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The role of p53 as a determinant of sensitivity to antineoplastic agents in six 

childhood acute lymphoblastic leukernia cell lines was investigated. Adriamycin (ADR)- 

sensitive cell lines were found to have wild-type (wt) p53, whereas resistant cell lines 

contained mutations in the gene. Following ADR treatment, wt but not mutant pS3 was 

increased in a time- and dose-dependent manner. The cell cycle distribution of cells with 

wt p53 was unchangeci after ADR treatment; however, Gi was significantly reduced 

(p c 0.0001) in cells expressing mutant p53. Furthemore, apoptosis was detected in 43 

to 66% of cells with wt p53 but in only 8 to 13% of those with mutant gene. p53 

mutations also correfated with resistance to daunorubicin, but not to methotrexate, 

vincristine, or dexamethasone. These results suggest that p53 gene status and the ability of 

p53 to induce apoptosis may be important determinants of sensitivity to ADR and 

daunorubicin in ALL cells. 
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INTRODUCTION 

1.1 Properties o f  Cbildbood Acute Lympboblastic Leukemia 

1.1.1 Incidence 

Acute lymphoblastic leukemia (ALL) is a malignant disorder characterized by an 

overproduction and accumulation of immature lymphoid progenitor cells (Pui, 1995). it is the 

most common malignancy in children, accounting for approximately 80% of childhood leukemias 

(Parkin et al., 1988). ALL occurs more fiequently in white than non-white children and affects 

more males than females, with a peak incidence between the ages of 1 to 4 years. It is estimated 

that 3 in 100 000 children are diagnosed with ALL every year (Ries et al., 1998). 

1.1.2 Survival Rate 

The development of increasingly effective treatment and the implementation of 

combination chemotherapy have lead to higher remission rates and a dramatic decrease in 

mortality among children with ALL. Currently, approximately 90% of children with ALL achieve 

complete remission and 75% are cured with modem treatment regimens (Ries et al., 1998). 

However, despite improvements in treatment protocols, a small yet substantial number of children 

fail to achieve complete remission or relapse following remission and thus require more intensive 

therapy. 

1.1.3 Prognostic Factors and Treatment Outcome 

Certain clinical features including age at diagnosis, leukocyte count, sex, race, and 

irnmunophenotype have been used to determine prognosis of patients with ALL. Children under 



1 year or greater than 10 years and those with a high leukocyte count have a poor prognosis. 

Males have a poorer prognosis than females and blacks have a poorer prognosis than whites. In 

addition, children with T-cell or mature B-cell ALL have a less favorable prognosis than those 

with early pre-B disease (Champlin and Gale. 1989). Chromosomal translocations are common 

in ALL and have also been show to be predictive of treatment outcome. Patients with the 

chromosomal reanangernent t(8;14) overexpress myc proto-oncogene and may have a better 

prognosis with intensive short-tenn therapy (Pui, 1995). The translocation (9;22) which fonns 

the Philadelphia chromosome creating a BCR-ABL fusion gene occurs in approximately 5% of 

childhood ALL. The BCR-ABL gene is the most well known fusion gene in childhood leukemias 

and children with this chromosomal rearrangement have been shown to have an extremely poor 

response to chemotherapy (Fletcher et al., 1992). The chromosomal translocations t(1; 19) 

leading to EZA-PBXI and t(4;ll) leading to MLL-AF4 fusion genes have also been associated 

with a poor prognosis (Crist et al., 1990; Pui, 1995). These clinical and cytogenetic features of 

ALL may be important prognostic factors however there are limitations in their use as predictors 

of treatment outcome. The chromosomal translocations t(8; 14), t(9:22), t(1; 19) and t(4; 1 1) occur 

in only 1 to 6% of cases (Pui, 1995). Thus determination of other biological or clinical prognostic 

factors are required for identifjmg patients at high risk of relapse following therapy. 

1.2 Mechanisms of Resistance Against Antineoplastic Agents 

Patients who respond to tteatment Uiitially often relapse and are refiactory to funher 

chemotherapy. This development of resistance to chemotherapeutic agents is a major obstacle in 

the treatment of human cancers and the underlying cause of drug resistance has been the focus o f  



intensive research. Resistance to antineoplastic agents is oflen multifactorial in that there are 

several mechanisms that may lead to resistance to these drugs, including decreased dnig uptake, 

alterations in target enzyme level or activity, and increased detoxification of dmg. The following 

review of mechanisms is not meant to be exhaustive but will focus on some of the more comrnon 

exam ples. 

1.2.1 Decreased Drug Uptake Due to Increaseâ Expression of the MDRl Gene 

Cells selected for resistance to a single agent oflen develop cross-resistance to a broad 

range of chernically unrelated drugs. Cancer cells displaying this multidmg resistance (MDR) 

phenotype are simultaneously resistant to natural agents such as anthracyclines, vinca alkaloids, 

epipodophyllotoxins, and dactinomycin. The gene product responsibie for MDR has been isolated 

and called P-glycoprotein (reviewed in Endicott and Ling, 1989). P-glycoprotein is a 170 kDa 

membrane-associated protein which acts as a transport purnp. The multiple transmembrane 

domains of P-glycoprotein form a pore or channel in the plasma membrane through which dmgs 

are actively extruded fkom the cell. P-glycoprotein is overexpressed in a large number of MDR 

celi lines thereby preventing the intracellular accumulation of drugs to cytotoxic levels by this 

active dmg efflux mechanism. Increased expression of P-glycoprotein has been shown to 

correlate with dmg resistance in MDR ce11 lines and with poor prognosis in several human tumors 

(Eid et al., 1996; Gregorcyk et al., 1996) indicating that certain treatment failures may be 

attnbutable to P-glycoprotein-mediated multidmg resistance. 



1.2.2 Topoisomerase LI-mediated Drug Resistance 

Topoisomerase (topo) II is a nuclear enzyme that functions in DNA replication, 

transcription, recombination and repair by relieving DNA stresses such as tangling and winding 

(Berger et al., 1996). Topo II regulates the topology of DNA by introducing a double-stranded 

break in DNA, passing a second double strand of DNA through the break site, followed by 

ligation or resealing of the strand break. There are two isofonns of topo II, topo Ila and topo IIp, 

which share high sequence homology but are biochemically and phamacologically distinct, with 

differences in ce11 cycle specific expression and sensitivity to antineoplastic agents (Drake et al., 

1989). Several antineoplastic agents such as the DNA intercalators Adriamycin (ADR), 

mitoxantrone and amsacrine as well as the non-intercalating epipodophyllotoxins, etoposide 

(VP16) and teniposide have been shown to inhibit the cleavage/religation function of topo II, 

thereby resulting in DNA strand breaks (Corbett and Osheroff, 1993) which lead to ce11 death. 

Resistance to these drugs is often mediated by downregulation of topo I Ia  and reduction in 

catalytic and cleavage activity (Deffie et al., 1989; Harker et al., 1995). The role of topo IIp in 

drug resistance is less clearly understood. 

1.2.3 Role of Glutathione S-Transferase in Drug Resistance 

Glutathione S-transferases (GST) are enzymes which detoxify xenobiotics by catalyzing 

the conjugation of glutathione with drugs to form less toxic agents. Substrates for GST include 

several antineoplastic agents and overexpression of GST in cancer cells leading to increased 

detoxification of drugs has been reported to confer drug resistance (Tew, 1994; Zhang et al., 

1998). GST activity in an ADR-resistant P388 leukemia ce11 line was shown to be elevated 



compared to that of the sensitive line (Deffie et al., 1988). Similarly, in a rat mammary carcinoma 

cell line resistant to nitrogen mustards, GST activity was 2-fold higher compared to that in the 

sensitive parental ce11 line (Wang and Tew, 1985) indicating that upregulation of GST may be 

another mechanism of dmg resistance. 

1.2.4 Resistance to Methotrexate 

Reduction of dihydrofolate by dihydrofolate reductase @HFR) is an essential step in the 

synthesis of purines and DNA. The antineoplastic agent methotrexate (MTX) is a folate analogue 

which inhibits DHFR by competing with dihydrofolate for binding on the enzyme and thus 

depletes intracellular folate levels. A reduced folate camer is required for the transport of MTX 

inio cells (Goldman and Matherly, 1985). MTX is metabolized to polyglutamate derivatives. 

which dissociate fiom DHFR at a slower rate than the parent compound, leading to prolonged 

intracellular retention of the dmg (Matherly et al., 1994). Resistance to MTX may develop in 

tumor cells by a vanety of rnechanisms. Cells resistant to MTX commonly exhibit DHFR gene 

amplification and increased DHFR enzyme levels as well as increased enzyme activity (Schimke, 

1984). Other reported mechanisms of resistance to MTX include reduced uptake due to altered 

or reduced transport into cells (Fischer, 1962; Matherly, 1999, and decreased polyglutamation of 

intracellular dnig (Cowan and Jolivet, 1984; Pizzomo et al., 1988). 

1.3 Tbe Biological Role, Biochemical Properties and Functions of the 
p53 Tumor Suppressor Gene 

The p53 protein was first detected as a phosphoprotein which CO-immunoprecipitated with 

the simian virus 40 large-T (SV40-T) antigen fiom extracts of SV40-transformed cells (Lane and 



Crawford, 1979; Linzer and Levine, 1979). This p53 protein was present in higher concentrations 

in transformed cells than in normal cells. Reports that CO-transfection of p53 with the ras 

oncogene resulted in the transformation of normal embryonic cells (Eliyahu et al.. 1984) and that 

transfection of p53 alone into established cells made them tumorigenic (Eliyahu et al., 1985; Tuck 

and Crawford, 1989) suggested that p53 is an oncogene capable of stimulating cell growth. 

However the p53 clones used in earlier studies were found to be mutated foms of p53 (Hinds et 

al., 1989). Subsequent studies showed that wild type (wt) p53 was in fact an anti-oncogene 

capable of suppressing transformation and cell proliferation (Ben-David et al., 1988; Finlay et al., 

1989). Thus rather than being an oncogene, p53 has been classified as a tumor suppressor gene. 

1.3.1 Functional Domains and Structure of p53 

The human p53 tumor suppressor gene is located on chromosome 17 p 13 (Miller et al., 

1986) and is composed of 11 exons which encode a protein of 393 amino acids (Figure 1). The 

p53 protein contains five domains which are highly conserved in diverse organisms such as squid, 

mouse, chicken and humans. There are three main functional domains in p53 namely the 

transactivation domain, the sequence specific DNA-binding domain and the oligomerization 

domain (Figure 1). 

The transactivation domain lies within residues 1 to 43 located in the highly charged acidic 

arnino terminal region of the protein (Fields and Jang, 1990; Ko and Prives, 1996). p53 is a 

transcriptional activator and can activate transcription of a vanety of genes by direct interaction 

with transcription factors such as the TATA-binding protein (TBP) (Chen et al., 1993; Liu et al., 

1993; Truant et al., 1993). Recent studies show that activation of transcription by p53 may also 



Figure 1. Schtmatic representation of the haman p53 protein. The functional domains of p53 include the amino-terminal 
transactivation domain, the sequence-specific DNA-binding domain, and the carboxyl-terminal domain containing the oligomerization 
domain. Solid boxes represent evolutionarily conserved regions 1-V. 
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involve binding with the p300KBP transcriptional coactivator family (Gu et al., 1997; Lill et al., 

1997). 

The specific DNA-binding activity of p53 has been mapped to amino acid residues 102 to 

292 located in the central core sequence specific DNA-binding domain (Pavletich et al., 1993). 

This core region of p53 is resistant to proteolytic cleavage and is a region that is central to the 

role of p53 as a tumour suppressor (Levine, 1997). p53 can bind to genes with promoters that 

contain a specific consensus pS3-binding motif which consists of two copies of a 10 bp half-site 

5 '-PuPuPuC(AlT)(AIT)GPyPyPy-3 ' , where Pu and Py represents purines and pyrimidines, 

respectively, separated by up to 13 bp (El-Deiry et al., 1992). Therefore, the consensus site 

contains four 5 bp quarter-sites and p53 binds as a tetramer to the consensus sequence with each 

p53 core domain binding one quarter-site of the sequence (McLure and Lee, 1998). 

The domain which mediates oligomerization has been mapped to amino acid residues 323- 

355 of human p53 located in the highly charged basic carboxy tenninus (Pavletich et al., 1993). 

