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INTRODUCTION 

A cell's ability to survive as part of a multicellular organism often depends on 

how well it communicates with other cells in its surrounding environment. The need for 

coordinated and complementary cellular activities requires a means of sending and 

receiving signals to and from neighboring cells. This is achieved by the presence of an 

assortment of proteins both linked to and within the plasma membrane. The plasma 

membrane acts as a barrier between the intracellular and extracellular milieu, and plasma 

membrane proteins allow for much of the communication between these two 

environments. 

An important class of proteins found on the plasma membrane is the superfamily of 

receptor protein tyrosine kinases (RPTKs ). RPTKs are membrane-spanning proteins, that 

contain domains on both sides of the plasma membrane, joined by a single 

transmembrane domain (1): Binding ofa growth factor or cytokine to the extracellular 

domain of an RPTK results in receptor dimerization and autophosphorylation of specific 

tyrosine residues on the cytosolic domains ( 1). These phosphotyrosine ·residues then act 

' -
' . - ·-

as docking sites for cyto·solic proteins containing modulc;rr structures such as Src- r, 

homology-2 (SH2) and phosphotyrosine binding (PTB) domains (2). Binding of SH2-

and PTE-containing proteins initiates an intracellular signaling cascade that often results 
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in the regulation of transcription factors in the nucleus (3-5). It is through these RPTK-

mediated cascades that many extracellular signals are received by a cell. 
' . . ' ' 

The large~t known iamily of RPTKs is the· Eph family, named for its first 

described member (6). The Eph family consists of at least 14 distinct receptors and eight 

membrane-bpund ligands, known as the-ephrins (7) (Figure 1). The Eph_family ~s 

divided into tWo ~ubfamilies: the EphA receptors (Al-A8) that bind·glycosyl 

phosphatidylinositol (GPI)-linked ephrin..;Aligands (Al-AS), and the EphB receptors 

(Bl-B6) that bind transmembrane ephrin-B ligands (Bl-B3) (7). The only known 

crosstalk between the A and B subfamilies occurs with the EphA4 receptor, which can 

bind ephrins-B2 and -B3 as well as the entire A subclass of ephrins (8, 9). However, 

there is a great deal of redundancy conce~ing receptor-ligand binding specificity within 

a subfamily. Receptors of a given subfamily bind with varying affinities to most 

members of its corresponding ligand subfamily (8, 10). 

Eph recept~rs and their ephrin ligands exhibit completnentary expression in a 

variety of embryonic tissues (8). This complementary expression is thought to define 

boundaries within a developing embryo that enable populations of cells to maintain 

distinct identities. Eph receptors and ephrin ligands are expressed in complementary 

rhombo~eres (11), and the repellant effect of ephrins (12-15) is thought to mediate cell 

sorting and prevent intermingling between two adjacent cell populations (16, 17). 

Additional studies have implicated the graded distributions of Eph receptors and ephrin 

ligands in the topographical guidance of migrating neurons (9, 18-20). 



Figure 1: Eph family of RPTKs. Sequence homology among family members is 

represented by the degree of branching. EphA receptors bind GP !-linked ephrin-A 

ligands; EphB receptors bind transmembrane ephrin-B ligands, with exception to 

EphA4 (see text). 
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Eph family receptors require direct cell-to-cell contact for activation (21),. which 

is consistent with the colocalization ofEph receptors and ephrin ligands to sites of cell-

to-cell contact (22, 23). Eph receptor activation also requires ligand clustering (21), 

which may be mediated by the binding of PDZ proteins to the carboxy termini of ephrin 

ligands (24). The association ofEph family receptors and ligands with PDZ proteins may 

facilitate subcellular localization with cytosolic proteins involved in specific signal 

transduction pathways (24, 25). Furthermore, transmembrane ephrin ligands have been 

shown to undergo tyrosine phosphorylation upon binding to Eph receptors(26, 27), 

indicating that Eph ·receptor binding to ephrin-B ligands initiates· bidirectional cell 

signaling. 

Among the receptors and ligands of the Eph family, of p~icular interest are the 

EphA2 receptor and its ligand, ephrin-Al. EphA2 was initially discovered as an orphan 

receptor of the Eph family (28), and ephrin-Al was discovered as a cytokine-inducible 

protein (29). Ephrin-Al was later found to bind with high affinity to the extracellular 

receptor domain ofEphA2, resulting in the autophosphorylation ofEphA2 (30). 

