Jun expression.
Fokstuen et al.(1997) showed that ras farnesylation inhibBBA-5B increases
resistance to cisplatin in a human melanoma cell Ienote, ras also regulates p73
levels (Melino, 2001)Moreover, transfection of a dominant negative c-Juramut169
resulted in cisplatin resistance (Sanchez-Perz andn®ed®99).Thus, these studies
indicate a logical relationship between loss of c-Jun @f&1 expressions and cisplatin
resistance. In line with these studies, low expressf@v3 was found i-jun’ cells in
response to cisplatin treatment. In addition, re-esgo@ of c-Jun in c-jun null cells
restored p73 levels in response to cisplatin treatmeditating that c-Jun is required for
increased p73 levels and cisplatin-mediated apoptosigasitoben shown that p73 can
activate p53-responsive genes and it can induce apoptessdral cell lines (Khagad et
al., 1997; Jost, 1997). Thus, it is possible that c-Jun mhjfiatdncrease p73 levels and
thereby controls cellular fate. Further, Flores bt @002) suggested that p53 is
upstream of p73 and p63. In the absence of p73, mouse embiipowidasts failed to
undergo apoptosis in response to various chemotherapeutic sirclgsas cisplatin in
comparison to wild-type cells (Flores et al., 2002). reggngly, c-jun null cells have
higher levels of wild-type p53 but are still resistantigplatin-mediated apoptosis. This
can be explained by considering the fact that in the absdrzdun, p73 levels are low

and p73 expression may be required for effective inductiorcigglatin-mediated
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apoptosis (Flores et al., 2002). Thus, these data suggéshehpresence of c-Jun is
necessary for induction of p73. Further, these studiesatelia possibility that in the
absence of p53 protein chemotherapeutic drugs can induce p73 pitekedute
apoptosis.The following facts highlight the role of p73 in chemothetdaje drugs
induced apoptosis in various cancers:

1. The ability of p73 to induce p53-independent apoptosis expla;msensitivity of
human cancers (in spite of p53 mutations) to chemothatiagugs (Kaelin et al., 2000;
2003).

2. Das et al., (2005) have shown that Ad-p73 is more pdiant Ad-p53 in enhancing
the chemosensitivity of mutant p53 expressing cancer cells.

2. p73, but not p53, expression differs between the cispladiatamt cell line and its

isogonics cell line, emphasizing the importance of p73 iplati® mediated apoptosis

(Ono et al., 2001).

3. p73, but not p53, expression differs in cells defectiveigmiatch repair, such as those
derived from the hereditary cancer syndrome human nomp@®ik colon carcinoma

(Zheng et al., 1999).

4. SK-N-AS (a human neuroblastoma cell line-p73 negatiey are more resistant to

cisplatin than SK-N-SH (p73-positive) cells (Zheng et E99).

Thus, understanding p73 mediated p53-independent apoptotic pathwhparamount

importance in understanding cisplatin resistance foundrious human cancers.
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Figure 4.1 Schematic diagram depicted here exemplifies the adle-Jun and p73 in

cisplatin resistance
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3. c-Jun stabilizes p73 in response to cisplatin treatmerfPossible and
potential mechanisms

Cisplatin has been shown to stabilize both p53 and p72 gid$t-transcriptional levels

(Gong et al., 1999). The data presented here suggest thaxogenously transfected c-
Jun and endogenous c-Jun increase p73 levels. c-Jun doésmpl&RNA in response

to cisplatin treatment, but it stabilizes p73 at the pmdivel. This conclusion is drawn

from various experiments (Co-transfection, Western)séPuchase, RT-PCR etc.)

presented in Chapter Ill. In line with this, Gong et (d/999) showed that cisplatin does
not increase p73 at the RNA level.

The stability of key proteins involved in cell fate decisiaasregulated by several

degradation mechanisms. Regulatory proteins are often ubajed, depending on their

association with auxiliary proteins that serve as adgtethe ubiquitination machinery.

Both c-Jun and p73 are degraded by proteasome dependent anddethepeechanisms

(Muller et al., 2000; Lee et al., 1999; Bernassola et2804). c-Jun is targeted for

ubiquitination by its association with inactive JNK (a tiasal level). On the other hand,
c-Jun is protected from ubiquitination by its associatuth active JNK (in response to

various external and internal stimuli) (Fuchs, et H97). It has recently been shown

that Itch, a Hect ubiquitin-protein ligase, binds to p73 amdet it to proteasome
dependent degradation (Rossi et al., 200Byrthermore, RanBPM has been shown to
bind to p73alpha and stabilzes p73 by inhibiting proteasome medikgradation
(Kramer et al., 2005). Asher et al (2005) have shown thattab8ization is regulated by

NQOL1 as well. It appears that NQOL1 interacts with p7@nitNADH-dependent manner

and guards them from proteasomal degradation (Asher et al.,.200byever, p73
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degradation and/or stabilization mechanisms are not elear yet. c-Jun has been
shown to interact with Ubc9 (E2 ubiquitin-conjugating enzyf@ottlicher et al., 1996).
Likewise, p73 has been shown to interact with sevdsajuitin related proteins such as
Ubc-9, SUMO1 (Minty et al., 1999). This data suggests thandsy competing with p73
for binding Ubc9, it could prevent the interaction betwp&8 and Ubc9. By preventing
the interaction between p73 and Ubc9, c-Jun could protect piF3kieing degraded. It
has been shown that serum is a potent inducer of exjuression (Lamp et al., 1988).
Serum also stabilizes p73 with no significant change in pRBlAlevels (Weiss et al.,
2001). These data suggest that serum could stabilize p73 bytiagtittee expression of
c-Jun. Alternatively, c-Jun can increase p73 levels by vedyaregulating repressors of
p73.

Recently, Zaika et al., (2002) and Slade et al., (2004) shdinst DN-p73
increases p73 protein levels, but it decreases its funcamhalty. Intriguingly, deltaN-
p73 promoter encoades AP1 responsive elements. In agreeittethis data, c-Jun has
been shown to increase the deltaNp73 at the promotel (€wostanzo, et al.,, 2002).
Thus, it is also possible that in response to growthusticaJun can stimulate deltaN-p73
expression, which in turn enhances p73 protein levels.

Further, N-terminus of c-JunA{94-334) mutant does not stabilize p73. This
data suggests that transactivation and delta domairesseatial for c-Jun mediated p73
stability. On the other hand, C-terminua1¢194)) of c-Jun mutant weakly stabilizes p73
compared to wild type c-Jun, indicating that DNA bindingl alimerization (leucine
zipper) domains are important as well. Thus, both N-Gutdrmini of c-Jun (containing

transactivation, dimerization and DNA binding domains) r@aguired for its ability to
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stabilize p73. In support of this finding, it has been showah ¢hJun mediated apoptosis
require both bZIP and transactivation domains, suggestirtigag@ptosis depends on
transcriptional regulation (Bossy-Wetzel et al., 1997).

Next, the likelihood of interaction of p73 with c-Jun svaevealed in the
immunoprecipitation experiments carried out in cellsroexpressing c-Jun or p73 (data
not shown). However, immunopreciptation of endogenous c-Jun with p73aatitvas
unsuccessful, indicating that higher levels of p73/c-Jun esgmn is required for

interaction invivo.

The central part of c-Jun protein contains PPXY(Tyrl170) doméhis PPXY
domain is also conserved in p73 (near the carboxy terniihg. domain could bring
about PPXY motif-WW domain interaction, which constitute part of a complex
network of multiple signal transduction pathwaykthis indeed the case, then c-Jun may
be part of complex in which p73 is constituent or c-Jun and pri3nteract indirectly
through  WW domain containing proteins. This explains the diffes in
coimmunoprecipitating the endogenous p73/c-Jun proeinher efforts to identify the
binding partners of the PY motff p73 and c-Jun should contribute to our understanding
of the overall network of cellular signaling involveBvidently, it has been shown that c-

abl interacts with the PPXY domain of c-Jun (Bartlale 2000).

Further, it appears that both the N1¢194) and C-termini of c-Jum\(194-334)
bind to p73 independently under over expressed conditions ridatghown). This data
implies a possibility that c-Jun interacts with p73 tlgio multiple regions, one near the

N-terminus of c-Jun and the other near the C-tersifpossibly through the DNA
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binding and leucine zipper domains), but both mayebgired for efficient interaction
and stabilization.

c-Abl has been shown to stabilize p53 by direct proteiteprointeraction. .
Though c-Abl has been shown to interact with p53, it domsphosphorlyate p53.
Therefore, it appears that c-Abl through direct inteoactvith p53 masks the export and
ubiquitination signals, which results in retention arabgization of p53 in the nucleus
( Shaul, 2000; Sionov et al., 2001999). Both c-Jun and Abl haave been shown to
interact with each other. The intramolecular intecast between c-Abl, c-Jun and p73
will certainly affect their stability, though the extanay depend on the cellular context.
Our data suggests that p73 and MDM2 interact with each offiso, both Abl and c-Jun
have been shown to interact with each other (Agarmal.£1999; Barla et al., 2000) Thus,
the intermolecular interactions between c-Abl, MDMZ2Jun and p73 will have an effect

on their stability and function, though the extent rdagend on the cellular context.