The oligomerization domain contains a P-sheet-tum-a-helix motif that can homodimerize. The 

predorninant fonn of p53 is tetrameric (a dimer of a dimer) which binds with high affinity to a 

DNA consensus sequence although p53 dimers and monomers have also been shown to bind 

DNA but with less affinity (Selivanova and Wiman, 1995). 

The carboxy temiinus contains a sequence of amino acids (residues 368 to 387) which can 

bind non-specifically to different forms of DNA such as damaged DNA and thus has been 

implicated in DNA-damage recognition (Gottlieb and Oren, 1996). In addition, the carboxy 

terminus is capable of regulating the seguence-specific DNA binding activity of p53 at its core 

domain and reannealing complementary single strands of DNA or RNA (Ko and Prives, 1996). 



The carboxy terminus also contains several nuclear localization signals (NLS) (Shaulsky et al., 

1990). These NLS mediate the migration of the protein into the cell nucleus which is required 

for p53 function (Shaulsky et ai., 1991). 

1.3.2 Transcriptional Activation and Repnssion of Several Genes by p53 

It is well established that p53 is a transcription factor which transactivates genes with 

promoters containing a p53-responsive element (Gottlieb and Oren, 1996; Ko and Prives, 1996). 

These genes include p21, GADD45, mdm-2, bax, and KILLEWDRS. and are descnbed below. 

p2I (WAFI/CIPI) 

p2 1 (WAF 1 /CP 1) is a p53-inducible gene that was independently discovered by several 

groups (El-Deiry et al., 1993; Harper et al., 1993; Xiong et al., 1993). The p53 binding site of 

p21, which contains two mismatches in cornparison with the consensus p53-binding site, is 

located upstream of the coding sequence (El-Deiry et al., 1993) and has been shown to confer 

p53-dependent transactivation of a reporter gene. p21 is a universal inhibitor of the cyclin 

dependent kinases in that it inhibits cyclin E-CdM, cyclin D-Cdk4, cyclin A-Cdk2, and cyclin 

A-cdc2 complexes which function in ce11 cycle progression (Harper et al., 1993; Xiong et al., 

1993; Dulic et al., 1994; Cox and Lane, 1995). One molecule of p21 in a complex permits kinase 

activity whereas a complex with two or more p21 molecules inhibits kinase activity and blocks 

ce11 cycle progression (Zhang et al., 1994). p53-dependent induction of p21 following exposure 

to DNA damaging agents and radiation leads to Gt arrest (Figure 2) (El-Deiry et al., 1993; Dulic 

et al., 1994; El-Deiry et al., 1994). p21 mediates Gl arrest by inhibiting the ability of cyclin- 

dependent kinase complexes to phosphorylate the retinoblastoma (Rb) gene product (Figure 2) 



Figure 2. Pathways of the biological e f f ~ t s  of p53. In response to DNA damage p53 is 
induced and is activated, leading to the regulation of cellular genes involved in cell cycle arrest or 
apoptosis. p21 may mediate Gi arrest by inhibiting the activity of cyclin/cdk complexes thereby 
preventing the phosphorylation of retinoblastoma protein (Rb). Phosphorylation of Rb causes the 
release of active E2F transcription factor, enabling E2F to transactivate genes essential for 
transition fiom Gl to S. Thus inhibition of cyclidcdk activity by p21 results in Gl arrest. 
Induction of p53 following DNA damage may result in an increased expression of bax leading to 
apoptosis. p53 can also upregulate mdm-2 which binds to p53 and inhibit p53 function in a 
negative feedback loop. [Adapted from (Ko and Prives, 19%) and (Leonard et al., 1995)l. 
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(Slebos et al., 1994). Hypo-phosphorylated Rb protein binds to and inhibits the activity of the E2F 

fmily of transcription factors which activity is required for transcription of genes essential for Gi 

to S transition (Nevins, 1992; Weintraub et al., 1992); thus, p2 1 plays an important role in ceIl 

cycle control. The observation that p21 is expressed in a variety of tissues fiorn p53 nul1 rnice 

suggests that it is also regulated in a p53-independent manner (Michieli et al., 1994). There is 

evidence to suggest that p21 can bind to and block the role of proliferating ceIl nuclear antigen 

(PCNA) as a DNA polymerase processivity factor in DNA replication, thus p2 1 can also inhibit 

DNA replication (Cox and Lane, 1995) 

GADD4S 

GADD45 is a p53-regulated gene that is induced when cells suffer DNA damage (Kastan 

et al., 1992). A p53-responsive element was identified in the third intron of the GADD45 gene 

which matched the consensus p53 binding site and binds purified p53 protein in vitro. The 

function of GADD45 protein is unclear but GADD45 has been show to interact with PCNA. 

Thus it is believed that GADD45 is involved in growth arrest and DNA repair (Smith et al., 1994; 

Hall et al., 1995). 

mdm-2 

mdm-2 is a protosncogene which is a transcriptional target of p53. Transcriptional 

activation of mdm-2 is mediated by direct sequence specific binding of p53 to a p53 DNA-binding 

site located within the first intron of mdm-2 (Wu et al., 1993). Overexpression of wt p53 induces 

an increase of mdm-2 M A  (Wu et al., 1993) (Barak et al., 1993) and protein (Barak and Oren, 

1992), which has also been observed followùig DNA darnage in cells expressing wt p53 but not in 



nul1 cells or those containing mutant p53 (Peny et al., 1993; Chen et al., 1994). The mdm-? 

protein can complex with p53 and inhibit transcriptional activation of p53, thus mdm-2 and p53 

form an autoregdatory fèeàback loop (Momand et al., 1992; Oliner et al., 1993). 

bar 

Evidence for direct regulation of the bax gene by p53 was provided by Miyashita and 

Reed (1995) who showed that wt but not mutant p53 activated the expression of a reporter gene 

driven by the bax promoter which contains a region homologous to the consensus p53-binding 

site. Bax is a death-promoting gene that can form heterodimers with its apoptosis-blocking 

homologue, bcl-2, and thereby block the anti-apoptotic function of bcl-2. Bax has been shown to 

be upregulated by p53 in response to irradiation (Miyashita et al., 1994) and it is the ratio of bax 

to bcl-2 that may determine ce11 suMval or cell death following an apoptotic stimulus (Oltvai et 

al., 1993). 

KILLERrnRS 

TRAIL is a member of the tumor necrosis factor (TNF) and Fas family of death-inducing 

ligands which induce apoptosis in a variety of tumor cells (Kastan, 1997). Several groups have 

independently identified IULLEWDRS as the receptor for TRAIL (MacFarlane et al., 1997; Pan 

et al., 1997; Sheridan et al., 1997; Wu et al., 1997). However, it was Wu et al. (1997) who 

showed that p53 upregulates KILLEWDRS following DNA damage. Expression of 

KILLEWDRS was induced after treatment with ADR, VP16, or y-radiation in cells with wt p53 

but not in those with mutant p53. Furthermore, KILLEWDRS expression was increased in 

mutant p53-containing cells following transfection of wt p53 and overexpression lead to apoptosis 



suggesting that DNA darnage is not required for KILLEWDRS to mediate p53-dependent 

apoptosis. Although expression of KILLERDRS is induced in a p53-dependent manner it is not 

yet known if p53 binds directly to and transactivates KILLEWDRS (Kastan, 1997). 

In addition to its ability to activate the transcription of genes containing a p53 binding 

motif, wt p53 is also capable of repressing transcnption of genes from a variety of promoters 

lacking p53-binding sites. Mack et al. (1993) found that repression by p53 was specific to 

promoten whose initiation is dependent on the presence of a TATA box and that repression was 

mediated by interaction of p53 with the general transcnption factor, TATA-binding protein 

(TBP). Although both wt and mutant p53 can bind TBP, only wt p53 was show to repress 

transcription by interferhg with the binding of TBP and TFIIA to the TATA motif (Ragimov et 

al., 1993). The specific regions of p53 that control its repressive activity have not been mapped 

definitively although both the amino and carboxyl termini have been shown to be important 

(Gottlieb and Oren, 1996; Shanna et al., 1996). 

The biological significance of transcnptional repression by p53 is not clear, however ceIl 

cycle arrest following p53 accumulation in response to DNA damage may involve repression of 

growth-promoting genes. Transcriptional repression has also been irnplicated in p53-mediated 

apoptosis. In SV40 T-antigen-transformed GHFTl cells expressing a temperature-sensitive p53 

mutant, apoptosis was induced by ultraviolet light in the absence of new RNA or protein synthesis 

suggesting that rather than activating apoptosis-mediating genes, p53 repressed genes necessary 

for ceIl survival (Caelles et al., 1994). 



1.3.3 Cellular proteins that bind to p53 

p53 can bind to several transcription factors (p300/CBP, TBP, TBP-associated factors, 

RNA polymerase II basal transcription factor TFIIH and others) and modulate their activity 

(Selivanova and Wiman, 1995). p53 also binds to the Wilm's nimor suppressor gene product, 

WTl (Maheswaran et al., 1995). Coexpression of WTI and p53 in Saos-2 cells lacking 

endogenous p53 resulted in higher steady-state levels of p53, increased DNA binding activity and 

increased transcriptional activity. The BRCAl gene is a tumor suppressor gene that is commonly 

mutated in familial breast and ovarian cancer. There is evidence to suggest that BRCAl and p53 

can physically associate in vitro and in vivo (Zhang et al., 1998). p53 was coimmunoprecipitated 

with BRCAl and using a series of p53 deletion mutants the carboxyl terminal domain of p53 

between residues 300-393 was found to be sufficient for its interaction with BRCA1. Binding of 

BRCAl to p53 increased transcriptional activity of p53 and cotransfection of BRCAl with p53 

increased apoptosis in SW480 cells. Thus BRCAl may act as a coactivator of p53 function. 

1.3.4 Role of p53 in Cell Cycle Amst and Induction of Apoptosis 

Several studies have suggested that one important physiological function of p53 is to 

arrest ceIl growth following DNA damage. Introduction of wt p53 into HL60 cells lacking 

endogenous p53 genes resulted in GI arrest after y-irradiation and Gi was not observed following 

transfection of mutant p53 into RKO cells which contain wt p53 (Kuerbitz et al., 1992). There is 

considerable evidence that p53-dependent ceU cycle arrest, in particular Gi arrest, occurs largely 

through activation of p21. in response to certain types of DNA damage, p53 accumulates and 

can activate the transcription of p21 (Figure 2) (El-Deiry et al., 1993) which inhibits the ability of 



cyclidcdk complexes to phosphoiylate the Rb protein. Hypophosphorylated Rb binds to and 

inhibits E2F, which is required for transcription of genes essential for transition from Gi to S; 

therefore, hypophosphorylation of Rb leads to Gi arrest (Ko and Prives, 1996). 

p53 has also been implicated in G2/M arrest. Using a tetracycline-responsive 

transactivator to regulate p53 expression in the absence of DNA damage, Agarwal et al. (1995) 

found that human fibroblasts released fiom a block in S phase arrested predominantly in G2/M 

and the arrest was associated with induction of p21. In the rat embryo fibroblast ce11 line MF52 

transfected with a temperature-sensitive mutant p53, release From a GI and early S phase block 

lead to an arrest at G 2 M  in cells expressing wt p53 maintained at 32.5 O C ,  but not in those 

expressing the mutant form maintained at 39 OC (Stewart et al., 1995). These results suggest 

that in addition to regulating cell cycle arrest at Gt, p53 may also control arrest at G2/M. 