Subsequent studies have revealed the predominant expression ofEphA2 and ephrin-A1 in 

cells of epithelial origin and in tissues containing significant portions of epithelial cells 
. . 

(28, 31). Distributions ofEphA2 at early stages of embryonic development implicate the 

receptor in pattern formation during hindbrain segmentation and limb development (32). 

Interestingly, germ-line inactivation of murine EphA2 results in no discernable 

phenotype (33). This may be due to compensation by other Eph family members in the 
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absence ofEphA2. Indeed, ephrin-Al binds other EphA receptors, although with lesser 

affinity (21, 34). 

The murine homolog of EphA2 shares 92% sequence identity with the human 

protein (32). Rat and mouse ephrin-Al homologs share 98% sequence identity, and rat 

and human ephrin-Al proteins are 86% identical at the amino acid level (31). This high 

degree of conservation ofEphA2 and ephrin-Al, coupled with their expression in 

embryonic tissues, suggests they play important roles in development. · 

Studies ofEphA2 and eprhin-Al in tumorigenesis have yielded conflicting 

results. Despite the mapping ofEphA2 to chromosome lp36.1, a region commonly 

deleted in neuroblastoma and melanoma (35), expression of EphA2 and ephrin-Al has 

been shown to increase with progression of some melanomic tumors (36, 37). Since 

ephrin-Al is a cytokine-inducible protein (29), the expression of pro-inflammatory 

cytokines by advanced melanomas (38) may be responsible for the elevated ephrin-Al 

protein levels. Functionally, the increase in eprhin-Al may be involved in tumor 

vascularization (37). Ephrin-Al is induced by tumor necrosis factor (TNF)-a-mediated 

angiogenesis and is a chemoattractant for EphA2-expressing e~dothelial cells· (39), which 

suggests the involvement of these proteins in melanoma development. However, recent 
I 

evidence implicates activated EphA2 as a negative regulatotof cell adhesion and 

proliferation (23, 40-42), potentially via the disruption of focal adhesions (40, 43). The 

exact roles of this receptor-ligand pair in tumorigenesis are not yet fully understood; 



however, these preliminary fmdings highlight the importance of further studies of these 

Eph family members. 

The p53 tumor suppressor gene is the most commonly mutated gene in human 
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cancer, with mutations occurring in more than 50% of all human cancers (44, 45). As a 

potent transcription factor, p53 is capable of inducing cell cycle arrest and/or apoptosis 

by upregulating a variety of genes (for recent reviews, see 46-49). In response to cellular 

stresses and insults such as DNA damage, hypoxia, nutrient depletion, and oncogene 

activation, p53 is stabilized and, as a tetramer, transactivates genes such as p21 WAF I, a 

potent inducer of cell cycle arrest (50, 51), or Bax, a mediator of apoptosis (52) (Figure 

2). In addition to its ability to induce cell cycle arrest and apoptosis, p53 has been shown 

to play a role in other cellular processes. The interaction between p53 and subwnts of 

TFIIH, an RNA polymerase II basal transcription factor, implicate p53 as a modulator of 

DNA repair (53). p53 has also been shown to inhibit gene amplification (54), and the 

p53-mediated upregulation of the transporter associated with antigen processing 1 

(TAPl) suggests that p53 is involved in tumor surveillance (55). 

Recently, genes transcribed from the TP73 and TRP63loci have been found to 

encode multiple p73 and p63 proteins, respectively, that resemble p53 in both structure 

and function (for recent reviews, see 53-57). The first described p53 homolog was p73 

(61). p73 is homologousto p53 ~ithi;n spe~ific regions that c~nfer activity to the tumor 

suppressor (61). Considerable sequence similarity is seen within the activation domain 



Figure 2: p53 pathways. p53 accumulates in response to cellular stresses, and p53 

upregulates various cellular target genes. Activation of these targets results in cell 

cycle arrest, apoptosis, and DNA repair, among others. 



DNA 
Damage 

Hypoxia 
~ 

I Bax I 
IIIII.. Apoptosis ,.. 

I p211 
IIIII.. Gl Arrest ,.. 

---~ DNA Repair 

~ --~~ Tumor 
Surveillance 

EphA2/ 
ephrin-Al I ~ ECM Adhesion? 