4. Expression of c-Jun modulates p73-mediated transactivation

The data presented here suggest that c-Jun, by increasingr@éh levels,
augments its ability to transactivate p53 responsive gsmels as p21, GADD45 and
MDM2 in the reporter and RT-PCR analysis. Furtheglsb augments p73’s ability to
increase MDM2 at the protein level. Correspondinglg, ability of p73 to transactivate
its downstream genes is markedly reduce@d8’ cells compared t@53"Jun’ cells,
indicating that c-Jun is required for increased p73-dependansctiptional activity.
c-Jun could protect against proteasome dependent degradationdingltio the shared
component of proteasome machinery and thereby increasétystabd transcriptional

activity of p73. It has been shown that Abl by directly binding to p53, p@td p53’s
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ability to transactivate its downstream genes. It Iw@sn established that CBP/p300,
which binds both p73 and c-Jun independently, functions es-activator for both.
Hence, it is possible that p300 could bring p73 and c-Jun dogée proximity of the
p53 responsive element containing promoters and therebyld aagment the capacity
of p73 to transcribe its target genes. On the other laddn neither binds to p53 nor
stimulates its function (our observation; Shualin et2001). Infact, it has been shown
that c-Jun suppresses the expression of p53 and its targetp@dnat the promoter level
(Shualin et al., 2000; Schreiber et al., 1999).

A recent study by Faniello et al., proposes an altemnanodel of H-ferritin
promoter transactivation by p300. p300 can recruit c-Jun togiess that do not
contain AP-1 binding sequences. c-Jun, when over expressebleiso potentiate the
transcription of promoters without binding directly te tBNA. All these observations
are consistent with thaypothesis that accessory factors can up- or down-regulate
transcriptional activity by influencing the protein-proteimeraction,which directly
controls the transcriptional properties of a transcniptactor (Chan et al., 2001). With
similar mechanism, one can predict c-Jun’s ability teesgize with p73 to transactivate

p53 responsive element containing promoters.

5. The c-Jun potentiates p73 function to induce apoptosis response to
cisplatin treatment

The resistance g53"jun’ andjun’ fibroblasts to undergo apoptosis in the
presence of anti-cancer drugs such as cisplatin highlightenhortance of c-Jun and
p53 related proteins such as p73 in inducing apoptosis. c-Jun igEenp73

transcriptional and proapoptotic activities that are ngkinpaired injun” andp53”
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jun” cells. These data are consistent with the abilitylainant negative c-Jun to
prevent cisplatin mediated cell death (Sanchez-Peralz, €t999). It has been shown
previously that mere transfection can “activate” p53 and p53-negsm downstream
genes (Renzing et al., 1995). c-Jun’s ability to potentiate pd@ppptotic activites
could be part of the stress response, as transfetselh activates a stress-signalling
pathway. Further, it has been shown {68 p73" fibroblasts are resistant to undergo
apoptosis in the presence of anti-cancer drugs such asutbicin and cisplatin. This
highlights the importance of p73 and p63 in inducing apoptosised-let al., 2002).
Intriguingly, in response to doxorubicin treatment, p5éited inp73 p63" MEFs
and it binds to p21 and MDM2 promoters but not to apoptotic prenmicuch as Bax,
PERP, and NOXA. This data suggests that p63 and p73 are intpeltaments in
recruiting p53 to promoters at apoptosis-related gertas.pfoposal is supported by at
least two facts. First, p63, possibly p73, has shown frésent at apoptotic-associated
target gene promoters, even in the absence of p53. &qudd is not present at these
promoters in the absence of p73 and p63(Flores et al., 20@#)ar8i, in c-Jun null
cells, though basal p53 and p21 levels are high and the levei3qdrotein is further
induced in response to cisplatin treatment, these cellse&atively resistant to cisplatin
mediated apoptosis. The reason for this could be thatip##ither induced nor
stabilized in c-jun null cells in response to cispldteatment. As described earlier, p73
is required for p53’s ability to transactivate apoptotigéh genes such as Bax, PERP
etc. Intrestingly, the ability of c-Jun to synergizeéhap73 on p21 promoter is minimal.

On the other hand, c-Jun synergized with p73 very effdgtion Bax and p53AIP
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promoters. Collectively, c-Jun, a known mediator of apsip(Bossy-Wetzel et al.,
1999) collaborates with p73 to induce apoptosis in resporggpiatin treatment.

Finally, the ability of c-Jun to potentiate p73’s proaptiptfunction can be used
as a mode of treatment for cancer. Hence, identifylmy rmhodulators of pathways
involving p73 and c-Jun is of great importance for the follmmieasons: (1) At least
50% of tumor cells harbor mutations in p53 gene, but itsohmgue p73 is infrequently
mutated in human cancers. (2) p73 is an important playehémotherapy-induced
apoptosis. (3) p73 can induce apoptosis in the absence of p53.

If p73’s proapoptotic activity is specifically activated ngsic-Jun derived peptides
(derived from the common interacting regions of p73 andnhg-ducancer cells, then this
can be used to increase the response of a variety of (&&ide cancer cells to

therapeutic agents.

6. Role of JNK in c-Jun-mediated p73 stability and transadtation
The JINK kinases phosphorylate Jun and stimulateratisscriptional activity.

JNKs are activated by stress inducing agents and their atalitpduce apoptosis or
proliferation will vary depending upon the cell type, dalticontext and stimuli (Leppa
et al., 1999). The data presented in this thesis suggests-Jlat could promote p73
function and stability independent of its phosphoryla{i®®/73; 91/93 a.a) status, as p73
can be stabilized further by transfected c-Jun and p73&ifumis not compromised in
Jnk1"Jnk2" fibroblasts. In addition, we have found thank1"Jnk2" cells were more
sensitive to cisplatin and induced c-Jun protein (datasmmivn). This data suggests that
JNK1 and JNK2 are not essential for cisplatin mediaidtdeath. In support of this

finding, it has been shown that cisplatin treatmeiot bt potentiate JNK activity
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(Fokstuen et al., 1997; Liu et al., 1996), but clearly inducechayjRNA expression (Liu
et al.,, 1996). Thus, it appears that genotoxic stress-indraregttiptional induction of c-
Jun expression (nascent c-Jun) could co-operate with p7&iedtg in transactivating
apoptotic promoters carrying p53 responsive elements; and niddiated increase in c-
Jun(Phosphorylated) protein levels may not co-operate WwiIB effectively in
transactivating p53-dependent apoptotic promoters. Accordiitghas been shown that
JNK-mediated c-Jun phosphorylation is not importamtTlF-a or sorbitol mediated
cell death, agnk1"Jnk2" fibroblasts were more sensitive to TNFand sorbitol-induced
apoptosis in fibroblasts (Hochedlinger et al., 2002). Furtties data suggests the
following: 1. JINK1 and JNK2 negatively regulate apoptasisesponse to certain stress
stimuli. 2. The existence of JNK-independent apoptotic pagbvn fibroblasts. Further,
JNK1 has been shown to degrade p53 by binding to the regioiNfteaminus (92-112)
of p53 (Fuchs et al., 1988), however, this region is nosawed in p73. This may
possibly eliminate a direct role for Jnks in p73 regulatiéiK-p53 complexes were
found specifically in GO/G1 phases of the cell cycle @at al., 1999), while MDM2-
p53 complexes were preferentially found in S/G2-M phasélseocell cycle. It appears
that JNK is an Mdm2-independent regulator of p53 stabilityoinstressed cells. On the
other hand, the same group has showed earlier that egpressa constitutively active
form of JNKK upstream kinase, mitogen-activated proteinage kinase kinase
(DeltaMEKK1), increased the level of the exogenousindfected p53. Increased p53
level by forced expression of DeltaMEKK1 coincided with decrease in p53
ubiquitination in vivo with prolonged p53 half-life. Correspondingly, JNK haseib

shown to phosphorylate p53 at T81 in response to DNA damagdestress-inducing
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agents (Buschmann et al., 2001). Unlike wild-type p53, in respondBK stimuli p53
mutated on T81 (T81A) did not exhibit increased expressi@oncomitant activation of
transcriptional activity, growth inhibition, and apoptosiSimilarly, transfection of
antisense JNK 1- and -2 decreased T81 phosphorylationpgonss to UV irradiation.
Together, the data accumulated from various laboratoridse recent past suggest that
JNK augments p53 stability under stressfull conditiorfslenn non-stressful conditions,
JNK appears to degrade p53. How the same protein diffdlgnégulates p53—
whether p73 is prone to similar regulation— under diffeamditions requires detailed
investigation.

Taken together, the results presented in this thesis suggephosphorylated c-

Jun (63/73) is neither essential for p73 stability nor fotrésscriptional activity.