Several studies have demonstrated that p53 cm trigger apoptosis in response to DNA 

damage (Figure 2). Lowe et al. (1993b) showed that normal thymocytes undergo apoptosis afier 

radiation, whereas thymocytes fiom p53-deficient mice do not undergo apoptosis following the 

same treatment. p53 may mediate apoptosis by transactivation of genes that promote apoptosis 

(bax) or transrepression of genes that inhibit apoptosis (bcl-2). Bax is upregulated by p53 in 

response to radiation whereas bcl-2 is downregulated (Miyashita et al., 1994). These two 

proteins cm heterodimerize with each other in which a high ratio of bax to bcl-2 would promote 

apoptosis and a low ratio would inhibit ce11 death. Whether the transactivation function of p53 is 

required for apoptosis has received considerable attention. p53-mediated apoptosis can occur 

through both transactivation-dependent and -independent mechanisms. p53-dependent apoptosis 

foliowing W irradiation can occur in the presence of actinomycin D or cycloheximide, which 



block RNA and protein synthesis, respectively (Caelles et al., 1994). In addition, a p53 protein 

mutated at residues 22 and 23 failed to induce activation of pS3 target promoters but was able to 

trigger apoptosis in HeLa cells, which express E6 leading to degradation of wt p53, suggesting 

that transcriptional activity is not required for the ability of p53 to induce apoptosis (Haupt et al., 

1995). However, Zhu et al. (1 998) have recently reported that there is a second transactivation 

domain in p53 located between residues 43 and 63. They also demonstrated that in addition to its 

ability to induce apoptosis, the p53Gln22,Ser23 mutant can transactivate certain p53 target genes, 

consistent with the fact that this mutant contains the second activation domain between residues 

43 to 63. Furthermore, a double point mutation of p53Gln22,Ser23 at residues 53 and 54 

completely abrogated its transactivation function and the ability to induce apoptosis, indicating 

that residues 53 and 54 are required for apoptotic and transcriptional activities. These results 

suggest that p53-mediated apoptosis is transcription-dependent. 

Recent studies suggest that ce11 cycle arrest and apoptosis are independent functions of 

p53. Expression of Argl75Pro mutant p53 in cell lines lacking endogenous p53 resulted in Gi 

arrest, but not apoptosis (Rowan et al., 1996). Mouse embryo fibroblasts lacking p21 expression 

were able to undergo El  A-induced apoptosis indicating that Gi arrest is dispensable for 

oncogene-induced apoptosis (Attardi et al., 1996). 

There are several factors that may affect whether a cell will undergo Gi arrest or apoptosis 

in response to DNA damage including celi type, oncogenic disruption, and availability of growth 

factors. Fibroblasts, RKO, and colorectal carcinoma ceUs tend to undergo cell cycle arrest, 

whereas hematopoietic ceils tend to undergo apoptosis after irradiation (Leonard et al., 1995). It 

has been proposed that apoptosis is a consequence of confiicting growth signaling in that 



stimulation of proliferation by oncogenes and induction of growth arrest by wt p53 results in 

apoptosis (Wu and Levine, 1994; Selivanova and Wiman, 1995). Consistent with this hypothesis, 

primary mouse fibroblasts which normally growth arrest in response to irradiation, undergo 

apoptosis in the presence of adenovims El A expression (Lowe and Ruley, 1993; Lowe et al., 

1993a). E2F overexpression which promotes progression of the cell cycle, results in loss of G ,  

arrest and induction of apoptosis (Wu and Levine, 1994). It is believed that p53 may act as a fail 

safe response to inappropriate ceIl cycle progression (White, 1994). Canman et al. (1995) have 

demonstrated that ionizing radiation of growth factordependent hematopoietic Baf-3 cells results 

in reversible Gi arrest or in apoptosis, in the presence or absence of growth factor respectively. 

1.3.5 Role of p53 in Maintaining Genomic ïntegrity 

There are several experimental observations in support of the idea that loss of p53 can 

result in genetic instability and both ceIl cycle arrest and apoptosis can be mechanisms whereby 

genetic instability may be accomplished (Livingstone et al., 1992; Yin et al., 1992; Harvey et al., 

1993). In the presence of DNA damage, p53 can trigger ce11 cycle arrest to allow DNA repair so 

that damaged DNA is not inadvertently replicated or p53 can mediate apoptosis to prevent the 

propagation of potentially deleterious mutations (Lane, 1992; Ko and Prives, 1996). Cells 

defective for p53 function cannot growth arrest or undergo p53-dependent apoptosis and are 

therefore geneticaily less stable and will accumulate mutations and gene amplifications at an 

increased rate (Lane, 1992). Indeed, p53-deficient mouse embryo fibroblasts exhibit high rates of 

aneuploidy and gene amplification in contrast to fibroblasts with wt p53 (Livingstone et al., 1992) 

and primary fibroblasts h m  Li-Fraumeni patients (idividuals who c a r y  a gerxniine mutation of 



p53) did not arrest in Gi but underwent gene amplification as soon as they lost their single copy of 

wt p53 (Yin et al., 1992). Further support of a link between p53 inactivation and aneuploidy was 

provided by Cross et al. (1995) who showed that p53 may be an active component of a mitotic 

checkpoint. In response to treatment with spindle inhibitors, fibroblasts fiom p53-deficient mice 

undergo multiple rounds of DNA synthesis without chromosome segregation, resulting in 

tetraploid and octaploid cells, whereas fibroblasts fiom wt p53 mice arrest after drug exposure. 

These results imply that maintenance of genomic integnty is one of the primary fùnctions of pS3. 

1.3.6 p53 in Differentiation and Development 

It has been speculated that p53 plays a role in the differentiation of several cell lineages. 

Overexpression of wt p53 in a p53-negative, pre-B cell line induces the cells to express 

cytoplasrnic imrnunoglobulin chahs p and K, proteins characteristic of a more mature stage 

(reviewed in Gottlieb and Oren, 1996). Furthemore, wt p53 was s h o w  to transactivate the 

promoter control sequences of the K light chain gene and when pre-B cells were treated with the 

differentiation inducer lipopolysaccharide, p53 mRNA levels were increased prior to the 

appearance of K expression. Introduction of mutant p53 resulted in the suppression of K chain 

expression. Expression of hemoglobin, a marker of erythroid diserentiation, is also induced in 

Friend erythroleukemia cells and chronic myelogenous leukernia cells with overexpression of wt 

p53. 

The demonstration that p53-null mice are viable suggest that p53 is dispensable for nomal 

development; however, recent studies have show that a fiaction of the p53-deficient embryos 

actually display significant developmental abnomalities, including defects in neural tube closure 



and embryo resorption (Hall and Lane, 1997, and references therein). Hence, p53 may also have 

an important function in embryogenesis and loss or mutation of p53 may impair normal 

developmental processes. The overexpression of wt p53 may also have detrimental effects on 

normal development. Forced overexpression of wt p53 in Xenopis oocytes disrupted 

development and in mice, significant alterations of rend development were observed. Moreover, 

homozygous deletion of the negative regulator of p53, mdm-2, results in an early embryonic 

lethality which can be rescued in the absence of p53, in that double mdm-2 and p53-nul1 mice are 

viable. 

1.3.7 Abrogation of  p53 Function by Mutations and Viral Oncoproteins 

p53 is one of the most commonly mutated genes in human cancers in that more than half 

of hurnan cancers contain mutations in this gene (Hollstein et al., 1991). The vast majority of 

mutations in p53 are missense mutations, more than 90% of which are clustered within the central 

portion of the protein where four of the highly conserved domains are located. There are 

'hotspots' which are mutated at an unusually high fiequency and crystal structure analysis has 

revealed that these mutations occur within the sequence specific DNA binding region (Cho et al., 

1994). p53 mutations can be divided into two classes. One class involves mutations of residues 

that contact DNA directly, which results in the failure of p53 to bind DNA with loss of the 

transcriptional activation fbnction of p53. Two of the most fiequently mutated residues in p53, 

Arg248 and Arg273, are examples of such mutations. A second class of mutations involves 

residues that are important for the stable folding of the core domain and thus mutations at these 

residues (Arg175, Gly245, Arg249, and Arg282) disnipt the stabilization of the DNA binding 



region of p53. These structural mutations result in alteration of native p53 producing a mutant 

form that reacts with the monoclonal antibody Pab240, which recognizes an epitope on residues 

2 12-2 1 7, not nonnally accessible in native or wt p53. 

There are three modes by which mutation of p53 might affect its fùnction: (1) a loss of wt 

fùnction as a result of defective DNA-binding, (2) a dorninant-negative effect of mutant over wt 

p53 function, and (3) a gain-of-function (Ko and Prives, 1996). Evidence supporting a loss of wt 

p53 fùnction due to mutation has corne from the observations that some p53 mutants are unable 

to bind to or activate transcription of its target genes (Namba et al., 1995; Ludwig et al., 1996). 

Cells containing such mutant p53 may not arrest in Gi following DNA damage and may have 

impaired apoptotic functions. Mutations in p53 can result in a trans-dominant effect of mutant 

p53 over wt p53 activity. Lyrnphoid leukernia ceil lines (Raji and RPMl 8402) which contain wt 

p53 fail to arrest in Gi after y-irradiation when mutant p53 was introduced (Kastan et al., 1991). 

Similarly, transfection of RKO colorectal carcinoma cells expressing wt p53 genes with a mutant 

form of pS3 results in an abrogation of GI arrest (Kuerbitz et al., 1992). The dorninant-negative 

effect of mutant p53 proteins presumably occurs through oligomenzation with wt p53 and 

inhibition of its DNA-binding ability (Gottlieb and Oren, 1996). Additionally, certain p53 mutants 

can gain novel tumor promoting activities. Transfection of mutant p53 in mouse fibroblasts 

lacking endogenous p53 expression resulted in enhanced tumorigenic potential of these cells in 

nude mice and transfection of mutant p53 in Saos-2 ce11 line deficient for p53 enhanced plating 

efficiency in agar oittmer et al., 1993). These gain-~~function mutants, unlike the wt protein, 

are also able to activate the expression of a reporter gene regulated by the MDR enhancer- 

promoter element. 



The transfomiing proteins, SV40 large-T antigen, adenovirus E IB 55 kDa protein,and the 

human papilloma virus WV) 16/18 E6 protein can form complexes with p53 and affect p53 

activity. The p53 protein was first identified by vittue of its interaction with the SV40 large T 

antigen (Lane and Crawford, 1979; Linzer and Levine, 1979). SV40 large-T antigen interacts 

with the central core domain of p53 within residues 94 to 293 and induces stabilization of p53. In 

addition, by complexing with p53, SV40 large-T antigen also inhibits specific DNA binding and 

p53-mediated transactivation of a reporter gene. The adenovirus EIB 55 kDa protein can biiid to 

p53 and inhibit p53 transactivation (Yew and Berk, 1992). E I B 55 kûa does not directly prevent 

p53 from binding to specific DNA targets but acts as a transcnptional repressor by binding to p53 

and inhibiting transcription of the pS3 responsive gene (Yew et al., 1994). Binding of the HPV 

16/18 E6 protein to p53 results in the degradation of p53 through the ubiquitin-dependent 

proteolytic pathway; thus, cells producing HPV 161 18 E6 express little or no pS3 (Schefier et 

al., 1990). Recent evidence suggest that the polymorphism at codon 72 which results in the 

presence of either a proline or an arginine in the p53 amino acid sequence may affect the 

susceptibility of p53 to E6-mediated degradation (Storey et al., 1998). The arginine fom of p53 

was significantly more susceptible to E6-mediated degradation than the proline form in vivo. E6 

proteins can also inhibit sequence specific DNA-binding of p53 independent of its ability to target 

p53 degradation (Thomas et al., 1995). 

1.3.8 Regulation of pS3 by a Feedback Loop with mdm-2 

The mdm-2 protein cm form complexes with p53 (Barak and Oren, 1992) and inhibit its 

transactivational activity (Momand et al., 1992; Oliner et al., 1993). Since the mdm-2 gene is a 



transcriptional target of pS3, an autoregdatory feedback loop between p53 and mdm-2 has been 

proposed as illustrated in Figure 2 (Barak et al., 1993; Wu et al., 1993). [ncreases in p53 

following DNA damage results in induction of mdm-2 which leads to down-regdation of p53 

finction by sequestration of p53 in an inactive complex with mdm-2 (Barak et al., 1993: Wu et 

al., 1993). This negative feedback loop of mdm-2 on p53 is thought to regulate the extent and 

duration of Gi arrest &er DNA damage in order to allow cells to re-enter the cell cycle. 

The exact mechanism of mdm-2-mediated abrogation of p53 transcriptional activity is not 

fully understood. Oliner et al. (1993) suggest that mdm-2 may inhibit p53-mediated 

tramactivation by binding to the activation domain of p53 and concealing p53 from the 

transcriptional machinery, whereas Zauberman et al. (1993) have shown that interaction of mdm- 

2 with p53 can inhibit sequence specific DNA binding by p53. Recently, two groups have 

independently reported that mdm-2 can promote the proteasorne-dependent degradation of p53 

(Haupt et al., 1997; Kubbutat et al., 1997). Co-transfection of wt p53 and mdm-2 into p53-nuIl 

ce11 lines resulted in reduced steady-state levels of p53 compared to cells transfected with either 

p53 or mdm-2 alone or CO-transfected with mdm-2 and a p53 mutant lacking the mdm-2 binding 

region. Thus regulation of p53 protein stability by targeting it for degradation rnay represent an 

alternative mechanism whereby mdm-2 can inactivate p5 3 and limit the extent and duration of the 

p53 signal. 