10 

(AD), the DNA-binding domain (DBD), and the tetramerization domain (TD) of p73 

and p53 (61) (Figure 3). Multiple isoforms ofp73 have been isolated, all of which differ 

.in the length of their C-terminal tails and have varied transcriptional activities (61-65). 

Alternatively, transcription from a promoter within the third intron ofp73 can produce a 

transcript encoding a protein that lacks theN-terminal activation domain (66). These 

L\Np73 isoforms will be discussed in m<?re detail below. 

The most recent member of the p53 family is p63 (67-71) .. Like p73, p63 is 

homologous to p53 within the activation, DNA-binding, and tetramerization domains (68, 

71) (Figure 3). Also like p73, multiple isoforms ofp63 have be~n isoh:tted (71). p63.a, 
··. 

p63~, and p63y, all of which differ in the let?-gth of their C-termini, are the three major 

isofo.rms ofp63 (71). As with p73, the p63 gene .. c(in be alternatively transcribed from a 

promoter within intro~ 3 to produce L\Np63a, L\Np63~, and L\Np63y (71). In addition, all 

six variants can be alternatively spliced to exclude four amino acids from exon 9 (71). 

The high degree of similarity within the activation, DNA-binding, and 

tetramerization domains of p53 family members suggests that all three proteins may 

function in related pathways. Indeed, both p73 and p63 are capable of binding to p53 

response elements and can transactivate p53 targetgenes such asp21WAFJ (68, 71-75). In 

addition, p73 and p63 can induce cell cycle arrest and apoptosis (68, 71-73, 75). 

However, the differential regulation ofp53 target genes by p73 (73) and p63 (75) 

suggests that while some pathways are shared between :p53-family members, others 



Figure 3: Homology among p53 family members. p63 and p73 are homologous to 

p53 within regions that confer activity to the tumor suppressor protein, that is, the 

activation domain (AD), the DNA binding domain (DBD), and the tetramerization 

domain (TD). PRD, proline-rich domain; NLS, nuclear localization sequence; BD, 

basic domain; SAM, sterile alpha motif 
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remain unique to each protein. This became apparent when mice that lack p53, p73, or 

p63 were examined. p5J-null mice, although sus~eptible to spontaneous tumor 

formation, undergo normal embryonic development (76). ·p73- and p63.-null mice, 

however, exhibit severe developmental defects, including neurological, pheromonal, and 

inflammatory defects for p73_1
_ mice (66), and limb, craniofacial, and epithelial defects 

for p63_1
_ mice (77, 78). Mutations in the p63 DNA binding domain have also been 

implicated in ectodermal dysplasia, ectrodactaly, and cleft palate (EEC) syndrome (79). 

The presence of several p73 and p63 isoforms that exhibit differential activities and 

include potentially dominant negative variants underscore the involvement ofp53-family 

members in separate and unique pathways; : 

Since the AN variants ofp73 and p63 lack N-terminal activation domains but 

retain the DNA binding and tetramerization domains, these proteins were initially 

considered to be dominant n~gative isoforms (66, 71). It was thought that by masking 
. . 

DNA .binding sites and by forming tetramers with~ ·and thu~ s~questering, transactivation-

capable variants, AN isoforms would inhibit the activity of full-length p73 and p63 

proteins (66, 71). Indeed, both ANp73 and ANp63 have· been shown to be deficient in the 

transactivation ofp53 target genes, and the activities of full-length p73 and p63 variants 
I 

were suppressed in the presence of AN isofoims (66, 71). However, evidence exists fot 

the presence of additional activation domains within p53 family proteins (75, 80-82) .. , 

Two tandem activation domains have been found in theN-terminus ofp53 (80, 81), and 

p73 activity is enhanced by a regulatory domain within its carboxy terminus (82). 
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Moreover, a second activation domain within theN-terminus of ~Np63 is thought to 

play a role in the transactivation capabilities of ~Np63 isoforms (75). Through 

heterotypic interactions with other p73 and p63 isoforms (71, 83), low doses of ~N 

isoforms may serve to stabilize transactivation-capable variants. Therefore, further 

examination of the activities and functions of p73 and p63 isotypes, both alone and in the 

presence of additional isoforms, is needed to understand their roles as they relate to and 

differ from p53-mediated tumor suppression. 