7. The role of c-abl in c-Jun enhanced p73 stability anflinction

The data presented in this thesis suggests that c-Justahiize p73 in the
absence of c-Abl at higher concentrations of cispl@@inapter 3.1 figure). Thus, c-Jun
mediated p73 stability is independent of c-Abl activity. Bsponse to IR, c-Abl
phosphorylates p73 and thereby stimulates its transcrgtionction (Gong et al., 2000).
On the other hand, co-transfection of c-Abl, c-Jun @r@ldid not result in enhanced p73
stability compared to the co-transfection of p73 and cfdata not shown). This can be
explained if one considers that transfecting eqgimolac-dfin, c-Abl and p73 plasmids
may not demonstrate their in vivo effect, as c-Abl eiotevel remains unchanged in
response to IR, but its kinase activity is increasedthofigh cisplatin induces c-Abl

kinase activity, it does not phosphorylate p73 (White, 1999)rebler, it has been

202



shown that cisplatin does not activate JNK at cotnagans that produce an increase in
c-Abl activity in the HEC59 cell system suggesting thateéhHaesases are not part of the
same signaling pathway, and that JNK1 activation i axaniversal feature of the
cisplatin-induced cellular injury response (Nehme etl899). However, cisplatin can
induce c-Jun expression at the transcriptional level dowks not depend on JNK to
increase the levels of c-Jun (Rabo, et al., 1996; Warg).,eii996). In fact, c-Jun is
increased in JnK12” cells in response to cisplatin and the JHK1 cells are more
sensitive to cisplatin-mediated apoptosis, indicatinghks could function as a negative
regulator of apoptosis (data not shown). Evidently, bokiiJ and JnkZ cells have also
been shown to be more sensitive to TdWBnd sorbitol induced cell death (Hochedlinger
et al.,, 2002). These results support the idea that c-Juassiqgun is more important for
cisplatin sensitivity but not JINKs. Consistentlyhits been shown that activation of c-Abl
and JNK represent distinct signaling responses to DNA damagee(lal., 1996). For
example, UV irradiation induces JNK, but not Abl actiyviyhile IR induces Abl but not
JNK activity at lower doses. It is possible that c-dativation of Abl and JNK may form
part ofa phosphorylation circuit that integrates growth anésstrelatedstimuli for
cellular fate decisions. Thus, these observations sugjggasthe fate of cells exposed to
various stress signals does not always correlate avithis not always determined by

JNK activity.

Further, it has been shown that activation of c-Alnl cantribute to apoptosis by
phosphorylating, stabilizing and activating the p73 trangoniactor. However, it has
been shown recently that c-Abl mediated p73 stability cdaaldoro-apoptotic or anti-

apoptotic, as p73 gene can generate a number of splicimgtgawith pro-apoptotic and
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anti-apoptotic functions(Wang., 2003). c-Abl appears to rebammability to interact and
phosphorylate all the isoforms of p73. If c-Abl could stabilboth the pro-apoptotic full-
length p73 and anti-apoptotic deltaN-p73, the effect of c-Aldmoptosis would then be

determined by the expression pattern of the p73 gene (Wang, 2003).

Section Il: UV light mediated p73 induction/stabiity

UV-radiation is one of the most biologically relevamducers of DNA damage.
UV-B radiation from the sunlight is the cause foratnbuman skin cancers. Exposure to
UV-light causes DNA damage through formation of pyrimé&idimmers and 6-4
photoproducts which effectively blocks RNA polymerase Iirfrivanscription (Cullinane
et al.,, 1999; Mello et al., 1995; Selby et al., 1997). UV-inducBidA Damage results in
either transient cell cycle arrest or apoptosis €,.d992; Lu and Lane, 1993). Transient
cell cycle arrest provides cells, an ample amountiroé tfor the DNA repair before
replicating damaged DNA (Elledge, 1996). UV-induced DNA lesiaesramoved by
nucleotide excision repair pathway (NER) (Friedberg.etl8P5).

Although exposure to UV-radiation results in rapid p53 stadiibn and its role
in UV-radiation induced apoptosis is still questionable. Stunli¢he recent past suggest
that primary and immortalized fibroblasts lacking fumcal p53 can be hypersensitive to
apoptosis induced by moderate doses of UV-radiation (Laaketgal., 2001; Sheikh et
al., 1997; Bissonnette and Hunting, 1998). In addition, UVt ligkposure rapidly
stimulates c-Jun and in fact, c-Jun is one of the fddstesponsive genes identified so

far (Devary et al., 1991). c-Jun appears to play a rdldvirradiation induced apoptosis,
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as c-Jun null cells are resistant to UV-induced delith and over-expression of c-Jun

promotes the death of UV-irradiated cells (Shualin.et2000).
1. UV increases p73 levels

Our data suggests for the first time that UV-irradiatbam induce/stabilize p73
levels. Endogenous p73 is induced in response to UV irradiatianany cell lines
(NIH3T3, Cos7, MCF7, H1299) analyzed. After presenting this datthe 1ih-p53
international conference, Rome (2002), Melino et al., (2C2@)gested that UV can
stabilize p73. In support of these data, Zhang, et al., (2008)exl that UV-radiation can
stabilize p73 in human keratinocytes.

Further, it appears that UV-induced p73 expression biphasmature and it
could play a role both in DNA repair and apoptosis (datashown). The induction of
p73 in the earlier phase could lead the p73 to participddNi repair. Correspondingly,
induction of p73 at the later phase could potentially invgiv8 in p53-independent
apoptosis. Further, transiently transfected p73 is stabiimuch better io-jun’+c-Jun
cells, compared tgun’ cells. However, endogenous p73 expression is induced to a
comparable level ijun” andjun™ + c-Jun cells. These differences noted highlight the
fact that UV-mediated p73 induction could occur in the alesesicc-Jun through
alternative pathway mechanisms, possibly through p38 kipatavay. Together, it
appears that UV-mediated p73 expression is enhanced in thengge®f c-Jun
expression, but may not be entirely dependent on c-3udydight is known to activate
several stress related signaling pathways.

p53 is stabilized at the post-translational level in raspoto DNA damaging

agents. Similarly, our data suggests that UV-light mediap73 induction and
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stabilization can occur independent of transcription. Hanesonsidering the fact that
p73 promoter encoades APl elements, one cannot exclude rdhscriptional
mechanisms contributing towards its upregulation in resgptmtlV-radiation.

The enhanced p53RE-carrying promoter activity observed in a dneb3-
negative cell lines suggest that p53 family members couidaaca compensatory
mechanism to activate p5S3RE promoter activity in the aleseh@53. However, it is
important to note that UV-light induced p53-RE reporter pn@ transcriptional activity
were less than 2 folds in the panel of p53 negativeinel tested (data not shown). and.
DeltaNp73, which does not contain the N-terminal adbvatiomain in p73, has been
thought to be transcriptionally inactive. It has beeowshto form inactive complexes
with TA-p73 and thereby hinder its function. Howeverhats been found recently that
DeltaNp73beta is indeed active in inducing cell cycle arrestagogtosis (Liu et al.,
2004). In addition, p53 has been shown to induce apoptosisafsctiption dependent
and independent mechanisms (Haput et al., 1995; 1997). The afuthbes suggested
that the existence of two p53-dependent apoptotic pathwagsreguiring activation of
specific target genes, and the other independent of segsieeciic trans-activation. The
latter pathway may actually be totally uncoupled frombinding of p53 to its consensus
DNA sites. However, the relative contribution of saactivation-independent apoptosis
to tumor suppression by p53 is less clear. Similarly, p73oatribute to UV-mediated

apoptosis in transcription independent manner.
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2. JNK 1, 2 and Abl do not influence UV-radiation induced p73evels
JNKs are stimulated upon UV irradiation of cells. Thhs, role of INK1 and 2 in
p73 induction in response to UV-radiation was checked. Our dafgests that UV-
mediated p73 induction does not depend on JNK1 and JNK2, aakHe2’" fibroblasts
exposed to UV irradiation still induce p73 expression. furtihhas been shown that IR-
induced activation of JNK is dependent on the c-Abl funciiorcell-type specific
manner (Kharbanda et al., 1995). So, the role of c-Abl inrr&ldifation mediated p73
induction was analysed. Intrestingly, p73 level was rgtifscantly altered in response
to UV irradiation ofc-abl” fibroblasts, indicating that c-Abl is unlikely to participa
directly in UV mediated p73 induction. In support of thisdfng, it has been shown
earlier that only IR is known to activate c-Abl tynosikinase (Liu et al., 1996), but not
UV-radiation. Hence, the role of c-Abl in INK-dependapoptosis is less apparent in

our studies.