1.3.9 Phospborylation of p53 and Regulation by the Carboxy Terminus 

p53 is extensively phosphoryiated at serindthreonine residues at the amino and carboxyl 

termini by a variety of kinases such as Casein kinase (CK) I and II, protein kinase C (PKC), DNA- 



dependent protein kinase @NA-PK), mitogen-activated protein kinase (MM) (Steegenga et al., 

1996) and Jun-NH2-terminal kinase (M) (Adler et al., 1997; Fuchs et al., 1998). The fiinctional 

significance of p53 phosphorylation is not clear. There is evidence to suggest that 

phosphorylation rnay affect the stability and activity of wt pS3 protein. In a report by Zuo et al. 

( 1 998), the serindthreonine protein phosphatase 5 was shown to inhibit p53 -de pendent 

expression of p21 suggesting that phosphorylation of p53 was required for p53 transcriptional 

activation. Serl5 and Ser37 located in the amino terminal transactivation domain of human p53 

are target sites for DNA-PK in vitro (Lees-Miller et al., 19%) and although mutation of Ser37 to 

alanine did not significantly affect p53 regulation or function, mutation of Su l5  to alanine 

decreased p53 stability and reduced the ability of p53 to prevent cell cycle progression to S phase 

(Fiscella et al., 1993). These results indicate that phosphorylation at Serl5 is necessary for p53 

function. In contrast, recent observations by Pise-Masison et al. (1998) suggest that 

phosphoiylation of p53 at SerlS may inactivate p53 by blocking its interaction with the TFIID 

transcription factor. 

JM( is a stress activated-protein kinase and has been implicated in apoptosis (Chen et al., 

1996). Recently, pS3 has been show to be phosphorylated by IM< which leads to the 

dissociation of p53-mdm-2 complexes and inhibition of mdm-2-mediated targeting of p53 for 

ubiquitination (Fuchs et al., 1998). Pulse-chase experiments using p53-nul1 cells showed that the 

haKlife of p53 was prolonged in cells cotransfected with p53 and MEKKI, the specific activator 

of JNK, compared to the half-life of p53 in ceils cotransfected with p53 and an inactive fonn of 

MEKKI. Transcriptional activity of p53 and p53-dependent apoptosis were increased in cells 

expressing p53 and active MEKKl suggesting that phosphorylation of p53 by INK plays an 



important role in p53 function. Computer modeling identified residues 97-1 16 on p53 as the 

domain required for JNK binding. 

Phosphorylation of p53 at Ser392 by CK II increases the DNA-binding activity of p53 

(Hupp et al., 1992). Phosphorylation at this site was also observed following W treatment of 

early passage rat embryo fibroblasts and RKO cells, which increased DNA-binding of p53 

(Kapoor and Lozano, 1998). However, the substitution of Ser392 for alanine or aspartate did not 

affect DNA binding, growth suppression or transcriptional activation by p53 (Slingerland et al., 

1993; Fiscella et al., 1994). These conflicting observations suggest that the effects of p53 

phosphorylation on p53 regdation and function may be ceIl type-dependent which may be 

influenced by experimental conditions. In addition, phosphorylation of p53 may be dependent on 

its protein conformation in that a mutation in pS3 which changes the conformation of the protein 

may reduce the availability of Ser phosphorylation sites for different protein kinases (Adler et al., 

1997). Thus in previous studies in which specific phosphorylation sites were mutated, not only is 

phosphorylation abrogated but conformation is afFected as well which leads to conflicting results 

depending on the conformational change induced by the mutation (Adler et al., 1997). 

Several reports suggest that p53 protein requires a structural change to activate it for 

sequence-specific binding to DNA and that the last 30 arnino acids of p53 are necessary for 

regulating this conversion between a latent and an active form. Phosphorylation at Ser392 by CK 

II, binding to antibody Pab421 (to residues 370-378), and deletion of the carboxy terminus ail 

activate the specific DNA-binding activity of p53 (Hupp et al., 1992). Synthetic peptides derived 

fiom a region spanning the 30 arnino acids of the carboxy terminus also stimulated DNA binding 

activity of latent p53 (Hupp et al., 1995). The exact mechanism whereby the carboxyl terminus 



regulates DNA-binding is poorly understood, however, NMR studies suggest that the extreme 

carboxyl terminal sequences of p53 may interact with the central core domain and interfere with 

its specific DNA-binding activity (Clore et al., 1994). Removal of the carboxyl tail by 

phosphorylation, binding to antibody or deletion would thus relieve its inhibitory effects. 

1.3.10 Induction of p53 Protein and Activity after DNA damrge 

pS3 is nonnally expressed at low levels due to its short half-life of 15 to 30 min (Gannon 

et al., 1990; Reihsaus et al., 1990; Rodrigues et al., 1990; Ogretmen and Safa, 1997) and is 

rapidly accumulated following treatment of cells with DNA damaging agents (Maltzman and 

Czyzyk, 1984; Kastan et al., 1991). The accumulation of p53 appears to occur by post- 

translational stabilization however the precise mechanism whereby DNA damage tt-iggers p53 

accumulation and activation is not yet clear. Nelson and Kastan (1994) have demonstrated that 

only DNA single- and double- strand breaks but not other DNA lesions are capable of inducing 

p53 accumulation thus it has been suggested that p53 may serve as a cellular sensor of DNA 

strand breaks (Selivanova and Wiman, 1995). Since the carboxyl terminus of p53 has been shown 

to bind non-specifically to damaged DNA, Selivanova and Wiman (1995) have proposed a model 

of p53 stabilization and activation in which the interaction of the carboxyl tail with single-stranded 

DNA ends causes a conformational change in the p53 protein analogous to that induced by 

different modifications of the carboxyl terminus. This conformational change, presumably caused 

by phosphorylation, may convert p53 to a stable form leading to accumulation or may result in the 

activation of specific DNA binding by the central core domain. Indeed, Shieh et al. (1997) have 

recently reported that DNA darnage results in phosphorylation of Ser15 by DNA-PK which leads 



to decreased interaction between p53 and mdm-2 and impairment of the ability of mdm-2 to 

inhibit p53 transactivational activity. Thus induction of p53 in response to DNA damage is likely 

modulated by phosphorylation by DNA-PK or other protein kinases. A PEST sequence thought 

to be the target for enzymes of the ubiquitin-proteolytic system has been identified in the amino 

terminal domain of p53 and p53 levels may nomally be regulated by the ubiquitin-mediated 

proteolytic pathway (Maki et al., 1996). Maki and Howley (1997) have now provided evidence 

suggesting that the accumulation of p53 in cells after UV-irradiation is the result of increased 

protein stability due to repression of the ubiquitin-mediated degradation of p53. 

1.4 Role of p53 in Mediation of  Drug Resistance in Neoplastic Cells 

1.4.1 p5Eregulated Mechanisms of Drug Resistance 

p53 gene mutations have been implicated in dnig resistance mediated by the MDRl gene. 

The MDRl promoter is repressed by wt p53 but is activated by mutant p53 (Chin et al., 1992) 

therefore cells with mutations in the p53 gene may overexpress P-glycoprotein and thus rnay be 

resistant to a variety of antineoplastic agents. Indeed, rat H35 hepatoma cells transfected with 

mutant p53 displayed elevated levels of MDRl mRNA and P-glycoprotein compared to control 

cells transfected with vector (Thottasseiy et al., 1997). Furthemore, the increased 

P-glycoprotein conferred resistance to dmgs that are P-glycoprotein substrates and sensitivity was 

restored by the P-glycoprotein inhibitor reserpine. 

DHFR gene amplification is a cornrnon mechanism of acquired resistance to the 

antirnetabolite MTX, a potent inhibitor of DHFa activity (Bertino et al., 1996). Recently, Goker 

et al. (1995), reported a correlation of DHFR gene amplification with p53 mutations in ALL 



patients in relapse thus suggesting that p53 gene alterations may play an important role in 

mediating resistance to MTX. 

In transgenic rnice expressing the SV40-T antigen, mutations in p53 may contribute to the 

development of cancer by allowing cells expressing oncogenes to evade apoptosis (Symonds et 

al., 1994). There is evidence that several antineoplastic agents mediate their cytocidal activity by 

inducing apoptosis @ive and Hickrnan, 1991; Lowe et al., 1993a). Therefore, p53 mutations 

may also contribute to the development of drug resistance by abrogating the apoptotic pathway in 

neoplastic cells (Lowe et al., 1993a). 

1.4.2 p53 Mutations a n  Associated with Dnig Resistance in Some Neoplastic Diseases 

It is estimated that over 50% of human cancers contain mutations in p53 (Hollstein et al., 

1991). There is considerable evidence implicating p53 mutation in cancer and drug resistance. 

For example, p53-deficient mice are highly prone to spontaneous tumor formation 

monehower et al., 1992) and patients with the Li-Fraumeni syndrome who carry a gemline 

mutation in p53 are at high risk of developing cancer (Malkin et al., 1990; Srivastava et al., 

1990). The majonty of gennline mutations reported in the Li-Fraumeni syndrome are located in 

conserved regions of the p53 protein. The significance of p53 status in determining 

chemosensitivity has been examined by assessing the responsiveness of mutant p53-containing 

tumors and cells to antineoplastic agents. Human lymphorna cell lines with p53 gene mutations 

are more resistant to y-rays, VP16, Ntrogen mustard and cisplatin (CDDP) than cells with wt p53 

(Fan et al., 1994) and pS3-deficient mouse embiyonic fibroblasts have been shown to exhibit 

decreased chemosensitivity to 5-fluorouracil, VP 16, and ADR (Lowe et al., 1993 a). In addition, 



there are several observations of an association of p53 gene mutations with poor prognosis in a 

variety of cancers including sofi tissue sarcoma, ovarian carcinoma, and B-ceIl lymphoma 

(Taubert et ai., 1996; Buttitta et al., 1997; Ichikawa et al., 1997). 

Recent reports have given rise to some controversy regarding the role of p53 mutations in 

drug resistance. Fan et al. (1995) found that MCF-7 human breast cancer and RKO human colon 

carcinoma cells lacking p53 function showed increased sensitivity to CDDP and pentoxifylline but 

not to y-rays, VP16, or ADR. Inactivation of p53 enhanced sensitivity to CDDP, carboplatin, 

paclitaxel, melphalan, and nitrogen mustard in primary human and mouse embryonic fibroblasts 

(Hawkins et al., 1996). Similady, an ovarian cancer ce11 line SK23a transfected with a 

temperature-sensitive p53 mutant was more sensitive to ADR when expressing mutant p53 than 

when expressing the wt form (Vikhanskaya et al., 1995). 

These contradictory findings of the relationship between p53 and chemosensitivity suggest 

that the role of p53 in drug sensitivity may be context-dependent (Mueller and Eppenberger, 

1996). Tumor ce11 type, chemotherapeutic agents used. type of p53 mutation and presence of 

other mutations are factors which may influence whether alterations in p53 will increase or 

decrease chemosensitivity. 

1.4.3 p53 Mutations Have B e n  Reported in Acute Lymphoblastic Leukemia 

The freguency of p53 mutations is relatively low in childhood ALL (1 to 3%) (Jonveaux 

and Berger, 1991; Felix et al., 19%; Wada et al., 1993) compared to that in other neoplasms and 

loss of p53 function is not considered to be essential in the pathogenesis of this disease (Felix et 

al., 1992). These observations suggest that p53 plays only a minor role in ALL. However, p53 



mutations are frequently seen in ALL patients in relapse (Hsiao et al., 1994) picciami et al.. 

1994; Blau et al., 1997) and in cell lines established fiom relapse cases (Cheng and Haas, 1990). 

In a pair-wise comparison of p53 gene stahis in diagnosis and relapse sarnples, no p53 mutations 

were detected in samples taken at diagnosis, whereas in 50% of relapse sarnples a mutation had 

occurred in the p53 gene (Hsiao et al., 1994). Several observations suggest that p53 mutations 

observed at relapse and in several leukemic ce11 lines derived from patients in relapse were already 

present at diagnosis in a very small percentage of cells and that clonal expansion of the mutant 

p53-containing cells occurred during disease progression (Wada et al., 1994; Preudhornme and 

Fenaux, 1997). Conventional methods such as SSCP and direct sequencing failed to detect p53 

mutations that were present in a small fraction of the cell population and mutations were detected 

only when a highly sensitive PCR technique was used. These observations suggest that the 

fiequency of p53 mutation in ALL may be greater than expected and that mutations in p53 may 

play an important role in the progression of ALL. 