Recently, several studies have linked the regulation of Eph family receptors and 

ligands to the p53 tumor suppressor protein (42, 84, 85). Yu et al. demonstrated that both 

ephrin-A1 and EphB4 are upregulated by exogenous p53 and by DNA damaging agents 

I 

in human colorectal carcinoma cell lines (84). Additionally, EphA2 was reported to be 

upregulated by p53 and DNA damage in several cell lines (42, 85). Other cell surface 

receptors and ligands have also been shown to be upregulated by p53. The Fas/AP0-1 

receptor and ligand (86-88), as well as the KILLER/DRS death recepto~ (89), all of which 

are involved in mediating apoptosis, are p53 target genes. However, the role ofp53-

mediated upregulation of Eph family members is not fully understood. 

The predominant expression ofEphA2 and ephrin-A1 in epithelial cells (28, 31) 

led me to examine the potential link between EphA2 and p63, which is also expressed in 

the epithelium (71). Their apparent roles in embryonic development further suggested 

that EphA2 and p63 may be involved in si~ilar pathways. I was prompted by the 

induction ofEphA2 by p53 (85) to question whether p63 isoforms, as well as p73 
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isoforms, are capable of regulating EphA2. This· analysis required that I first examine 

the activities of various p63 isoforms. The generation and characterization ofp63-

inducible cell lines are described be~ow in Chapter 1. I found that p63a and i1NP,63a are 

transcriptionally active and capable of inducing cell cycle arrest and apoptosis. ·Both 

proteins were found to differenti~lly regulate endogenous p53 target genes, including 

p21WAFI, and a p53 binding site located in the EphA2 promoter is responsive to p63a. 

Interestingly, deletion of26 amino acids from theN-terminus of LlNp63a abrogates the 

protein's ability to transactivate p53 target genes or induce cell cycle arrest or apoptosis, 

which indicates that a second transactivation domain is present within theN-terminus of 

~Np63a. 

Further analysis of the regulation ofEphA2 revealed that in addition to p53, both 

p63 and p73 are able to upregulate EphA2 transcript and proteins levels. As discussed in 

Chapter 2 below, a p53 binding site located within the EphA2 promoter is responsive to 

all three members of the p53 family, including multiple p63 isoforms. The ephrin-A1 

ligand was also found to be upregulated by p53 family members, and EphA2 was 

phosphorylated in response to DNA damaging agents. Cell lines generated to inducibly 

express EphA2 were used to examine the role ofEphA2 in p53-mediated tumor 

suppression. Expression ofEphA2 was found to induce apoptosis in both H1299lung 

carcinoma cells and in MCF -7 breast adenocarcinoma cells. When I examined the 

potential pathway through which EphA2 functions to induce apoptosis, ·I found that in 

both H1299 and MCF-7 cells, EphA2 associates with focal adhesion kinase (FAK). 

Furthermore, as discussed in Chapter 3 below, F AK is hyperphosphorylated in response 

to EphA2 expression. EpliA2 has previously been shown to inhibit integrin signaling 



( 40), and integrin signals are usually transmitted through F AK in a survival signaling 

pathway (90). The presence ofEphA2 in FAK immunocomplexes, coupled with the 

phosphorylation ofFAK concomitant with EphA2 expression, suggests that EphA2-

mediated apoptosis occurs, at least in part, by inhibiting F AK signaling. 

16 



CHAPTER! 

p63a and ANp63a Can Induce Cell Cycle Arrest and Apoptosis and 

Differentially Regulate p53 Target Genes 

ABSTRACT 

The p53 tumor suppressor protein plays a critical role in the regulation of the cell 

cycle and apoptosis. The importance ofp53's functions is underscored by the high 

incidence ofp53 mutations in human cancers. Recently, two p53-relat~d proteins, p73 

and p63, were identified as members of the p53 gene family. Multiple isoforms ofp73 

have been found, including AN variants in which theN-termini are truncated. p63 is 

expressed as three major forms, p63a, p63p, and p63y, each of which differ in their C-

termini. All three forins can be alternatively ;transcribed fro111 a cryptic promoter located 

within exon 3, producing ANp63a, ANp63p, and ANp63y. The high degree of similarity 

of p73 and p63 to evolutionarily conserved regions of p53 suggests that these proteins 

play an important and potentially redundant- role in regulating cell cycle arrest and 

apoptosis. Here yve des~ribe the· characterization of cell lines generated· to inducibly 

express p63a and ANp63a. We have found that p63a and ANp63a can differentially 

regulate endogenous p53 target .genes and induce cell cycle arrest and apoptosis. 