3. Consecutive exposure of UV and IR induce apoptosis 53" cells

UV-radiation is a potent inducer of c-Jun but not IRcréased levels of
transfected p73 seen in response to UV-radiation, but nandiRate that UV-radiation
can stabilize p73, but not IR. However, exposing cells tobioation of IR and UV-
radiation at lower doses increased the stabilizatiqgV8fFurthermore, exposing cells to
the combined signals led to the absence of colony fosmanip53” cells. Duration of
p73 induction is the determining factor for cell cycle drk@ssus apoptosis. Transient
p73 induction could lead to cell cycle arrest, whereamsesl p73 activation (leading to

stabilization) causes apoptosis.
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lonising radiation induces cell cycle arrest but not apaptosmost of the cell

types except in thymosites (Nagasawa, 1993; Di Leonardo,€t9l4). Zeng et al,
(2000) have showed that UV-radiation induces apoptosigatbtarcinoma cells, but IR
induces growth arrest. Further, UV-radiation (10 or 20 J/im&) nhot irradiation (7 or 10
Gy), caused a massive apoptosis of human teratoma Tera+f2urine testicular
carcinoma F9 cells. This differential response (UV-rdaliaversus IR) can be explained
by considering the fact that IR induced DNA damage resultouble stranded breaks,
which can be considered as part of the physiological mechainiscertain cells, as
double stranded breaks often occurs during homologous recoimbiaatl meiosis. UV
radiation mediated DNA damage produces pyrimidine dirR@&s). The PDs are difficult
to repair compared to double stranded breaks (DSB) and trernefituces apoptosis
irrespective of the p53 status of the cell. Thus, theendation that only UV radiation
provides stabilization signal but not ionising radiation goted us to propose that
combined signals, that is, ionising radiation (induction aigprovided by c-Abl)
followed by UV irradiation (stabilization signal providég c-Jun) could result in further
stabilization of p73, which in turn, causes p53-independent ageptiR mediated
signalling results only in growth arrest in most of tledlsc Therefore, it may not be
necessary to stabilize p73, which would lead to apoptosiansiently induced p73 in
response to IR may play a role in DNA repair pathvesyMLH1 appears to be upstream

of p73 (Gong et al., 1999).
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Section Ill: The role of p73 in the regulation of AP-1 activity

1. p73 augments AP-1 activity

p53 binds in a squence specific manner to the p53RE containing gade
transactivates its target genes such as p21, MDM2, Bax,B@Betc. (Osada et al.,
1998; Yang et al., 1998). Similarly, TAp73 isoforms transatgiviamost of the p53
responsive genes. However, further studies suggest that pyS plahysiologically
distinct role. Knocking out the p73 gene in mice led toamfinatory, neurological,
secretory and phremonal defects (Yang et al., 2000), whil&m&&kout mice developed
normally with an early onset of tumorigenesis ifatént tissues (Donehowever et al.,
1992). These differences between p73 and p53 suggest thamtistybe regulated
through different mechanisms. Thus, the mechanism of tagylg73-dependent
transcriptional activation is crucial for a better usti@nding of the biological role of
p73.

p73 shows a degree of specificity for the promoters afetagenes that are
guantitatively distinct from the response mediated by p5ReiiCet al.,, 2001). For
example, p73 activates the GADD45 gene more efficiehty (p53, while the reverse
situation was apparent for the p21 gene. These effectmarart, due to the influence of
a regulatory domain present in the extended C-termini @fpit8 isoforms (Lee et al.,
1999). However, it is important to bear in mind that theiferences are noted within the
p53 responsive element containing promoters, for eqg., p21, RIIBAx etc. and not

other regulatory elements.
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The results presented in this section demonstrate thatingr8ases AP-1
transcriptional activity. Whep73 was co-transfected with c-Jun, a significant ineeas
in AP1-RE-luciferase activity, compared with construct alowas noted. Moreover,
when p73 was co-transfected with c-Jun at differembsat(p73): 1(c-Jun) and 1(p73):
20(c-Jun), it stimulated AP-1 transcriptional activityurtfer, the study presented here
shows that p73, but not p53 stimulates AP-1 activity. Intrgist there seems to be a
strong symbiotic relationship between c-Jun (Leuzine zippanstription factor,
transactivates AP1 responsive elements) and p73 (tramsarfpttor, transactivates p53
responsive elements), considering the fact that caltreases p73 levels and in turn, p73
increases AP-1 activity in c-Jun dependent manner. Therefo is plausible that
depending upon the cellular context and other accesseliylar factors, these
transcription factors decide whether to potentiate AP-1p%8 responsive elements
containing promoters or both. However, the mechanisnthisrexciting observation is
not obivious at present, hence several mechanistichjldgss are presented here:

2. Mechanism of action:

Mechanism 1: p73 enhances the affinity of Jun-Jun homodimers tenhance AP-1
activity.

Both fos and jun associate with binding site of activggmtein-1 (AP-1) and
increase its activity. However, fos did not bind to tHe-Asite on its own, but it acted
synergistically with Jun to give enhanced DNA-binding\aisti The increased affinity of
the Fos-Jun complex for DNA is due to the stabilizatid the protein-DNA complex
(Rauscher et al., 1988). c-Jun can form homodimers and ditiek tAP-1 site but not c-

fos. However, it has been shown that c-Jun homodimerdess stable and exhibit low
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AP-1 activity (that is evident only at high concentrasioof DNA) than Jun:Fos
hetrodimers (Smeal et al., 1989T.he fact that p73 does not have LZ (leucine zipper)
domain may suggest that it may not bind to AP-1 elemergsttli. Bearing these facts in
mind, one could envisage a mechanism in which p73 could serveraiyemg factor to
change the conformations of c-Jun homodimers (liegdesactive). This conformational
change could increase the stability and activity of celdon homodimers (Figure 4.2).
In support of this mechanism, it has been shown thataesalular and viral modulators
of transcription such as transcription factors and tbestors do not bind to DNA by
themselves but operate through association with the D8D#anscription factors

(Wagner and Green 1994).
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Figure 4.2 p73 stimulated AP-1 transcriptional activity: possilbheechanisms

The hypothetical model depicted above presents diffemmarios by which p73
could stimulate AP-1 responsive elements. A. p73 does tasaat with AP-1 responsive
elements directly but it just enhances the stability BMNA binding activity of AP-1
complex. B. The interaction of c-Jun and p73 proteinddcbring p300, a co-activator,
to the closer proximity of AP-1 promoters, resulting mhanced AP-1 transcriptional
activity. C. p73 transactivates a coactivator of the ABwdt potentiates the c-Jun

homodimers abilty to increase transactivation of #1lAdependent promoter.

Mechanism 2:Both c-Jun and p73 proteins could bring p300, a co-activator, close

to the proximity of AP-1 promoters, thereby enhancing AP-1 tanscriptional
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activity. In support of this view, it has been shown that p300 ictenaith p73 when
this transcriptional activator binds to its responsilADelement sequence (Zeng et al.,
2001). Furthermore, p300 proteins might be the centre pwithé assembly of diverse
co-factor proteins into multicomponent co-activator ptar by interacting with other
HAT'’s, including pCAF, SRC1, and P/CIP (Chan and Thangue, 208Y) interacting
with several transcription related proteins, p300, serses scaffold for the assembly of
transcription co-factors and increases the relatmecentration of these factors in the
local transcription environment and thereby facilitate gimprotein and protein-DNA
interactions (Chan and Thangue, 2001).
Mechanism 3: p73 induces a target gene, which potentiates tladility of c-Jun to
transactivate AP-1 responsive elements

p73 has been shown to transactivate several p5S3RE miogt@ene promoters.
However, accumulating evidence suggests that p73 will itevn set of target genes,
other than transactivating p53RE containing gene promotaranfiegallie et al., 2001).
Thus, itis possible that specific expression profiles of p73-resipegenes could result
from combinatorial interactions with oth@roximal transcription factors. p73 could
transactivate a coactivator of the c-Jun transcripidgator that potentiates the ability of
c-Jun homodimers to increase transactivation of arlAlependent promoters. All of
these mechanistic possibilities may not exclude onehanoalthough more studies are
necessary for a better understanding of the regulafitime detailed mechanism for p73-

mediated regulation of AP-1 activity.
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3. Domains required for p73-Jun stimulated AP-1 activity

In an effort to identify the interacting domains reqgdifer p73.c-Jun enhanced
AP-1 transcriptional activity, transactivation domaimf of p73 was found to be not
essential for its ability to stimulate AP1 activityoWever, it is required for the maximal
activation, asAN-p733 was not as efficient as TA-p@B3in stimulating AP-1
transcriptional activity. Then, how does delta-N-p73 glate AP-1 activity? p73 has
been proposed to have two transactivation domainsneaethe N-terminus and other
near the C-terminus(Takada et al., 1999). It is possiblesét@nd transactivation domain
near the C-terminus of TAp73 could have interacted throudtincfor its ability to
stimulate AP-1 activity. Thus, in the absence of tretigation domain, p73 can stimulate
AP-1 activity either through the second transactivatiomaio or the DNA binding
domain (DBD) or both. HoweveAN-p73 failed to co-operate with c-Jun to increase AP-
1 activity. This data suggests that transactivation (TAnala of p73 is required to
synergize with c-JunThis observation strongly suggests that transactivatiopgoty of
p73 is required to synergize with c-Jun. Thus, p73 coulddcsinate a coactivator of c-
Jun that potentiates the ability of c-Jun to incressestctivation of an AP-1-dependent

promoter.

To co-operate with p73, c-Jun might require two regions of @&, N-terminus-
transactivation domain and the other being the seconsativation domain near the C-
terminus. Among the p73 family membecsfl,y andd) tested, only p73- appeared to
transactivate p73 efficiently, though, all of them stiredAP-1 activity more than basal
level. On the c-Jun side, the reporter assays pothtgdooth DNA binding (DBD) and

leucine zipper (LZ) domains are important for its abildysynergize with p73.
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4. Phosphorylated c-Jun is required to synergize with {8 for maximal
AP-1 activation.