The clinical relevance of p53 mutations in childhood ALL is now being realized. Several 

studies indicate that there is an association between p53 gene inactivation and poor clinical 

outcome in T-cell ALL. Patients with T-ceIl ALL in relapse who had mutations in the p53 gene 

experienced a shorter duration of first remission than those with wt p53 (Diccianni et al., 1994). 

These patients with mutant p53 were also less likely to achieve a complete second remission after 

reinduction therapy and experienced a shorter survival after first relapse. In an investigation of 

diagnostic marrow samples ûom children with ALL, p53 gene alterations either by mutations or 

overexpression of mdm2 were fiequently observed in patients who filed to achieve complete 

remission or relapsed soon &et obtaining remission. In addition, the T-ALL CCRF-CEM cell 



line which contains mutant p53 has been reported to be more resistant to Adnamycin than its wt 

p53-transfected counterpart (Geley et ai., 1997). Thus, p53 mutations may be associated with 

drug resistance and poor response to therapy in ALL and the role of p53 in clinical outcome and 

drug resistance warrants further investigation. 



A previous study of six cell lines derived fiom childhood ALL demonstrated a significant 

inverse correlation between the level of expression of topo IIp and resistance to the DNA topo II- 

interacting agent AD& whereas a significant direct correlation was obsewed between the level of 

expression of topo IIa and resistance to ADR (Brown et al., 1995). However, resistance to 

antineoplastic agents is often multifactorial @effie et al., 1988; Endicott and Ling, 1989; Deffie et 

al., 1992) and since these drugs, at least in part, mediate their cytocidal activity through activation 

of apoptosis (Barry et al., 1990; Lowe et al., 1993a), the relationship of p53 gene status, 

susceptibility to apoptosis and chemosensitivity was examined in these cell lines. 

Although p53 mutations are not considered to be essential in the pathogenesis of ALL, 

gene status may serve as a useful prognostic indicator of outcome following chemotherapy with 

antineoplastic agents in the small yet substantial number of cases that do not respond well to 

treatment. Studies indicate that there is an association between resistance to chemotherapy and 

p53 gene status in hematologic malignancies @iccianni et al., 1994; Hsiao et al., 1994; Wattel et 

al., 1994; Ichikawa et al., 1997). Based on these reports, we hypothesize that p53 is involved in 

the cellular response of ALL cells to antineoplastic agents and that dmg resistance correlates with 

p53 gene mutations. 



MATERIALS AND METHODS 

2.1 pS3 Gene Status in Six Human ChiIdhood ALL Cell Lines 

Cell Lines Ce11 lines A L L A  ,-G and -K were established from the peripheral blood and bone 

marrow samples taken from children in relapse with pre-B ALL (Cohen et al., 199 1; Kamel-Reid 

et al., 1992; Brown et al., 1995). ALL-B was derived from the bone marrow of a patient in first 

relapse with ALL characterized by a t(4;11) chromosomal translocation (Cohen et al., 1991). 

ALL-C was derived fiom a marrow sarnple of a newly diagnosed child with B-lineage ALL and 

ALL-W was derived fkom bone marrow cells of a child with juvenile chronic myelogenous 

leukemia in lymphoid blast crisis (Freedman et al., 1993). Cells were cultured at 37 OC and 5% 

COî in a-MEM containing 10% FBS (Cansera International, Rexdale, ON) and antibiotics. 

Single Sband Conformafiond Polymorphisrn (SSCP) and Seqience Anulysis. To screen for 

the presence of mutations in the p53 gene, PCR-SSCP analysis on exon 2 and exons 4 through 1 1 

of p53 was performed by Jodi Lees in the laboratory of Dr. David Malkin, as previously described 

(Wagner et al., 1994), followed by direct sequencing using a Thenno sequenaseTM radiolabeled 

terminator cycle sequencing kit (Amersham, Arlington Heights, IL). 

2.2 Expression o f  p53 mRNA and Protein in ALL Cells 

Semi-Quantitative Reverse Transcn'ptase-Po&rneruse Chain Reaction (RT-KR). To examine 

p53 gene expression in the ALL ce1 lines, total cellular RNA was extracted using TRIzol 

~ e a ~ e n t ~  (Life Technologies, Burlington, Ontario). 1 x 10' cells were collected by 

centrifbgation at 228 x g and supernatant was rernoved. Cells were lysed in 1 ml TRlzol reagent 



and lysates were incubated at room temperature for 5 minutes. Chloroforrn (2 ml) was added and 

the mixture was vortexed for 15 seconds and was incubated at room temperature for an additional 

2 minutes. Cellular debris was removed by centritiigation in an Eppendon microfige 54 15 C at 

12,000 x g for 15 min at 4°C and the top aqueous phase was transferred to new microfuge tubes. 

0.5 ml of isopropyl alcohol was added and the mixture was incubated at room temperature for 10 

min to precipitate the RNA. Samples were centrifuged at 12,000 x g for 10 min at 4°C and the 

supernatant was removed. The RNA pellet was washed with 1.5 ml of 75% ethanol and 

centrifùged at 7,500 x g for 5 min at 4OC. Following removal of the ethanol, the RNA pellet was 

air dried by placing the open tubes inverted on clean Kimwipes for 10 minutes. The dried RNA 

pellet was then dissolved in 30 to 50 pl DEPC-treated H20 followed by treatment with 1 pl 

DNase 1 at 37°C for 10 min. Concentration of extracted RNA was determined by 

spectrophotometric analysis of absorbance of the sample at 260nm (&O) and the purity of the 

sarnple was assessed by examining the ratio A2amso. The extracted RNA samples were diluted to 

69 ng/p1 and were reverse transcribed to cDNA. To ensure that the reverse transcription of RNA 

ftom each cell line was performed under identical experimental conditions, a reverse transcription 

(RT) Mastennix of random hexanucleotide primers, Tris-HCI, KCI, MgCI2, DTT, RNAguard, 

dNTP, and reverse transcriptase was prepared which was used in the reverse transcription of 

RNA fiom each ce11 line. Bnefly, to 102 pl of RT mastemiix, 58 pl of 69 ndpl RNA (4 pg) was 

added to give final concentrations of 2.5 random hexanucleotide primer, 50 mM Tris-HCl 

(pH 8.3 ), 75 mM KCI, 3 m .  MgClz, 10 m M  DTT, 77 units RNAguard (Pharmacia Biotech, Baie 

D'Urfe, Quebec), 2 mM each dNTP, and 800 units of Moloney munne leukemia virus reverse 

transcriptase (Life Technologies, Burlington, Ontario). As a negative control for the RT, DEPC- 



treated H20 was used in place of RNA Reverse transcription was performed for 1 h at 37 OC and 

sarnples were then heated to 94 O C  for 5 min and quick-chilled on ice. Simultaneous amplification 

of p53 and PGK in each ce11 line was p e h e d  in a 5 0  pl reaction mixture containing cDNA 

derived from 100 ng of RNA (4 pl of reversed transcribed RNA), 20 m M  Tris (pH 8.0 ), 10 mM 

KCI, 1.5 mM MgCI2, 0.1% Triton X-100, 50 pg/d nuclease-free bovine semm albumin, 0.2 rnM 

each dNTP, 0.45 pM each 5'  and 3' primers, and 2.5 units of Taq polymerase (Labquip Ltd., 

Woodbridge, Ontario). Pnrners used for amplification of p53 were 

5'-AACTCAAGGATGCCCAGGCT-3 ' (sense strand on exon 10) and 

5'-GTCTGAGTCAGGCCCTTCTG-3 ' (antisense strand on exon 1 1). Primers used for 

amplification of PGK were 5'-CAGTTTGGAGCTCCTGGAAG-3 ' (sense strand on exon 10) and 

5'-TGCAAATCCAGGGTGCAGTG-3' (antisense strand on exon 1 1). As a negative control for 

the PCR, H20  was used in place of cDNA PCR mixtures were overlaid with mineral oil, heated 

to 94 O C  for 4 min, and were cycled at 94 O C  for 1 min, 55 O C  for 30 sec, and 72 O C  for 1 min in a 

Perkin Elmer DNA thermal cycler. A range of 18 to 28 cycles of amplification was used to 

determine the linear range of amplification. PCR products were electrophoresed in 12% 

polyacrylamide gel buffer and the gel was stained with SYBR Green UTM (Molecular Probes, 

Eugene, OR) for 30 min. The gel was then scanned using a Storm 860 imaging system and 

quantification of PCR products was performed using ImageQuant analysis software (Molecular 

Dynamics, Sumyvale, CA). The signal intensity of the p53 PCR product was expressed as a ratio 

over the signal intensity of the PGK PCR product. 

Western Blot Anaîysis To examine p53 protein levels in ALL cells, 5 x 106 cells were lysed in 

150 mM NaCl, 50 mM Tris-HCl (pH 8.Q 1% Triton X-100, 100 &ml phenylmethylsulfonyl 



fluoride, and 1 pdml Aprotinin on ice for 30 min and cellular debris was removed by 

centrifugation in an Eppendorf microfuge 5415 C for 2 min at 12,000 x g at 4 O C .  (Sambrook et 

al., 1989). Protein concentrations were determined using the BIO-RAD Protein Assay, a dye- 

binding assay based on the method of Bradford (Bradford, 1976). Total cellular proteins (10 pg) 

were resolved by 10% SDS-PAGE at 150V for 1 h and were transferred ont0 Immobilon P 

membrane (MiIlipore, Mississauga, Ontario) using a wet transfer system (BIO-RAD. Mississauga, 

Ontario). Membranes were blocked in 3% bovine serum albumin solution ovemight at 4OC and 

were incubated for 1 h ai room temperature with the mouse anti-human p53 monoclonal antibody 

DO- 1 (Calbiochem Cambridge, MA) diluted 1 : 1,000 with TST (20 mM Tris, 136.9 mM NaCI, 

O. 1% Tween-20). Blots were washed with TST and immunodetection was performed with a 

vistram Fluorescence Western Blotting kit (Amersham, Arlington Heights, IL) by incubating 

blots for 1 h in fluorescein-linked anti-mouse Ig followed by 1 h incubation in anti-fluorescein 

Alkaline phosphatase conjugate at antibody dilutions of 1 : 25,000 and 1 : 5,000, respective1 y. 

Following washings, blots were incubated with Atto-Phos substrate for 20 min and membranes 

were then scanned using the Storm 860 Imaging System (Molecular Dynamics, Sunnyvale, CA) 

and quantification was performed using ImageQuant analysis software (Molecular Dynamics, 

Sunnyvale, CA). Membranes were stained with amido black to confirm equivalent loading and 

transfer of protein in each lane. For time course and dose-response analyses, cells were treated 

for 24 h with ADR at an equitoxic dose using the IC50 concentration which inhibits viability by 

50%, or for 8 h with O, 0.1, 0.3, 0.5, 0.7, 1, 5, or 10 pM of ADR (supplied by Pharmacia and 

Upjohn). Total cellular proteins (20 pg/lane for ceil lines with wt p53, 10 pg~lane for ce11 lines 



with mutant p53) were resolved by 10% SDS-PAGE and Western blotting was performed as 

described. 