D~letion of the N-terminal26 amino acids of ANp63a abolished its ability to 

I 

transactivate p53 target genes and induce cell cycle arrest and apoptosis. This indicates 

17 



18 

that a putative transactivation domain exists within theN-terminus of the LlN variants 

ofp63. Furthermore, the differential regulation ofp53 target genes by p63a and L\Np63a 

suggests that p63 and p53 utilize both similar and different signaling pathways to execute 

their cellular functions. 



INTRODUCTION 

More than 50% of all human cancers contain mutations in the p53 tumor 

suppressor gene (44, 45). In response to cellular stresses such as DNA damage and 

hypoxia, p53 is activated and can mediate cell cycle_ arrest qnd apoptosis via the 

upregulation of numerous target genes (for r~views, see 46-48). p21 WAF\ a potent 

inducer of cell cycle arrest (50, 51), and Bax (52) and MCG 10 (91), initiators of the 

19 

apoptotic cascade, are p53 target genes. p53-null mice, as well as humans containing 

germline mutations at the p53locus, are susceptible to spontaneous tumors (76, 92). The 

observation that p53-null mice maintain normal embryonic development (76), however, 

has raised the possibility that there exists a family of closely related proteins with 

overlapping functions. Recently, two new genes, TP73 and TRP63, have_ been found to 

encode several p73 and p63 proteins, respectively, with structures and functions related to 

p53 (for reviews, see 53-56). 

The first p53 homolog described was p73 (61). There are at least six isoforms of 

p73, most of which differ in the C-terminal region and have varied transcriptional 

activities (61-65). p73 shares considerable sequence identity with p53, reaching 63% 

within the DNA-binding domain and including highly conserved DNA contact residues 

frequently mutated in tumors (61). Homology between p73 and p53 also exists within 

theN-terminal transactivation domains (29% identity) and the oligomerization domains 

(38% identity) (61). p73 can bind to the p53 consensus DNA-binding motif and activate 

a number ofp53-regulated genes, includingp21WAFI (72, 73)~ p73 can ~lso induce cell 

cycle arrest and apoptosis (72, 73). Accumulation and phosphorylation ofp73 are seen in 



;.· ., 

response to DNA damage; however, different DNA-damage inducers appear to have 
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varied affects on p73 activation (93-97). The differential reg-ulation of p53 target genes 

by p73 indicates that although the activities of p53 and p73 overlap, these two proteins 

also maintain separate and unique functions within a cell (73). p73 proteins that lack the 

N-terminal transactivation domain have recently been found (66). These mp73 proteins, 

although capable of binding p53 response elements, have been reported to be deficient in 

transactivating a promoter that contains a p53 response element (66) .. Furthermore, 

~Np73 has been implicated as a dominant negative isoform ofp73 (66). 

More recently, a second p53 homolog, named p63, was described (67-71). The 

TRP63 locus expresses three major forms, p63a, p63~, and p63y, which, like p73, differ 

in the C-terminal region (71 ). Each of these forms can be alternatively transcribed from a 

cryptic promoter located within exon 3, producing ~Np63a, ~Np63~, and ~Np63y (71). 

Additionally, all six of these forms can exist as splicing variants in which four amino 

acids are deleted from exon 9 (71). p63 contains regions ofhomology to p53 and shares 

60% sequence identity with the DNA-binding domain, 22% identity with theN-terminal 

transactivation domain, and 37% identity with the oligomerization domain ofp53 (68). 

p63yhas been shown to transactivate reporter constructs containing p53 response 

elements derived from p53.target genes (68, 71, 74), as well as regulate endogenous 

p21WAFI expression (68). In addition, overexpression ofp63ycan suppress growth and 

induce apoptosis (68, 71). In contrast to p53 and p73, p63 expression has been reported 
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to be suppressed under conditions of DNA damage (98, 99). p63 knockout mice 

exhibit major limb, craniofacial, and epithelial defects, indicating that p63 is critical for 

proper epithelial development (77, 78). The truncated i\Np63 isoforms are thought to be 

transcriptionally inactive due to the lack of an acidic N-terminus corresponding to the 

transactivation domain ofp53 (71). The i\Np63a and i\Np63yvariants have been 

reported to be functionally inactive in transactivating a promoter that contains a p53 

response element and in induc~ng cell death (71). Furthermore, the L\N"p63a and i\Np63y 

isoforms have been shown to exhibit dominant-negative effects toward both p53 and p63 

(71), and i\Np63 variants are thought to be oncogenic (100). However, many questions 

regarding the transactivation activities of the p63 isoforms have yet to be answered. 