The data presented in this thesis suggests that phosplworgét-Jun is required
for its ability to co-operate with p73 to increase APelivaty. As wild-type c-Jun co-
operated with p73 much better than c-Jun63/73a/a (JNK phosphorylatiomuitants)
and Jun5XASP (serine is replaced with aspartate to nimiphosphorlyation status) co-
operated much better than wild-type c-Jun (figure 4.3). sdpport of these results,
Sanchez Prieto et al., (2002) have suggested a possibilityiatpathway can also
promote p73 phosphorylation and stabilization. Furtjm1’2” cells seem to be more
sensitive to cisplatin mediated apoptosis (data not shondicating that JNKs are not
required for cisplatin mediated apoptosis. Therefdrappears that JINKs might as well

decide between apoptosis versus survival, under a givelaceantext.
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Figure 4.3 Phosphorylated c-Jun is required to synergize with pdt3maximal AP-1

activation

5. Abl negatively regulates p73’s ability to potentiate AP-1 autity

As described in chapter I, c-Abl has been shown to phogiab®iboth p73 and c-
Jun (Agami et al., 1999; Barila et al., 2000) and it potentiesibility of p73 to induce
apoptosis by phosphorylating it (Yuan et al.,, 1999; Agamal.,, 1999). On the other
hand, the reporter assays presented in this thesis sudbasts-JunY170F (c-Abl
phosphorylation site mutant) co-operated with p73 on AP-laR&w folds higher than
wild-type c-Jun. This indicates that c-abl by phosphaoindac-Jun negatively regulates
c-Jun’s ability to transactivate AP-1 responsive elenmamtaining promoter activity.

Thus, c-abl mediated c-Jun phosphorylation may not beneakfor its ability to co-
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operate with p73 in potentiating AP-1 activity.

6. Dominant negative p73 (p73DD) inhibits AP-1 transcriptioal activity

p73 is essential for increased AP-1 activity is reveatmeh the fact that dominant
negative p73 inhibits both basal AP-1 and c-Jun mediated #&a&criptional activity.
This exciting data could mean the following: 1.p73 is requiledincreased AP-1
activity. 2. p73 contributes to the basal AP-1 transcmgtliGactivity either directly or
indirectly by turning on AP-1 coactivator. 3. p73 dominant tiggaproteins could

sequester AP-1 family members and prevent them from bindiA&-1 family members.

7. Identification of AP-1 like responsive elements in bbot TA and DN-

p73 promoters

The ability of c-Jun to regulate p73 levels led us to naake silico search for
promoter regions of the TP73 gene. This analysis suggedtsselaral AP-1 like
elements are present in both TA-and DN-p73 promotersgrieeanent with this data, it
has been shown that promoter region present in trenid of TA-p73 gene and DNp73-
promoter encodes AP-1 like responsive elements (Sayah, €0@4; Costanzo et al.,
2002). Although it is not clear whether AP-1 responsivenetds present in the TA-p73
gene and DN-promoters will be used in tissues, it is plesgiat AP-1 like elements will
be actively used in tissues, where AP-1 transcriptictofa are highly expressed. The
ability of c-Jun to stabilize TA-p73 at the protein lewefesponse to cisplatin treatment,

and transactivate TA/DN-p73 at the promoter level undsalt@nditions might add to a
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complex regulatory network that would activate/inadgvine function of TA-p73 under
different cellular contexts. Further, c-Jun, TA-p73 dettaNp73 promoters encode AP-
1-like responsive elements, indicating a possibility thase proteins can share a positive
feed back loop to regulate proliferation and death depending tingocellular context.
This may be an essential mechanism adapted by the celdt ftoom the stress response
when damaged DNA is repaired. However, how these compl@datory networks are
controlled in response to stress and growth will reqairéurther investigation. In
addition, the differential ability of c-Jun to regulateemingly opposing function could

decide the cellular outcome and function of p73 protein.

8. Identification of p73-c-Jun target genes

1. Collagenase-1p73 increases the Collagenase-1 (AP-1 responsive
elements) promoter activity

To check the effect of p73 on other AP-1 responsive alengentaining
promoters, collagenase-1 promoter was used. Indeed, pg3-able to increase
collagenase promoter activity as well. This finding openseny vistas. Firstly, those
promoters, which encode AP-1-like responsive elements, bgillstimulated by p73.
Secondly, collagenase-1, Matrix metalloproteinase’s @dMare proteolytic enzymes
capable of degrading extra cellular matrix. The MMPs hbagen shown to play a
significant role in tumor invasion, metastasis and tumduced angiogenesis.
Intriguingly, p73 is over expressed in tumors, howeverdts in tumorigenisis is not
clear yet. The ability of TA-p78-to increase collagenase-1 (MMP-1) gene promoter
activity indicates that it can support metastasis amdetly it could behave like an

oncogene in human tumors. In support of p73’s role in netigs it has been shown
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recently that p73 augments the expression of VEGF (Vikkanst al., 2001), which is
known to play a major role in tumor angiogesis and medigsté&lence, it is plausible that
p73 might play an important role in controlling the protaolphenotype of fibroblasts,

e.g. in tumor invasion by augmenting the expression offagenease-1.

2. hMSH1: p73 increases the hMSH1 (p53 and AP-1 responsive
elements) promoter activity

The data presented in this thesis further suggests that-M§Bkbmoter, which
encodes classic AP-1 and p53 elements adjacent to eagh istetimulated by p73 and
c-Jun. In support of this finding, it has been shown regéhdt treatment of the cells
with tetradecanoylphorbol- 13-acetate (TPA), an atdivaf p73, c-Jun expressions and
AP-1 activity, specifically increases the amount of hMSKRNA (Humbert et al., 2003;
Fontemagi et al., 2001) in p53 negative cell lines. Furthenyas shown that AP-1
binding sites present in the hMSH2 promoter were potenfiatigtional, since these sites
were involved in the p53 regulation of NMSH2 associated WV exposure (Scherer, et
al., 2000). The synergism between p53 and c-Jun in resporid¥ toadiation was
explained based on the presence of binding sites for botlamb&P-1 in the hMSH2
promoter sequence. However, the type of positive up raguldnat we describe here for
the hMSH2 transcription is clearly independent of p53, siheeH1299 cell line used in
the study is p53 negative. This opened the possibilitytéingets for both c-Jun and p73
could exist in cells. For example, when DNA damageotslethal to the cells then DNA
repair mechanism is activated and that could lead tadtieation of both p73 and c-Jun
to effectively transactivate MSH-1 in repairing the dgeth DNA. Thus, it is possible

that increased p73 and c-Jun expression could augment tdismepair (MMR)
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function. Interestingly, AP-1 has been suggested to alayitical role in the cellular
response to genotoxic agents. Indeed AP-1 target genesragist) &known repair genes,
ERCC1 and MGMT (alkyl guanine DNA methyl-transferase) (Huineeal., 2003). For
both the ERCC1 and MGMT genes, AP-1 induced transcrig@rises in response to
genotoxic stress mediated by cisplatin (Li et al., 199Bgr&@fore given the ability of p73
to stimulate AP-1 target genes, one can undertake stammes at examining whether

other MMR genes are p73/AP-1 responsive genes.

Section IV: p73 and c-Jun co-operate in transformaon

The results presented in section IV suggests that yile TA-p73 and c-Jun co-
operate in transformation. Both p¥3and 3 transform immortalized NIH 3T3 mouse
fibroblasts in conjunction with c-Jun. On the othandh, c-Jun rescues the p73-mediated
inhibition of colony formation in MCF-7 cells (data nohosvn), indicating more
oncogenes are required to transform human cells. biigyaf c-Jun to function as a
transcriptional activator varies in different cellpggs and this partly explains the
differences in the ability of c-Jun to transform sdlimler et al., 1988; Vogt 2001). In
addition, mouse primary cells are more easily transéor than primary human cells (in
some cases, at least four oncogenes are needed). rEBate open up many avenues
relating to the ability of p73 to transform immortalizBloroblasts in conjunction with
established oncogenes.

Both full length TA-p73 and delta-N-p73 have independently expessed in a

variety of tumours. The overexpression of p73 can beleded with the over expression
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of other established oncogenes such as c-Myc, Rasnehtiman cancer (Zaika et al.,
2000; Sun et gl.2002). The inability of overexpresed TA-wild-type p73 to préven
neoplastic process can be explained by considering litiey af deltaNp73 to inhibit
TA-p73 function.