2.3 Simultaneous Measunment of Cell Cycle Distribution and Apoptosis. 

Terminai Deaxynucleotiàj4 Trunsferuse (Tdv Assay. Following treatment with 0.3 pM ADR 

for 24 h at 37OC , 4 x 106 cells were fixed in 1% parafomaldehyde for 15 min on ice in a tube 

pre-coated with 10% BSA. Cells were then centrifuged at 82 x g for 10 min and supernatant was 

removed. Cells were washed with 5 ml PBS containing 100 pl of 10% BSA and centrifbged as 

before. Cells were then fixed in ice-cold 70% ethanol for 30 min at -20°C and were counted 

using a hemocytometer to determine cell yield. 3 x 106 cells were collected for the simultaneous 

analysis of cell cycle distribution and apoptosis by flow cytometry. The TdT assay was used in 

which cells undergoing DNA fragmentation were identified by end tabeling with 

brornodeoxyuridine (BrdU) under the action of TdT using the APO-BRDU Kit (Phoenix Flow 

Systems, San Diego, CA). Bnefly, cells were washed in Wash Buffer and were resuspended in a 

DNA Labeling Solution containing BrdU triphosphate, TdT reaction buffer and TdT enzyme for 

incubation at 37 O C  for 1 h. Cells were then washed twice with Rime Buffer and incubated with 

fluorescein labeled anti-BrdU antibody at room temperature for 30 min. At the end of the 

incubation tirne, Propidium IodidefRNase A Solution was added for staining total DNA and cells 

were incubated further for 30 minutes. A minimum of 20,000 events per cell line was collected 

and analyzed for ce11 cycle distribution and apoptosis using either an Epics Elite flow cytometer 

(Coulter Corporation, Miami, F'L) or a FACSCalibur (Becton Dickinson, San Jose, CA) flow 



cytometer (performed by Dr. David Hedley and Leonardo Salmena). Cell cycle distribution was 

detemiined by ModFit LT analysis software (Verity Software House Inc., Topsham, ME). 

2.4 Chemosensitivity o f  ALL Cells to Antineoplastic Agents 

MTT Chemosemitivity Assay. Daunorubicin (DNR), Mncristine (VCR), and MTX were suppiied 

by Rhone-Poulenc Rorer, Eli Lilly, and Wyeth-Ayerst, respectively, and dexarnethasone @EX) 

was obtained from Sigma-Aldrich. Exponentially growing cells were plated at 3 to 5 x 10' cells/ml 

in triplicate 96-well microtitre plates and were incubated at 37OC with 5% CO2 for 24 h prior to 

the addition of a range of DNR, VCR, MTX, or DEX concentrations or vehicle. For background 

deteminations two cell-fiee plates were prepared which contained only media and drug. Mer an 

incubation of 2 1, 45, or 69 h with drug, 0.45 mglrnl MTT was added to each well, followed by an 

additional 3 h incubation for a total dmg incubation of 24, 48, or 72 h. Plates were centrifbged at 

1,428 x g for 10 min and 150 pl media was removed from each well. MTT formazan crystals in 

each well were resolubilized by the addition of 150 pl DMSO and the plates were placed on a 

shaker for 15 min. The absorbance of each well was measured spectrophotometrically using a 

Titretek Multiscan automated microplate reader (provided by Dr. D. S Riddick) at a wavelength 

of 540 nm and data were collected using Deltasoft. Background absorbance was subtracted from 

the absorbance of each well and data fiom peripheral wells of each plate were not used in the final 

analysis of cytotoxicity since evaporation of media was evident in these wells. 



3.1 Correlation of p53 Cene Status with Chemosensitivity of ALL Cells to ADR 

ALL ce11 lines A, B, C, G, K, and W have previously been characterized for sensitivity to 

ADR and etoposide using the MTT cytotoxicity assay (Brown et al.. 1995) (Table 1). The ICJo of 

ADR for the relatively resistant cell lines ML-A -C and -W ranged ftom 2.14 to 3.19 pM, 

whereas that for the relatively sensitive ceIl lines ALL-B, -G, and -K was from 0.14 to 0.43 pM. 

To assess p53 gene status in these six ALL ce11 lines, genomic DNA was amplified using PCR and 

screened for p53 alterations in exon 2 and exons 4 through I l  by SSCP analysis. In the three cell 

lines which were more resistant to ADR (ALL-A, -C, and -W), abnormal band shifts were 

observed and direct sequencing analysis revealed the presence of point mutations in the p53 gene. 

In ALL-A and -W, a transition from T to C at the second position of codon 109 on exon 4 was 

identified, resulting in an amino acid change fiom phenylalanine to serine (Figure 3, Table 1). 

Although ALL-A and ALL-W contained the identical point mutation, these ceIl lines are 

biologically distinct in that there is a 2-fold difference in doubling time as reported previously 

(Brown et al., 1995). Wt p53 sequence was not detected in these Iines, suggesting that ALL-A, 

and -W have lost the normal p53 allele during clonal progression. In ALL-C, a transition fiom T 

to C at the second position of codon 265 in exon 8 was found, which resulted in an amino acid 

change from leucine to proline. A wt p53 band was also detected indicating that the wt allele 

was retained in this ce11 line (Figure 3). No alterations in SSCP patterns were detected in pS3 

exon 2, or exons 4 through 1 1 in ceIl lines ALLB, -G and -K, indicating that these sensitive ceIl 

lines contain wt p53, although the possibility of mutations in exon 3 cannot be excluded. The 

s u ~ v a l  time (mean f SE) of patients ûom whom ceil lines ALL-B, -G, and -K 



. Table 1. Adriampin sensitivity and p53 gene status of sir childhood ALL cd1 lines, and suivival time o f  
patients corn wbom the cell liaes were derived. 

Cell Line IC50 for ADR ~ 5 3  Mutant Exon Base Change Arnino Acid Donor 
, . (rnean * SE)' Gene cidon Change S u ~ v a l  

Time (mos) 

.QLL-B~ 0.36 f 0.04 wild-type - O - - 6 

ALL-G 0. 14 f 0.03 wild-type - O - O 18 

ALL-K 0.43 f 0.06 wild-t ype - - - - 104 

ALL-A 2.81k0.32 mutant 1 09 4 TTC + TTC Che -+ Ser 34 

ALL-C 2.14 I 0.4 1 mutantlwild-type 265 8 CTG -+ CCG Leu +Pro 8 

ALL-W 3.19 + O. 56 mutant 1 09 4 TTC + TCC Phe -B Ser 34 

'Previously determined (Brown et al., 1995); data expressed as yM concentrations 
Vhe patient fkom whom ALL-B was established developed ALL as a second neoplasm following treatment for osteogenic 

sarcoma. 



Figure 3. p53 sequence analysis of DNA from mutant ceIl lines ALGC (L265) and ALLW 
(F109S). Exon 2 and exons 4 to 1 1 of the p53 gene were analyzed for the presence of mutations 
by PCR-SSCP and direct sequencing. Sequence is read fiom bottom (5' end) to top (3' end) of 
figure. L=leucine; P=proline; F=phenylaianine; S=serine. A=adenine; *guanine; Gcytosine; 
T=thyrnine. 

A G C T  - A G C T  - 



were derived was 43 f 3 1 months, whereas that of patients fiom whom cell lines ALL-A, -C, and 

-W were obtained was 25 k 9 months and this difference was not statistically significant 

(Table 1). 

3.2 Expression of p53 mRNA and Protein in ALL Cells 

Constitutive Levels ojpSj niRNA. To determine whether differences in expression of p53 occur 

between cells with either the wt or mutant p53, constitutive levels of p53 rnRNA were determined 

by semi-quantitative RT-PCR using PGK as an intemal control (Figure 4). Standard curves of the 

amplification of PCR products as a function of nurnber of cycles indicate that amplification of 

both p53 and PGK followed a semi-exponential relationship at 18-22 PCR cycles (Figure 5). p53 

message level in each ce11 line was nonnalized against a fixed value of PGK within this 

exponential range of amplification. In ALL-B, MG, and -K, the ratio of p53/PGK (mean f SE) 

was 1.84 f 0.12 whereas that in ALL -A, and -W was 0.85 t 0.3 1; therefore, the p53 mRNA level 

in cells containing mutant p53 was approximately one-half that in cells containing wild-type p53 

and this difference was statistically significant (p < 0.0001, unpaired t-test) (Figure 6). The 

mRNA level in ALL-C which contains wt and mutant p53 was 1.64 f 0.16. 

Consritutive Lavls ofpS3 Roteifi The steady-state level of p53 gene product was examined by 

Western blot analysis using the DO4 monoclonal antibody, which recognizes the epitope that 

maps to residues 21-25 (Legros et al., 1994) and which recognizes both wt and mutant forms of 

p53 (VojteSek et al., 1992). In ALLA, and -W the basal level of mutant p53 protein was 

markedly elevated compared to the levels of wt pS3 in ALL-B, -G, and -K (Figure 7). In ML-C 

the level of p53 protein was also elevated compared to that in ALL-B, DG, -K, however since 



Figure 4. Sinultancous amplification by RT-PCR of p53 and PGK in ALL cell lines 
expressing wt and mutant p53 gene. Total RNA was extracted with TRIzol ~ e a ~ e n t ~ '  (Gibco 
BRL) and reverse transcribed to first-strand cDNAs which were used for PCR amplification of 
p53 and the intemal control PGK. Samples were subjected to 18-28 cycles of amplification and 
negative controls in which Hz0 was used in place of RNA or cDNA were included in each set of 
samples. Representative gels of p53 and PGK PCR products from ALL-B, which contains wt 
p53, and ALL-W, which contains mutant pS3 are shown. 

Negative 
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Figure 5. Quantitation of p53 and PGK PCR products from ALL ce11 lines expressing wt 
and mutant p53 gent Using gels as illustrated in Figure 4, p53 and PGK cDNA fiom each ce11 
line were quantitated using Storm Imager 860 and Image Quant software analysis and are plotted 
against the number of PCR cycles to determine the linear range of amplification. Results are 
representative of 4 to 6 independent experiments, p53, Q; PGK, A. 
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Figure 6. Constitutive Levels of p53 mRNA in ALL cell Iines. Total RNA was extracted with 
TRIzol ~ e a ~ e n t ~ ~  (Gibco BRL) and reverse transcribed to first-strand cDNAs which were used 
for PCR amplification Each point represents the ratio of p53 to PGK PCR products when both 
p53 and PGK are in the linear range of amplification. The average ratio of p53 to PGK in cells 
containing the wt gene (ALL-B, O ; ALL-G, O ; ALL-K, V ) and in cells with the mutant p53 
gene (ALL-A, @ ; ALL-C, . ; ALL-W. A ) is indicated by the solid bars. 

Hetermygous Mutant 



Figure 7. Constitutive levels of p53 protein in ALL cell lines. An equal amount of total 
cellular protein (10 pg) from each cell line was separated on 10% SDS-PAGE and p53 was 
detected by immunoblotting with the p53 antibody DO-1. A vistraTM Fluorescence Western 
Blotting kit (Amersham, Arlington Heights, IL) was used to detect the immune complex. Blots 
were then anaiyzed by a Storm imaging system and ImageQuant anaiysis software (Molecular 
Dynarnics, Sunnyvale, CA). Letters above each lane refer to the corresponding cell lines. 



ALL-C contains both wt and mutant p53, it is not possible to state unequivocally whether this 

increase is due to the wt and/or mutant form. 

Time Course of Inductio~ of p53 Follmvng Treatment witli ADR Previous studies have 

shown that DNA damage by a variety of agents causes a rapid accumulation of wt pS3 (Liu et al., 

1994; Nelson and Kastan, 1994). To examine the effect of p53 gene status on the induction of 

p53 protein, time courses were obtained for each of the ceIl lines in which exponentially growing 

cells were treated for 24 h with an equitoxic dose of ADR using the ICw, concentration which 

inhibits viability by 50% as determined by the MTT assay (Table 1). In sensitive ceIl lines ALL-B, 

-G, and -K, a 3- to 1 1-fold increase of wt p53 was observed which reached maximal levels 8 to 

12 h following drug treatment, whereas in resistant cell lines ALL-4 -C, and -W the increase of 

mutant p53 was approximately 2-fold also peaking 8 h afler dnig exposure (Figure 8). p53 levels 

did not increase in untreated control cells. 

Dose-dependent Induction of pS3 by AADR A dose-response study was undertaken in which the 

six ce11 lines were treated with a dose range of ADR for 8 h, a time interval at which p53 

induction was shown to be maximal (Figure 8). Western blot analysis demonstrated that induction 

of wt p53 in ceIl lines ALL-B, -G, and -K was dose-dependent with the maximal level of induction 

of 6-, 17- and 1 Sfold, respectively (Figure 9). The peak level of induction of p53 was achieved 

with 1 pM ADR in ALL-B and 5 AûR in ALL-G, and K .  Conversely, ADR treatment 

resulted in approximately a 2-fold increase of mutant p53 levels in resistant cell lines ALL-A, and 

-W and a similar increase in ALL-C which contains both wt and mutant p53 (Figure 9). 