Although p63y and p63a share identical N-terminal transactivation domains, p63y 

exhibits strong transactivation of promoters that contain p5 3 response elements and is a 

potent inducer of cell death, whereas p63a has no detectable transactivation activity (71). 

In this study, we generated stable p53-null, H1299 cell lines that inducibly 

express p63a and i\Np63a under a tetracycline-regulated promoter. In contrast to 

previous reports, we have found that these p63 isoforms are transcriptionally active and 

differentially regulate endogenous p53 target genes. In addition, we found that p63a and 

L\Np63a are capable of inducing cell cycle arrest and apoptosis. These 'findings indicate 

that a putative transactivation domain exists within theN-terminus of the Lili" variants of 

p63. Subsequent deletion ofthe N-terminal26 amino acids of i\Np63a abrogated the 

ability of this protein to regulate p53 target genes and induce cell cycle arrest and 



22 

apoptosis. Furthermore, the differential regulation of p53 and p73 target genes by p63 

indicates that although the activities ofp53-family members overlap, they also maintain 

separate and unique cellular functions. 

RESULTS 

Generation of p63 a- and 11Np63 a-Expressing Cell Lines . 

Previously, several studies (68, 71, 74) showed that p63ycan induce apoptosis 

and p21 WAFI, a cyclin-dependent kinase inhibitor that is primarily responsible for p53-

dependent cell cycle arrest (50, 51). However, p63a and the ~N variants ofp63 have 

been shown to be incapable of inducing apoptosis or p21 WAFI (71). To further determine 

the activity ofp63a and ilNp63a in the regulation of the cell cycle, we have generated 

H1299 non-small cell lung carcinoma cell lines that inducibly express these proteins 

under a tetracycline-regulated promoter. Two representative cell lines for both p63a and 

~Np63a are shown in Figure 4. ilNp63a-11 and ilNp63a-22 expressed high levels of 

ilNp63a protein, whereas p63a-11 and p63a-14 expressed moderate leyels ofp63a 

protein when induced (Figure 4, upper panel). Interestingly, we found that p63a and 

~Np63a were able to induce p21 WAFI (Figure 4, middle panel). The levels of actin were 

determined as a loading control (Figure 4, lower panel). 

p63 and p73 isoforms have been suggested to form homotypic and heterotypic 

complexes (71, 83) that could potentially influence activity of the inducible p63 in the 

above cell lines. To examine this possibility, we analyzed the endogenous levels of these 

proteins in the parental H1299 cell line. As shown in Figure 5, p63 isoforms were not 



Figure 4: Characterization of cell lines that inducibly express p63. Levels of p63 a 

and jjNp63a (upper panel), p21WAFJ (middle panel), and actin (lower panel) inp63a-

11, p63a-14, jjNp63a-11, and jjNp63a-22 cell lines were assayed by Western blot 

analysis .. Cell extracts wer~;prepared from uninduced cells (~) and cells induced to 

express p63 a or jjNp63 a(+) for 24 hours. The upper portion of the blot was probed· 

with anti-myc antibody 9El 0.2, the middle portion of the blot was probed with anti-p21 

antibody CJ9, and the lower portion of the blot was probed with a_nti-actin polyclonal 

antibody. 
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Figure 5: H1299 eel/line has undetectable levels of endogenous p63. Levels ofp63 

(upper panel) and actin (lower panel) in H1299, ME-180, p63a-11, and &Vp63a-11 

cell lines were assayed by Western blot analysis. Cell extracts were prepared from 

H1299, ME-180, andp63a-11 and &Vp63a-11 that were uninduced (-)and induced(+) 
I 

to express p63 for 24 hours. The upper portion of the blot was probed with anti-p63 

antibody Ab-1, and the lower portion was probed with anti-actin polyclonal antibody. 
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detectable in H1299 cells; however, as previously shown (71), mp63a was detectable 

in the cervical carcinoma cell line ME-180 (Figure 5). p63 was detectable in p63a-11 

and ~Np63a-11 cell lines only when induced to express their respective p63 proteins, 

and ~Np63a was found at levels less than that in ME-180 cells (Figure 5, upper panel). 