At least, 30% of human tumors over express c-Myc andiuim induce
tumorigenesis, however, conditions favorable for iinluce tumorigenesis or apoptosis
is not yet clear. Interestingly, c-Myc over expressitanes seems to over express p73-
a/B constitutively. Similarly, ras over expression hagib co-related with increased p73
expression in colorectal tumors and there seems t@ lpositive correlation with
increased p73 expression and poor survival of the patients §Sah, 2002). The
correlations between over expression of p73 and establisheogenes in tumours
indicate that p73 function could be modified and tuned in tusmdo augment/favour
proliferation. Evidently, as stated earlier, c-Myc 0eg&pressing clones do over express
p73, but its ability to transactivate p53RE containing promasersduced (Zakia et al.,
2000). The activation of p53RE promoters in cells could resupoptosis. Further, it
has been shown that p73 activity is highly cell-context promoter-specific. TA--Full-
length--p73 expressed in the transformed leukemia cell line tloekaves as a specific
dominant negative transcriptional repressor of the cwtle inhibitor gene p21 and
blocks p53-mediated apoptosis (Freebern et al., 2003). Tinelsegk provide evidence
for a new mechanism in oncogenesis through which the @nadtproperties of p73 can
be altered in cell-specific fashion. The p73's p53-related tifume-ability to
transactivate p53RE promoters—needs to be compromised in twdéransform

fibroblasts. In cell lines or tissues (keratinocytdst overexpress c-Jun there is an
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increase in DN-p73 levels (Costanzo et al., 2002). Simjlanimortalized cell lines that
constitutvely express both p73 and c-Jun, TA-p73 would ldssxbility to transactivate
p53 responsive elements containing promoters. It seemd thaell line manages to
compromise p73's, p53 related function then it can expresg7BAconstitutively. This is
evident from the fact that we managed to generate TA&-pv8rexpressing NIH 3T3 and
MCF cell lines. Similarly, Vikhanskaya (2001) has generatgable p73alpha
overexpressing clones from the human ovarian cancdr lioel A2780. Further,
Vikhanskaya et al., (2001) had shown that the clones queresing p73 increases VEGF
expression and reduces thrombospondin-1 production. Productiothe other
angiogenic factors FGF-2, PIGF and PDGF-B was alseased in p73 overexpressing
clones. Furthermore, the p73 overexpressing clones were angiogenic than parental
cells, as shown in vitro by their increased chemotactiwvity for endothelial cells, and
invivo by the generation of more vascularized tumors (Vikhaysslet al., 2001). In
support of these findings, our data suggests that p73 augnodlatgeoase-1 or MMP-1
expression in conjuction with c-Jun. Among the multiM®Ps expressed in a wide
range of tumors, MMP-1, which is expressed especiallpimmor cells with significant
invasive properties, is thought to be particularly importantproteolysis (Seiki, 2003).

Thus, p73 by increasing the expression of collagenase-Llit sopport tumorigenesis.
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Figure 4.4 Co-existence of p73 and the established oncogeneariners

A schematic diagram depicted indicates a seeminglytip®sio-relation between the

over expression of p73 and established oncogenes.

The data presented in section IV is in conjunction wébults obtained from various
laboratories support the notion that p73 function is modulate cancer cell
microenvironment to support tumorigenesis. Furthermore, tlieyaddip73 to co-operate
and co-exist with established oncogenes explains how TA/p[3failed to prevent
cancer cells from aberrant proliferation. Togetheeséhfindings indicate a possibility
that p73 in conjuction with established oncogenes can pronastgfdrmation and tumor
angiogenesis.

Further, our data suggests that c-Jun mutants can coopeititep73 in
transformation. Although the discussion regarding howaihtd C-terminus of c-Jun co-
operate with p73 to transform fibroblasts may not be plogically relevant, it would

indicate the domains (of c-Jun) required for p73 to tansfiibroblasts. Both N and C-
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termini of c-Jun did not increase the colony number tenown compared to vector
control. However, in the presence of p73, both N artér@ini of c-Jun increased the
colony numbers. Comparison between the ability of N- artdr@ini of c-Jun to co-
operate with p73 revealed that C-terminus (194-331) of c-Junsseemproduce more
colonies than N-terminus of c-Jun. This difference coeldtbributed to the fact that C-
terminus of c-Jun contains both DNA binding and leucipper domain, which is vital

for intermolecular interactions.

Although both p73 and c-Jun appear to co-operate with é¢leh ia transformation, it is
not clear how they bring about transformation. In order explain this, several

mechanistic possibilities are proposed here.

AAAAA A
Ak
.‘ —F. pA73

C-Jun

MDM2 p53

Figure 4.5 A potential mechanism: how the co-operative effecp73, c-Jun and
MDM2 can facilitate transformation
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A model proposed here (figure 4.5) explains how p73, c-Jun and2Viid-operate with
each other in the degradation of p58Jun increases p73 levels, which in turn augment
the expression of MDM2. Increased expression of MDM2 akg@53 on one hand and
stabilizes p73 on the other. The degradation of p53 and iecrexpressions of p73 and
c-Jun, would favour transformation.

Mechanism 1. The co-operative effect of p73, c-Jun and MDM2 cti promote
transformation

Our data suggests that p73, Jun and MDM2 synergistically setha MDM2 promoter
activity. A model depicted above explains how p73, c-JuhMBM?2 co-operate with
each other to promote transformation. c-Jun coulcease p73 stability. In turn, p73.c-
Jun could co-operatively augment the expression of MDMmhcreased MDM2
expression would augment p73 stability, as MDM2 has beewrslio stabilize p73
protein (Ongkeko et al., 2000). Sequentially, increased p73 statalit further augment
the expression of MDM2, which in turn degrades p53, an impostap that promotes
transformation.

Mechanism 2: how p73 increases colony number in the presenof c-Jun

The data presented in section Il suggests that p73 enhancka&®rity. Furthermore,
p73 has been shown to increase the transcriptionaltgiabifiVAP-1 target genes such as
MMP-1 and Msh-1 in conjuction with c-Jun. c-Jun has bdewa to transactivate
Cyclin D1 promoter ( Shualin et al., 2001 ), which encoadek rdBponsive elements in
it. Thus, in principle, p73, in concert with c-Jun, @rhance the expression of Cyclin

D1 —an AP-1 target gene. The following molecular reactomld occur in cells
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sequentially: First, increased cyclin D1 levels would iaseeCyclin dependent kinase
(CDK4/CDK®6) activity. Second, increased CDK4/CDK6 actiwtypuld phosphorylate
Rb heavily, which results in the release of E2F1. Thindielased E2F1 activity would
increase p73 levels, a transcriptional target of E2F1 (letial., 2001). In turn, p73
would augment the expression of cyclin D1. Thus, increagpdession of cell cycle
regulatory proteins such as E2F1, p73 and cyclin D1 could dec¢heasell cycle time of
immortalized cells and increase the colony number. uppsrt of this proposed
mechanism, it has been shown recently that varioudnSy@A,B,D and E) and cyclin
dependent kinases such as CyclinA-CDK1/2, CyclinB-CDK1/2 agdlifC E/CDK2
complexes interact with p73 and phosphorylate it at &bthereby inactivate its ability
to transactivate p53 responsive element containing proseteh as p21 (Gaiddon et
al., 2003). These concurrent events would favor thease colony numbers seen in the
presence of c-Jun and p73. Together, these mechanismseuiagpport the idea that

p73 and c-Jun indeed co-operate with each other in transfonmat
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Cyelin D1 Rb-E2F—PE2F-1

P
2 I

Figure 4.6 How p73 increase the colony number in the preseoice-Jun
c-Jun enhances p73 level. Both p73 and c-Jun synergistinaligase cdk4/cyclin D
activity. In turn, Rb is heavily phosphorylated, whiclsules in the release of E2F-1.
Increased E2F1 activity could agument the transcriptiop7@ Also, both c-Jun and
p73 cooperate with each other to augment the expressiorDM2VIn turn, MDM2
enhances p73 level. Hence, co-existence of p73 and c-Junccease cyclin D1 levels
and suppress p53 function in tumors, thereby increasing colonlyers.

Further, c-Jun has been shown to be over expressedma bBaman cancers
(Mathas et al.,, 2002). And, the full oncogenic propertiesomne cancer cells might

require elevated c-Jun function (Vogt et al., 2001). Meeeoit is important to realize
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that c-Jun does not have the capacity to increaseolbeycnumbers on its own. This
notion is also supported by the fact that transgenic exeression of c-Jun in the
absence of additional oncogenic stimulation does no¢ase tumor incidence. However,
c-Jun supports the proliferation in conjunction with otle@rcogenes such as ras.
Intrestingly, Ras causes senescence in primary mouseblasts, but supports
tumorigenisis and even serves as a causative factorlamectal tumors. Similar to

oncogenic Ras and c-Myc, p73 induces apoptosis or transforma@gpending on the

absence or presence of survival signals respectivelsestirigly, it has been shown
recently that ras-induced immortalized fibroblasts fotwsnation without cell cycle

regulation (Jacobsen et al., 2002). That is, the grom¢hafatumerous independent Ras-
transformed NIH3T3 cell clones in several NIH3T3 sublimeicated no alteration in

doubling times at low cell densities of the transforoels. It appears that Ras-induced
changes do not result in growth advantage at lowdsgikities. Also, the transforming
activity of oncogenic ras is sufficient to relieve sdlom contact inhibition, but does not
confer a proliferative advantage to cells in low serdatg¢bsen et al., 2002). Moreover,
ras appears to regulate p73 levels (Melino, 2003; Sun,).2006Jun has been shown to
be downstream of ras. Therefore, p73 mediated c-Jun depedraesformation could

result in focus formation, but may not result in insexh proliferation rates at low

densities.