Figure 8. Tirnedependent induction of wild-type p53 in ALL celts following treatment 
with ADR Cells were treated with equitoxic doses of A .  OClo) or vehicle and were collected 
at the indicated times for Western blot analysis as described in 'Materials and Methods'. p53 
protein levels at each time point were quantitated by using ImageQuant analysis software 
(Molecular Dynamics) and are expressed as fold increase (mean k SE) of p53 relative to that of 
untreated controls, in 3 to 4 independent experiments. Untreated control cells, 0 ; each cell line 
was treated with a dose of ADR equivalent to the IClo for the time indicatedZ. 
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Figure 9. Dose-dependent induction o f  wild-type pS3 in ALL cells following treatment witb 
ADR Following treatment for 8 h with the indicated doses of AûR, cells were lysed and total 
cellular proteins (10 pg fiom cell lines ALLA, -C and -W, 20 pg fiom cell lines ALLB, -G and - 
K) were resolved by 10% SDS-PAGE foiiowed by Western blot analysis as descnbed in 
'Materials and Methods'. Representative blots are shown above the corresponding results for 
each cell line. The results are expressed as fold increase (mean f SE) of p53 relative to that of 
untreated controls, in 3 to 4 independent expenments. 
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3.3 Cell Cycle Distribution and Apoptosis Following ADR Treatment 

ADR-hduced Cell Cycle Arrest in AU Cell L ins  To investigate the role that p53 piays in cell 

cycle arrest and apoptosis, DNA content and fragmentation were simultaneously assessed by flow 

cytometry in the six ALL cell lines before and after treatment with ADR. No significant changes 

were observed in the ceIl cycle distribution of wt p53-containing cell lines ALL-B, -G. and -K 

after ADR treatment (Figure 10). However, there was a dramatic decrease in the percentage of 

cells in GI in mutant p53-containing cell lines ALL-A, -C, and -W, and this difference was highly 

significant (p < 0.0001, paired t-test). There was also an accumulation of cells in late S and G2/M 

in these drug-resistant cells. 

ADR-induced Apoptosis in ALL Cefl Lines A marked difference in inducibility of apoptosis 

was observed between cells with wt or mutant p53. The percentage of apoptotic cells detected in 

ADR-sensitive lines with wt p53 ranged fiom 43 to 66% whereas that in resistant lines with 

mutant p53 was only 8 to 13% (Figure 1 1) and this difference was highly significant (p < 0.000 1, 

unpaired t-test). Furthemore, there were differences in the ceIl cycle distributions of apoptotic 

cells. In ce11 lines ALL-B, -G, and -K containing wt p53, apoptotic cells were observed in both 

Gi and Gi/M, whereas in ce11 lines ALL-A, -C, and -W with mutant p53 apoptosis occurred 

primarily in late S and G2/M (Figure I 1). 

Comelation of Resistance to ADR und Pecentage of Apoptotic Ceils An analysis of the 

relationship between dmg resistance and inducibility of apoptosis in the six ALL cell lines was 

undertaken. Resistance to ADR as measured by ICjo was found to vary inversely 



Figure 10. Cell cycle distribution of ALL cells following treatment witb ADR Ceils were 
treated with 0.3 pM ADR for 24 h and were simultaneously stained for DNA strand breaks and 
DNA content as described in 'Materials and Methods'. Ce11 cycle distribution was determined by 
ModFit LT analysis software (Verity Software House Inc., Topsham, ME) and DNA histograms 
shown are representative of 3 to 5 independent experiments. The percentage of cells (mean + SE) 
in each phase of the ceIl cycle are indicated. ln A U - C  and -W, cells with mutant p53, ADR 
treatment resulted in gross distortions of the ce11 cycle distribution and the assignment of 
percentages of cells in S and GJM is somewhat arbitrary. 
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Figure I l .  Duai parameter dot plob of DNA bmks versus cellular DNA content following 
24 h treatment with ADR Cells were treated with 0.3 ph4 ADR for 24 h and were 
shdtaneously stained for DNA strand breaks and DNA content. DNA strand breaks were end 
labeled with bromodeoxyuridine using temiinal deoxynucleotidyl transferase, followed by 
incubation with fluorescein-antibromodeoxyuridine antibody and DNA staining with propidium 
iodide (TdT assay) as descnbed in 'Materials and Methods'. Cells undergoing apoptosis were 
identified by the accumulation of DNA strand breaks as detected by flow cytometry and results 
shown are representative of 3 to 4 independent experiments. The percentage of apoptotic ceiis 
(mean f SE) detected in each ce11 iine in the absence and presence of ADR is indicated. 
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with the percentage of apoptotic cells observed aeer ADR treatment and this inverse correlation 

was statistically significant (p < 0.0 1, one-tailed t-test) (Figure 12). . 

3.4 Chemosensitivity o f  ALL Cells to Etoposide, Daunorubkin, Vincristine, Methotrexate, 
and Deramethasone 

The sensitivity of ALL cells to VP16 has previously been determined in our laboratory 

using the MTT cytotoxicity assay (Brown et al., 1995). Of the six ALL cell lines examined, 

ALL-G was most sensitive to VP16 with an IC50 of 0.27 t 0.05 pM, whereas ALL-A, -B, -C, -K, 

and -W were relatively resistant with ICjo of 1.74 t 0.08 to 3.8 1 t 0.20 W. There was a 14-fold 

difference in sensitivity between ALL-G and the most resistant ce11 line ALL-W. 

To assess the relationship between p53 gene status and chemosensitivity of the six ALL 

cell lines to other antineoplastic agents fiequently used in treatment of childhood ALL, the 

chemosensitivity of the ALL cell lines to D m  VCR, MTX, and DEX was also determined by the 

MTT cytotoxicity assay. The chemosensitivity profile of cells treated with D M  was virtually 

identical to that obtained with ADR as show in Table 2 and published previously (Brown et al., 

1995) . The IC5o (mean + SE) of DNR for ALL-A, -C, and -W ranged fkom 4.70 + 0.82 to 10.00 

f 1.49 pM whereas that for ALL-B, -G, and -K was 0.30 f 0.04 to 1.49 i 0.28 pM (Figure 13). 

Thus cell lines ALL-A, OC, and -W expressing mutant p53 were 15.6- to 33.2-fold more resistant 

to DNR than the most sensitive cell line ALL-G with wt p53 (Table 2). 

Among the six ALL ce11 lines, ALL-C was found to be most sensitive to the antimitotic 

agent VCK exhibiting an ICro of 0.02 k 0.01 pM whereas ALL-B, -G, -K, and -W were most 

resistant, with IC50 ranging fiom 26.78 f 7.70 to over 50 @f (Figure 13). ALL-A was 

intermediate in sensitivity to VCR and had an ICm of 0.32 f 0.03 W. Thus the difference in 



Figure 12. Comlation of resistance to ADR and percentage of apoptotic cells following 24 
h treatment with ADR Resistance to ADR, as measured by the ICso, is plotted as a function of 
percentage of apoptotic ceils. The linear regtession equation was logl@ = -0.272~ + 1.783, with a 
correlation coefficient of -0.956 and this finding was statistically significant (p < 0.0 1 ,  one-tailed 
Product-moment correlation test). ALL-A, ; ALLB, O ; ALL-C, . ; ALL-G, O ; ALL-K, V ; 
ALL-W, A . 

O 1 2 3 4 

IC, for ADR (PM) 



Table 2. Relative resistance or ALL cells to adriamycin, daunorubicin, 
etoposide, vincristine, methotresate, and dexamethasone, as measured by the 
MTT chemosensitivity assay. 

Cell Line Relative Resistance 

ADR DNR VP16 VCR MTX DEX 
- - -- -- - -- 

Wl p53 

ALL-B 2.6 4.9 9.3 > 2500 1.7 1 

ALL-G 1 1 1 >IO00 2.1 3.1 

ALL-K 3.1 4 I l  > 2500 1.6 1.6 

Mi~tmt pS3 

ALL-A 20.1 30.3 10.5 15.9 3.2 6 

ALL-C 15.3 15.6 6.4 1 1.7 1.2 

ALL-W 22.8 33.2 14.1 > 2500 1 1.7 



Figure 13. Cytotoxicity of  DNR and VCR in ALL ceil lines. Exponentially growing cells 
were plated in 96-well plates and were treated with DNR or VCR for 24 h. Cell s u ~ v a l  is 
expressed as a percentage of that observed in dmg-fiee wells and results represent the mean t SE 
of 5 to 9 independent expenments each performed in tnplicate. ALL-A, ; ALL-B, O ; 
ALL-C, ; ALL-G, O ; ALL-K, V ; ALL-W, A . 

0.00 1 0.0 1 O.  1 1 10 1 O0 

[Daunorubicin] p M  

0.001 0.0 1 O. 1 1 100 

[Vincristine] pM 



sensitivity to VCR was over 2500-fold and dmg sensitivity was independent of p53 gene status 

(Table 2). 

The antirnetabolite MTX showed comparable activity against al1 six ALL ce11 lines (Table 

2). M L - W  was most sensitive to MTX with an ICv of 13.74 + 2.65 PM, whereas ALL-A was 

most resistant with an ICso of 44.34 f 8.5 1 (Figure 14 and Table 2). Since both ALL-A and 

-W are cell lines with mutant p53, sensitivity to MTX does not appear to be related to p53 gene 

status (Table 2). The 1C50 for ALL-B, -C, -G and -K ranged fiom 22.57 f 1 .O9 to 29.37 + 2.23 

pM (Figure 14). 

The cytotoxicity of the hormone DEX was also similar against al1 six ALL cell lines 

(Figure 14 and Table 2). The most sensitive ce11 line was ALL-B with an 1C50 of 2.30 t 0.56 PM 

and the most resistant was ALL-A with an IC5o of 13.84 I 2.46 pM, which was 6-fold higher than 

that of ALL-B (Table 2). The IClo for ALL-C, -G, -K, and -W ranged fiom 2.67 + 0.42 pM to 

7.18 i 1 .O3 pM (Figure 14). Thus sensitivity of the ALL cells to the hormone DEX did not 

correlate with p53 gene status. 



Figure 14. Cytotoxicity of MTX and DEX in ALL ceIl lines. Exponentially growing cells were 
plated in 96-well plates and were treated with MTX or DEX for 72 or 48 h, respectively. Cell 
survival is expressed as a percentage of that observed in dmg-fiee wells and results represent 
the mean k SE of 4 to 7 independent expenments each perfonned in triplkate. ALL-A, @ ; 
ALL-B, O ; ALL-C, . ; ALL-G, ; ALL-U, V ; ALL-W, A . 

o..,...,.....,,,, 

[M ethotrexate] nM 

1 10 100 1000 

[Dexam ethasone] nM 



DISCUSSION 

Acute lymphoblastic leukemia is the most common malignancy in children, accounting for 

approximately 80% of childhood leukemias (Parkin et al., 1988). Typically, pediatric ALL 

responds well to chemotherapy (Champlin and Gale, 1989), and p53 mutations are not considered 

to be essential in the pathogenesis of the disease (Felix et al., 1992). However, the p53 gene 

status in childhood ALL may serve as a usefùl prognostic indicator of outcome following 

chemotherapy with antineoplastic agents, since a small yet substantial number of cases do not 

respond well to treatment . 

In a previous report the resistance of the six ALL cell lines to Adriamycin was found to 

Vary invenely with topo IIp and directly with topo IIa expression suggesting that topo IIp may 

be a marker of sensitivity to ADR (Brown et al., 1995). However, drug resistance involves 

multiple factors (DeBe et al., 1988; Endicott and Ling, 1989; Deffie et al., 1992) and since 

several antineoplastic agents have been shown to mediate their cytocidal activity by inducing 

apoptosis (Dive and Hickrnan, 1991; Lowe et al., 1993a), the relationship of p53 gene status, 

susceptibility to apoptosis and chemosensitivity was examined in these ALL cell lines. 