The levels of actin were determined as a loading control (Figure 5, lower panel). Only 

the ~Np63a isoform ofp63 was detected in ME-180 cells, which is consistent with 

previous reports of predominant expression of ~N variants (71, 99, 101, 102). 

Additionally, p73 was undetectable in the H1299 cell line (data not shown). 

p63 a and 11Np63 a Can Induce Cell Cycle Arrest and Apoptosis 

27 

To characterize the activity of p63, we analyzed the effect of p63a and ~Np63a 

expression on the growth rates of these cell lines. As shown in Figure 6, expression of 

p63a and ~Np63a suppressed cell proliferation. The uninduced cells (0) grew 

normally, whereas growth ofp63a- and ~Np63a-expressing cells(+) was severely 

diminished or nearly abolished up to five days after plating (Figure 6A, B, C, D). The 

growth rates of parental H1299 cells under induced and uninduced conditions were nearly 

identical (data not shown). 

To determine whether the anti-proliferative effect ofp63a and ~Np63a was due 

to cell cycle arrest, apoptosis, or both, we used F ACS a1,1alysis to examine the DNA 

content ofp63-expressing cells. When p63 was not expressed, all four cell lines 

maintained similar cell cycle phase distributions of DNA content (Figure 7 A, E, I, M). In 

contrast, when p63 was expressed, an increase in G1 DNA content and a decrease inS 



Figure 6: Both p63 a and .1Np63 a negatively regulate cell proliferation. Growth 

rates ofp63a-ll (A), p63a-14 (B), &Vp63a-ll (C), and &Vp63a-22 (D) under both 

uninduced (D) and induced (+) conditions were measured as described in Materials 

and Methods. *, P< 0. 01 
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Figure 7: p63 a and JJNp63 a are capable of inducing cell cycle arrest and apoptosis. 

(A, B, E, F, I, J, M, and N) DNA content was quantified bypropidium iodide staining of 

fixed cells from p63-expressing cell lines that were uninduced (-) or induced(+) to 

express p63 a or &Vp63 a for three days. (C, D, G, H, K, L, 0, and P) Apoptotic cells 

were quantified by propidium iodide-annexin V staining of cells that were uninduced (-) 

or induced(+) to express p63a or &Vp63afor three days. 
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phase DNA content were detected (Figure 7B, F, J, N). No significant changes were 

observed in G2-M phase DNA content. The increase in the number ofG1 phase cells 

indicates that p63a and ~Np63a can induce G1-arrest in H1299 cells. To examine the 

effect of p63 on apoptosis, we performed an annexin V staining assay. We found that 

p63 expression resulted in an increase in total annexin V positive cells (sum of the upper 

and lower right quadrants) (Figure 7). The total percentage of annexin V positive cells 

increased from 4 to 20% (Figure 7, compare C with D) and from 4 to 16% (Figure 7, 

compare G with H) for cells lines p63a-11 and p63a-14, respectively. Annexin V 

positive cells increased from 8 to 13% (Figure 7, compareD with L) and from 5 to 17% 

(Figure 7, compare 0 with P) for cell lines ~Np63a-11 and ~Np63a-22, respectively. 

These results indicate that in addition to arresting cells in G1 phase, p63a and ~Np63a 

are capable of inducing apoptosis. 