Furthermore, Pelengaris et al., (2001) showed that satitelc-Myc protein can
induce apoptosis and proliferation-- in specific tissues,creatic islets cells and
keratinocytes-- depending upon the cellular contextivAgon of c-Myc in pancreatic

beta cells, promotes entry of cells into the celtley However, this is followed by
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apoptosis that overcomes proliferation. By contrastivation of c-Myc in skin cells,
triggers proliferation, but no apoptosis is evident. Thattributed to the excess of anti-
apoptotic survival factors present in skin that acts to ssppiee otherwise apoptotic
action of c-Myc. Similarly, in tissue culture models, piA8uces apoptosis when it is
over expressed in the absence of anti-apoptotic sunaetdrs, while in the presence of
excessive oncogenic signals it increases the colony nsntbence, these studies suggest
that the co-operativity of p73 and c-Jun can promote foemstion in continuously

growing cell lines.

p73 could be a growth regulatory protein, endowed with thetyaldi induce
apoptosis. The ability of p73 to induce apoptosis and wamsttion should not be
surprising considering the fact that a number of protein®pertwo opposing functions:
First, TNF-alpha, which elicits two opposing effects induction of apoptosis and the
transcription of antiapoptotic genes. Second, TGF-beta switch from a tumor
suppressor in the premalignant stages to an ongogenic ddaterastages to result in
metastasis (Wakefield et al.,.2003). Third, E2F1, a potemédrgtional activator of p73:
mouse model suggests that it is a tumor suppressor, howetissue culture it promotes
proliferation, Fourth, c-fos has been shown to indumt Iproliferation and apoptosis in
several cell lines etc. Regulatory systems that obptoliferation and apoptosis appear
to overlap extensively, and indeed, a number of genesifiddrds oncogene products
have been found to mediate apoptosis under certain @tanoges. Thus, proteins that
regulate both cell cycle and apoptotic machinery are lglasmnected. This strategy may
have been adapted as a ‘fail-safe mechanism’ to prewentaat cellular proliferation

which could lead to cancer. Finally, it is worth inwgating the mechanisms underlying
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this phenomenon in order to establish optimum moleculgets whose modulation

might trigger analogous regression in human cancers.
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p73

p737 cells slowly exit from S-
phase 4

¢-Jun upregulates cyclin-D1 2 p73 upregulates AP-1 activity
and Cyclin D1 promoter

¢-Jun ig overexpressed in encodes AP-1RE °. S/G2/M
tumors.” related cyelin/cdks bind to p73
and phosphorylate 1t at the

DBD and thereby it prevents its
pro-apoptotic functions.®

p73 1s overexpressed in
tumors’.

Figure/Table 4.7 Both c-Jun and p73 regulate cellular proliferation. (Ref. la.
Schreiber et al, 1999; 1b. Wisdom et al., ; 2. Shualin , 200@a8da , 2003 ;4. Costanzo

, 2002; 5. Bakiri, 2000 6. Gaiddon , 2003 7. Melino , 2003)
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dam agmg ag ents L.

Over expression of c-Jun
inhibits transformation in

Jun p73
o-F ? dstant to | | p73-/- cells are resistant to
Cisplatin and to other DNA | | Cisplatin and to other DNA

damaging agents 4.

Over expression of TA-p73
induces cell cycle arrest and

primary rat cells and induces
apoptosis in NIH3T3 cells 2>

apoptosis in several cell types®.

Figure/Table 4.8 Both c-Jun and p73 regulate apoptosiéRef. la.Sanchez-Perez ,
1999; 1b. Kolbus , 2000 ; 2. Ginsberg , 1991; 3. Bossy-Wetzel , 19BIgrés , 2003; 5.

Jost, 1997)

* G Melino, V De Laurenzi, KH Vousdep.73: Friend or foe in tumorigenesis.
Nat Rev Cancer. 2002 Aug; 2(8): 605-15. Review.
« E Shaulian, M KarilAP-1 as a regulator of cell life and death.

Nat Cell Biol. 2002 May; 4(5): E131-6. Review
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Chapter V

“Science may set limits to knowledge, but should not sw®its to imagination”.
Bertrand Russell (1872 - 1970)”

CONCLUSIONS AND FUTURE DIRECTIONS
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This study suggests that both c-Jun and p73 reciprocally regedah other’s stability
and function in response to stress and growth stimuls Tdut is strengthened by the
following observations:

1.jun” cells are resistant to cisplatin mediated apoptosis.

2. Transduction of c-Jun jun” cells restores sensitivity to cisplatin mediated apsipt
and augments p73 expression. This suggests that p73 and c-Jwollabgrate with
each other to induce apoptosis in response to cisplatieted apoptosis.

3. UV increases both endogenous and exogenous p73 levels.

4. p73 acts as a positive regulator of AP-1 activity.

5.p73 synergizes with c-Jun to potentiate AP1 target gendésasucollagenase-1 and
MSH-1. Transactivation domain(TA) of p73 is essentialit® ability to synergize with
c-Jun.

6. Identification of AP-1 like elements in both TA-antlp73 promoters suggests that
both p73 and c-Jun regulate each othehe cell.

7. The PPxY domain is conserved in both p73 and c-Jun.

8. c-Jun synergies with p73 to potentiate p53RE activity. €@anively, p73 synergizes
with c-Jun to increase AP1 activity.

9. The inter-dependence of p73 and c-Jun is evident froraldbervations that jun null
cells exhibit weak p73 transcriptional activity (on p53RE prtars) on one hand, and on
the other hand, dominant negative p73 inhibits c-Jun’s abilityattsactivate AP-1 RE

promoters.
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10. In the colony formation (long term) assay, wildayp/3x/(3 and c-Jun co-operate
with each other in transformation, indicating that gé8ld behave like an oncogene in

the presence of excessive oncogenic signals.

1. c-Jun mediated p73 stabilization and activation

This study has identified for the first time, p73 and ©;dwo key players in the p53
independent apoptotic pathway that collaborate with edbbradn causing cisplatin
sensitivity. p73 has been shown to be induced in resgorB®&A damage (Agami, et
al., 1999; Yuan et al.,1999 and Gong et al., 1999). However capiatin stabilizes p73
but not IR (White et al.,, 1999). This study explains whypleisn stabilizes p73 and
identifies c-Jun as a component that is responsiblthiodifferential response. Cisplatin
is most effective in the treatment of metastatididelmr tumors and is indicated in
various combinations of chemotherapeutical regimesvarian, head and neck, bladder,
cervical and other neoplasms. In addition to its teide effects, a major drawback of
cisplatin chemotherapy is drug resistance. Hence, uaaeling the molecular basis of
cisplatin mediated apoptosis and drug resistance couldfisagrily improve clinical
protocols. Toward this goal, the present study suggestshinatbsence of c-Jun, could
lead to the decreased stability of p73, resulting in cisptasistance in tumor cell lines.
Moreover, p73 appears to augment AP1 activity. Several erszignoavn to be involved
in repair of DNA-cisplatin adducts and implicated in cigplaesistance contain AP-1
related sites in their promoters including DNA polymer@sand proliferating cell
nuclear antigen (PCNA) (Patopova et al., 1997). Itkislji that transcription of these

genes can be activated by p73-c-Jun upon stimulation byatomspreatment. This
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finding opens up new vistas look for c-Jun and p73 expression in cisplatin resistant

human tumours. The following cell lines have been ifiedtto lack p73 expression and

are known to be resistant to cisplatin treatment:

1.

p53 expression is induced to the similar level in cisplasmstant human bladder
carcinoma cell line such as TCC (transitional carcimpaell line and its isogenic
cell line. On the other hand, p73 expression is not inducedmatn resistant
TCC, emphasizing the importance of p73 in cisplatin mediapoptosis. In
addition, these results suggest that loss of p73 inductiay lead to CDDP
resistance of TCC carcinoma (Ono et al., 2001).

p73 expression is not induced in Hereditary cancer syndromaarhunon-
polyposis colon carcinoma (defective in mismatch repzats that are resistant
to cisplatin (Gong et al., 1999).

p73-negative SK-N-AS, a human neuroblastoma cell linendse resistant to
cisplatin than p73 positive-SK-N-SH cells (Gong etE399).

p73" cell lines are more resistant to cisplatin compaedild type (Flores et al.,
2002).

The study presented here shows et and p537jun” cell lines are more
resistant to cisplatin compared to wild type; and p73 trgigmal activity (p53

RE promoters) is reduced in the absence of c5& (Vs p53-Jun’).

These data generated from various laboratories supgoideh that p73 expression plays

a major role in cisplatin resistance, which is commdaund in various human cancers.

p73 could be an attractive therapeutic target in oncolegause its tumor-suppressor

mimicking (apoptotic inducing) activity can be activated todeate tumor cells.
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Promoting the p73—c-Jun interaction could be a promising agiprioa activating p73,
because this association could lead to further statdizand increased transcriptional
activity of p73. It is important to note that a simitrategy has been used to activate
p53 by peptides that inhibit the p53—MDM2 interaction (Chenel.et2@01). These
peptide inhibitors exhibit an antiproliferative effect iamor cells over expressing