The function of p53 as a tumor suppressor gene has been attnbuted to its ability to 

interact directly with DNA as a sequence-specific transcription factor, or indirectly with other 

components of the transcriptional machinery (levine, 1997). The sequence-specific DNA binding 

fùnction of p53 has been shown to be modular and is located within residues 102-292 of the 

protein (Cho et al., 1994). This DNA binding domain is essential for the transcriptional 

activation of genes such as WAF 1, mdm2, and bax (Momand et ai., 1992; El-Deiiy et al., 1993; 

Miyashita and Reed, 1995). Moreover, the importance of this DNA binding activity to the 



tumor suppressor activity of p53 is reflected in the observation that the majority of clinically 

detected mutations in p53 have been reported to cluster predominantly within this DNA binding 

domain (Hollstein et al., 1991; Hainaut et al., 1997). Mutations within this domain result in an 

alteration of the tumor suppressive activity of p53 due to either reduced DNA binding ability of 

the protein or to changes in the stmctural confonnation of this domain (Cho et al., 1994). The 

amino acid substitution Phel09Ser identified in ALL-A and ALL-W and the arnino acid 

substitution Leu26SPro identified in ALL-C have previously been reported in tumors (Thompson 

et al., 1992; Campbell et al., 1993; Lohrnann et al., 1993; Taguchi et al., 1994) but have not been 

reported in cases of leukemia. Although residues Phel09 and Leu265 are within the DNA 

binding domain, they are not directly implicated in DNA binding but are likely required for 

maintaining the integrity of the protein structure (Cho et al., 1994). Therefore, the Phel09Ser 

and Leu265Pro p53 mutations in ALL-A, -W, and -C presumably alter the structural 

confonnation of the protein thereby affecting the nonnal biological activities of p53 in these cells. 

In hematologic malignancies and in many types of cancers in which one allele of the p53 

gene is mutated, loss of the second alleie is often observed (Levine, 1997; Preudhomme and 

Fenaux, 1997). The level of p53 mRNA in ALL-A and -W which express mutant p53 was 

approximately half that of ALL cells expressing only wt p53 (Figure 6). This 50% decrement in 

mutant p53 message is likely due to the loss of heterozygosity and not a reflection of differential 

regulation of wt and mutant p53 since mRNA level in ALL-C, a ceIl line which contains both a wt 

and mutant gene, was also higher than that in ALLA and -W (Figure 6). 

Consistent with reports that wt p53 protein has an extremely short half-Me compared to 

the mutant product (Rodrigues et al., 1990; Ogretmen and Safa, 1997), ADR-resistant ALL cells 



with mutant pS3 exhibit higher steady-state levels of p53 protein than sensitive cells with the wt 

gene (Figure 7). The elevation of mutant p53 protein in ALL-A, and -W is uniikely to be mediated 

at the level of transcription since p53 mRNA level in these cells was lower than the level in cells 

with wt p53. However, several lines of evidence suggest that elevated levels of mutant p53 

protein may be due to alterations at the level of translation (Mosner et al., 1995; Fu et al., 1996), 

or increased stability of the mutant peptide as a result of interactions with cellular proteins 

(Reihsaus et al., 1990; Levine, 1997). The precise mechanism that increases steady-state levels of 

p53 in ALL-A, -C, and -W is presently not understood. 

Previous studies have show that DNA darnage by a vanety of agents causes a rapid 

accumulation of wt pS3 protein (Kastan et al., 1991; Nelson and Kastan, 1994). The precise 

mechanism for the accumulation of p53 after DNA damage is not clear. However, several reports 

suggest that the halfilife of p53 is increased as a result of DNA damage (Maltzman and Czyzyk, 

1984; Kastan et al., 1991; Liu et al., 1994). Wt p53 is normally found at low levels and the half- 

life of the protein has been shown to increase fiom 35 min up to 200 min after irradiation 

(Maltzman and Czyzyk, 1984; Liu et al., 1994). The increase in p53 protein levels after DNA 

damage was not accompanied by an induction of p53 mRNA suggesting a post-transcriptional 

mechanism is involved (Maltzman and Czyzyk, 1984; Kastan et al., 199 1). Furthemore, the 

3'-untranslated region of p53 has been show to inhibit translation in vivo and this inhibition of 

translation is relieved by y-irradiation (Fu and Benchimol, 1997). p53 has also been shown to be 

degraded by the ubiquitin-dependent proteolytic pathway (Maki et al., 1996) and there is now 

evidence suggesting that the accumulation of p53 &er UV-irradiation of RICO and U20S cells is 

the result of increased protein stability due to repression of the ubiquitin-mediated degradation of 



p53 (Maki and Howley, 1997). Shieh et aï. , 1997 have recently shown that DNA damage leads 

to phosphorylation of p53 at Serl5 thus interfering with the interaction between p53 and the 

oncoprotein mdm-2 which has been shown to promote degradation of p53 (Haupt et al., 1997; 

Kubbutat et al., 1997). In agreement with the induction of p53 as a result of DNA damage, ADR 

treatment of sensitive ce11 lines ALL-B, -Gy and -K containing wt p53 resulted in up to a 17-fold 

increase in expression of p53 in a tirne- and dose-dependent manner (Figure 8 and 9). 

Conversely, ADR treatment had little effect on the level of p53 in the resistant cell lines ALL-A, 

-C and -W with mutant p53 even with drug concentrations up to twice the IC50 level. Thus, there 

appears to be a clear difference in the inducibility of wt and mutant p53 in ALL cells. 

Furthemore, in the resistant cell line ALL-C, p53 levels were actually decreased below basal 

levels with ADR concentrations of 5 p.M and higher (Figure 9). Neither the significance nor 

mechanism of this decrease is clear and it is not known whether or not the phenomenon is related 

to the mutation at Leu265 in this ceIl line. 

p53 has been show to regulate ceIl cycle progression by inducing GI and G2 arrest and to 

trigger apoptosis in response to DNA damage (Lowe et al., 1993a; Bates and Vousden, 1996). 

In ce11 lines ALL-B, -G, and -K with wt p53 no significant changes were observed in cell cycle 

distribution following ADR treatment. Conversely in ALL-A, and -W with mutant p53 and 

ALL-C with both wt and mutant genes there was a marked reduction of cells in GI (Figure 10) 

indicating that in the presence of even one mutant p53 allele the GI checkpoint is abrogated 

resulting in an accumulation of cells in late S and G2/M. This finding suggests that the Leu265Pro 

mutant in ALL-C may exert a dominant negative effect over wt p53. The inability to 

demonstrate growth arrest in the wt p53-containing cells, ALLS,  -G, and -K, may be due to the 



high percentage of cells that are undergoing apoptosis since apoptotic cells are unable to traverse 

the ce11 cycle. 

ADR-sensitive ALL cell lines with wt p53 were found to be more susceptible to apoptosis 

than ADR-resistant cells containing mutant p53 (Figure 1 1). These results are consistent with 

previous studies which showed that following DNA damage the p53-dependent checkpoint at Gi 

mediates apoptosis in cells with a deregulated ce11 cycle due to oncogenic activation (Lowe et al., 

1993 a; Lowe et al., 1994; Allday et al., 1995). Transfomed cells more readily undergo apoptosis 

in response to environmental stimuli than untransformed cells (Lowe et al., 1993a). This tumor- 

specific susceptibility to apoptosis is now believed to be the basis for generating the therapeutic 

index in cancer treatment protocols. Cells that lack a p53-dependent Gi checkpoint are less 

susceptible to apoptosis following DNA damage. Thus p53 gene status has been impiicated as a 

factor in determining chemosensitivity of tumors to antineoplastic agents. Our findings confirm 

and extend these observations in that apoptosis was induced in 43 to 66% of ADR-sensitive cells 

with wt p53 but in only 8 to 13% of resistant cells with mutant p53 (Figure Il), and this 

difference was highly significant (p < 0.000 1). 

The demonstration of a direct correlation between expression of topo Ila and resistance to 

ADR in these ALL ce11 lines (Brown et al., 1995) is in marked contrast to previous studies that 

correlate expression of this isoform with sensitivity to ADR and other agents that interact with 

this enzyme (Davies et al., 1988; Deffie et al., 1989; Harker et al., 1991). Recently, wt p53 but 

not mutant p53 has been shown to down-regulate expression of steady-state levels of topo Ila 

mRNA and protein through interactions with components of the transcriptional machinery that 

regulate the topo IIa minimal promoter (Sandri et al., 1996; Wang et al., 1997). Consistent with 



these reports is the finding that mutant p53 in ALL-A, -C, and -W was associated with a higher 

level of the a isoform, compared to that in ALL-B, -G, and -K, suggesting that regulation of 

topo IIa  in ALL cells may also be modulated by pS3. Conversely, the level of topo IIP was found 

to be Iower in ALL celis containing mutant p53 than in those cdls containing the wild type gene. 

Thus p53 may also play a role in the control of topo IIP expression. 

Geley et al. (1997) recently showed that transfection of wt p53 into human T-ALL cell 

line CCRF-CEM resulted in increased sensitivity to the DNA-damaging agent ADR but not to the 

antimitotic agent VCR, indicating that VCR-induced cytotoxicity is independent of p53 status. In 

Our study the sensitivity of the ALL ce11 lines to VCR, VP16, MTX, and DEX did not correlate 

with p53 status (Table 2) suggesting that p53 gene status is not a major predictor of 

chernosensitivity to these dmgs and that factors other than p53 may be involved in determining 

cytotorllcity. By contrast, ALL ceil lines expressing wt p53 were more sensitive to ADR and 

DNR than those with mutant gene (Table 1 and 2), thus p53 gene status may be an important 

determinant of sensitivity to these anthracyclines. In a recent investigation of p53 status in 

diagnostic marrow samples from children with ALL, a correlation was observed between p53 

inactivation (by gene mutation and through mdm-2 overexpression) and early treatment faiiure 

(Marks et al., 1997). Others have also reported an association of p53 mutations with increased 

resistance and shorter survivai time in ALL (Diccianni et al., 1994; Hsiao et al., 1994; Marks et 

ai., 1996; Blau et al., 1997; Marks et al., 1997; Nagai et al., 1998). Although the sample size in 

this study is small it was of interest that the mean sumival time of the three patients that provided 

ce11 lines ALL-B, -G and -K with wt p53 was 43 months, whereas that of patients donating ce11 

lines f i L - A ,  -C and -W with mutant p53 was 25 months (Table 1). This ditference was not 



statistically significant but would have been greater except that the patient who provided ce11 line 

ALL-B suMved only 6 months. This patient developed ALL as a second neoplasm following 

treatrnent for osteogenic sarcoma with malignant cells characterized by a t(4; 1 1) chromosomal 

translocation (Cohen et al., 1991), a clinical scenario with a notoriously poor prognosis (Pui, 

1995). 

ADR and DNR are clinically important antineoplastic agents used in the treatment of 

childhood ALL. p53 mutation correlates well with resistance to the cytotoxicity of ADR and 

DNR in cell lines derived from childhood ALL suggesting that p53 gene status may be an 

important prognostic indicator of chemotherapeutic outcome following treatment with these 

agents. Future studies will be required to examine the televance of these findings in a clinical 

setting. 



FUTURE DIRECTIONS 

Childhood ALL-derived ceIl lines ALLA, OC, and -W which contain mutant p53 were 

found to be more resistant to ADR and DNR than ce11 lines ALL-B, -G, and -K containing wt 

gene indicating that sensitivity to these agents is dependent on the presence of wt p53. To obtain 

direct evidence that p53 is a deteminant of sensitivity, transfections of mutant p53 into sensitive 

ce11 lines ALL-B, 4, and -K are currently undenvay and changes in chemosensitivity will be 

examined. 

The fùnction of p53 as a tumor suppressor gene has been attnbuted to its ability to 

regulate the expression of numerous genes involved in growth arrest and apoptosis. Activation of 

the death receptor KILLERlDR5 (Wu et al., 1997). induction of Bax and/or downregulation of 

Bcl-2 (Thomas et al., 1996; Findley et al., 1997) have been show to be involved in p53- 

dependent apoptosis although factors determining the significance of each pathway to apoptosis 

appear to be dependent on cellular context. ALL ce11 lines with wt p53 were more susceptible to 

ADR-induced apoptosis than those with mutant p53; however, the mechanisrn by which wt p53 

triggers apoptosis is unknown. Studies examining the constitutive and drug-induced expression 

of KILLEWDRS, Bax, Bcl-2 and other genes involved in regulating apoptosis would provide 

ches to the specific mechanism(s) by which p53 mediates the apoptotic pathway in ALL cells in 

response to genotoxic stress. 

p53 gene statu did not correlate with cytotoxicity of VCR, VP16, MTX, or DEX in ALL 

ce11 lines suggesting that factors other than p53 are involved in resistance to these antineoplastic 

agents. An investigation of other mechanisms of resistance such as MDRl upregulation and 

DHFR gene amplification may explain the observed differences in chemosensitivity. Finally, 



examination of the expression of p73, a recently identified structural and functional homologue of 

pS3, can be perfonned to gain fùrther understanding of the mechanisms of dmg resistance in these 

ALL cell lines. 
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