MDM2.
2. UV radiation enhances p73 levels

The results in this study show for the first timetth®/ radiation enhances p73 levels.
Next, it would be worthwhile to find out the kinases resiale for the phosphorylation
of p73 in response to UV irradiation. p38, a serine-threokinase, could be one of
those candidates that need to be verified in detail. p3&&ihas been shown to play a
critical role in the initiation of a G2 delay afternalviolet radiation and inhibition of p38
blocks the rapid initiation of this checkpoint in bothman and murine cells after
ultraviolet radiation (Boulavin et al., 2001). Although ousules suggest that UV
radiation increased p73 levels could lead to p53-independeptoas it is worthwhile
to understand the molecular mechanisms involved. Givealbillity of p73 to respond to
UV irradiation, it is possible that p53-independent UV-ragztl cell cycle arrest and
apoptosis can occur through pRudies need to be carried out further to address these

issues in detail.
3. p73 synergies with c-Jun to induce AP-1 activity

The results in this study show for the first timatth73 functions as a positive
regulator of AP-1 activity. The AP-1 activity is stimwddtin response to an incredible

array of stimuli, including mitogenic growth factors, grbwtctors of the TGF-beta
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family, UV, cellular stress, antigen binding, and nesfida transformation, which
indicates that p73 could, in principle, participate in ratpry network of all these
processes. For example, many of the growth and stgsfatory genes encode AP-1
elements in their promoter, so in principle p73 can plpgrain the growth, DNA repair
and stress response. The ability of p73 to regulate AR:ddng genes can be exploited
for pharmacological benefits. Hence, our findings oppmew vistas in p73 mediated
gene regulatory pathways that differ from its countet, p&3. This study has identified
MSH-1, a mis-match repair enzyme and Collagenase-1, Maigtalloprotease enzyme
as targets of the c-Jun-p73. Also, it is possible thatcpt®8 potentiate c-Jun dependent
expression of other AP1 target genes. However, iticlear how exactly p73 stimulates
AP-1 activity and how does p73 co-operate with c-Jun tousdte its activity.
Moreover, p73-c-Jun appears to regulate both p53REs and AP-pREsbly in a
context dependent manner. Thus, studies need to be carriddtbat to address these

guestions in detail.

238



>

\

\/

53RE TREIAP-1
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Figure 5.1 Schematic representation of the ability of p73 and aJto choose
promoters containing different response elements in a contiqpendent manner
In a context dependent manner, both p73 and c-Jun synergysteatiance the

transcription of either p53 RE (stress) or AP1 RE (grpwtimtaining promoters.

The schematic diagram depicted here (5.1) exemplifiegemamatial selectivity of
transcription factors to particular DNA responsive edata based on the imposed
conditions i.e. under growth promoting conditions AP-1 pten activity is
predominantly chosen and under stressful conditions p58&kity is chosen. In
addition, promoter selectivity could rely on the composi of partner proteins
responding to a given stimuli. This would play a majle in determining whether to

potentiate either p53RE or AP-1 activity, consequently, aworf apoptosis or
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proliferation. Furthermore, this partner dependent prom@gulation is applicable to
both AP-1 responsive promoters and p53RE containing promotées dynamic balance
between p73 and c-Jun may play a decisive role in whttlecell survives or undergoes
apoptosis. However, it is important to note that AR:tlviy is also induced by various
chemotherapeutic agents and stress stimuli and seepiagyt@ role in the induction of
apoptosis. Evidently, it has been shown that AP-1 biirdstdy to the promoter region of
the p21WAF1 gene in a p53-deficient human lung carcinoma icel] H1299 and
regulates its expression in response $®@HChung, 2002). This data suggests that p73
could regulate p21 expression in p53 deficient cells in coaperatith c-Jun/AP1.
Similarly, the p73-c-Jun complexes could effectively seantivate genes that encode AP-
1 responsive elements in their promoters and thereby ipat&cin cellular proliferation,
DNA repair and apoptosis, depending upon the cellulategbnTherefore, p73, possibly
assisted by c-Jun, could control the expression of am dwroader set of growth
regulatory genes such as cyclin D1, apoptotic and DNA rgpaes. In the future, it will
be interesting to analyse other candidate genes for {Ju8-adependence. Dominant
negative p73 (DD) does not only lower the ability of c-&unp73 to increase AP-1
activity but it lowers the basal AP-1 activity in cells.

The ability of dominant negative p73 to inhibit AP-1 actiwasrtainly highlights
p73’s importance in influencing AP-1 activity other than througfun in cells.
Moreover, one would also be interested to find out hdferént JINK members influence
the p73 function, as phosphorylated c-Jun is moreiaflly synergized with p73 in

increasing AP-1 activity.
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4. p73 and c-Jun co-operate with each other in Transfornteon

The results presented here suggest that p73 could suppofbriraign in the
presence of excessive oncogenic signals provided by c-he.d@ta from various
laboratories indicate that p73 co-operates with seestablished oncogenes (Zakia et
al.,, 2001; Melino, 2002). These observations support the Jmeat @73 could be a
proliferative response gene, which has the capacity to engradiferation or apoptosis in
a context dependent manner.

The p73 (full-length) is overexpressed in a variety ofduncells (Zakia et al.,
2002; Melino, 2002). The results in this study shed new insighi7@nand provide a
likely explanation as to why p73 failed to prevent tumorigenand in turn how p73 can
support transformation in the presence of excessive onmogjgnals provided by c-Jun.
Evidently, p73 co-operates with oncogenes such as E2F-1, &14y, c-Myc etc. The
ability of p73 to co-operate with several oncogenes waeldainly make it a less
susceptible candidate for acquired loss of functional mumsatduring oncogenesis, as
there is no selection pressure to mutate p73, unlike tumour esgopr p53. This
prediction is strongly supported by the following factgsFihepatocytes express only
delta N-p73, where as the activation of TA-p73 expressiomepatocellular carcinoma
(HCC). Second, monoallelic expression of p73 has betdnn normal lung, while the
activation of ‘p73 silent allele’ in lung cancer. Thirdpnoallelic expression of p73 has
been found in gastric mucosa, while the activation of ‘pl&®itsallele’ in gastric cancer.
Thus, the acquired expression of TA- p73 in HCC, lung caawdrgastric cancer looks
like transformation related rather than a tumour supprasdated function. Together,

our results provide a framework for understanding why wietfA-p73 (full length)
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failed to prevent tumorigenesis in spite of it's oegpression seen in several tumors.
Cell proliferation and apoptosis might appear like opposimgtfons, but proto-
oncogene c-Jun and putative tumor suppressor homologue, p78hbmigble to initiate
or regulate both. The mechanism of oncogenes initatdieath and its targets are just
beginning to emerge. Furthermore, how oncogenes regulétepbaliferation and cell
death machinery is far from being understood. Howeverakieslots of sense now as to
why these processes need to be linked. Apoptosis isnhotrmluced by stress stimuli,
but also induced by excessive oncogenic signals, and therefgprevent cancer. In
addition, when oncogenes like c-Jun, c-Myc, E1A, E2Kscetc. are ectopically over
expressed under conditions not appropriate for cell fpration, for example, under
serum starved conditions (Colotta et al., 1992; Clark e1297) or DNA damaged cells,
then they have been shown to be capable of initiatingtapo cascades. Evidently, it
has been shown recently that apoptotic target genesasughs L (Kolbus et al., 2000)
and caspases (Nahle et al., 2002) are direct targets detdn associated genes such
as c-Jun and E2F1 respectively.
This study shows for the first time that p73 functionsaa-factor for c-Jun mediated
biological responses, in turn, it appears that c-Jun infeep73’s stress related activity.
In line with our results, Massimo’s group showed thatadep73 promoter, which
encodes AP-1 responsive elements, is regulated by c-Jsta(2o et al, ESDR meeting,
2002). Furthermore, the TA/DN p73 promoter analysis presemtdus thesis and data
presented by Costanzo et al., suggested that deltaN p73 prombisn encodes both
AP-1 and p53 responsive elements, can be regulated both byandysb3/p73. It is

possible that p73 and c-Jun regulate the deltaN-p73 prommdenactivate p53/p73 by
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complexing with it directly, which would be analogous to p®@diated MDM2
regulation. It is also important to emphasize here BiaM2 promoter contains both
AP1 and p53RE in its promoter and it is subjected to theaggulof both by c-Jun and
p73 (Ries et al., 2000). These interesting findings could swglgest that the co-
operation between p73 and c-Jun on AP-1 promoters wiliebg effective in switching
off stress related activities especially in tumor callthile in normal cells the relative
regulatory networks could be stringent and it could effelstiveduce apoptosis in
response to stress. Collectively, it appears that betun/AP-1 and TA/DN-p73 can
regulate each other in cells. However, further stuslemsild be extended to understand

how c-Jun regulates p73 stability and activation, in tuomw p73 regulates AP1 activity.
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Figure 5.2 Schematic representation of the existence of a ratprly loop between the
TA-p73UN-p73 and c-Jun.

In response to cisplatin treatment, both c-Jun and p78ctikated, and p73 is stabilized
by c-Jun dependent mechanism and they collaborate withather to induce apoptosis.
The ability of c-Jun-p73 to transactivate deltaN-p73 couldviséched off transiently by

post-translational modifications in response to strésgesponse to growth stimuli or in
tumor cells, c-Jun-p73 could increase deltaN-p73 transcrgwsl and the increased
deltaN p73 could compete with p73/p53 protein to form inactive tam@p. Increasing

the deltaNp73/TA-p73 ratio will favour growth, transformatiand tumorigenesis. In
addition, deltaN-p73 is proposed to function as growth primgaene, independent of

its ability to inactivate p73/p53.

Together, this study shows for the first time thathljo?3 and c-Jun regulate each other
in regulating life and death of a cell. In addition, ttisdy points out a future direction
in which how other AP-1 family members regulate p73 in regpémwyarious extra and

intra cellular stimuli to regulate cell fate decisions.
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“Every science begins as philosophy and ends as art” Will Durant

CHAPTER 6
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