Next, we performed a trypan blue dye exclusion assay. As shown in Figure 8A, 

cells expressing p63a and ~Np63a contained a consistently higher perQentage oftrypan 

blue positive cells compared to those not expressing p63. This supports the above results 

and suggests that p63 can induce apoptosis. Additionally, we examined the effect of p63 

expression on mitochondrial membrane potential. This assay utilizes fluorescence to 

distinguish between healthy and apoptotic cells. Induced and uninduced cells were 

stained with Mitosensor, a cationic dye. In healthy cells, the dye aggregates in the 

mitochondria and fluoresces an intense red. Upon induction of apoptosis, changes in the 

cell's mitochondrial membrane potential prevent aggregation of the dye, resulting in a 

decrease in the mean fluorescence. As shown in Figure 8B, expression 'ofp63a and 

~Np63a resulted in a decrease in relative mean fluorescence. p53-expressing cells were 



" 
Figure 8: p63a and .1Np63a are capable of inducing cell death. (A) Live and dead 

cells from p63':'expressing cell lines that were uninduced (-) or induced(+) to express 

p63 a or i1Np63 a were stained with ·trypan blue dye solution. The perc~ntage of dead 

cells (blue cells/total cells) was determined three days post induction. (B) Cells induced 

or uninduced to express wild-type p53 (p53-3); p63a (p63a-14), or i1Np63a (i1Np63a-

22) for three days were stained with a mitochondrial staining reagent as described in 

Materials and Methods. A decrease in the relative fluorescence is indicative of an 

. increase in apoptosis. 
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assayed as a positive cont~ol. The relative mean fluorescence was similarly decreased 

in cells expressing p53, p63a, or ilNp63a. 

Differential Regulation ofp53 and p73 Targets by p63 

The high deg~ee of similarity between the p53, p73, and p63 DNA-binding 

domains, as well as the considerable similarity between the transactivation and 

oligomerization domains, led us to examine the ability of p63 to activate p53 and p73 

target genes. We have found that some p53 and p73 target genes can be activated by 

p63a, ilNp63a, or both, while others were not induced (Figure -9 and data not shown). 

However, most genes that could be activc:.tted by p63 were only weakly induced (Figure 

9). 
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Previous reports showed that p63y can transactivate p53 response elements within 

the p21WAFI promoter (68, 74), and our data showed that endogenous p21WAFJ transcript 

was induced when p63a was expressed~ and LlNp63a was able to weakly activate 

p21WAFI (Figure 9A). These results are consistent with the induction ofp21 WAFI protein 

by p63a and ilNp63a (see Figure 4), as well as with the previous finding that 

endogenous p2~ WAPI can be induced by p63yin a transient transfection assay (68). 

Next we examined whether p63 can regulate the MDM2, GADD45, KILLER/DRS, 

BAX,p85, BTG2, and 14-3-3a genes. We found that MDM2, a negative regulator ofp53 

(103), was weakly induced by p63a but not by ilNp63a (Figure 9B). Interestingly, the 

· DNA damage responsive gene GADD45 (104) was not activated by p63a but was highly 

induced by LlNp63a (Figure 9C). KILLER/DRS, a death receptor gene induced by 



Figure 9: p63a and fiNp63a differentially activate some but not all of the selected 

p53 and p73 target genes. Northern blots were prepared using 10 Jlg of total RNA 

isolated from p53-3, p73a-22, p73f3-9, p63a-14, or iiNp63a-22 H1299 cell lines ?tnder 

both the uninduced (-)and induced(+) conditions for 24 hours. The blots were probed 

with cDNAs corresponding to the genes as indicated to the right of each blot, and 

mRNA levels were normalized to GAPDH (G). The fold increase in mRNA expression 

is shown below each blot. 
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genotoxic stress-(89), was weakly·induced by Lllip63a but not by p63a (Figure 9D). 

BAX, an initiator of the apoptotic cascade (52), and p85, a signal transducer in the cellular 

response to oxidative stress (105), were not induced by either p63a or ilNp63a (data not 

shown). BTG2, and 14-3-~ a, two p53-inducible genes involved in cell cycle arrest in G2 

(106, 107), were not Induced by either p63 isoform (data not shown). 

We further examined whether p63 can regulate several redox-related p53-

inducible genes (PIGs) (108). We found that PIG3 was strongly induced by p63a 

(Figure 9E), and PIGB was weakly induced by p63a (Figure 9F). PIG6, PIG7, and 

PIG II were not induced by p63a or ilNp63a (data not shown). We did not analyze p63 

induction of PIGJO and PIG12, which are not induced by p53 in H1299 cells (data not 

shown), and PIGJ and PIG4, which are undetectable in H1299 cells (data not shown). 

To further examine the regulation ofp53 target genes by p63a ~nd ilNp63a, we 

performed luciferase reporter assays. The promoter of the p53-target gene p21WAFJ was 

cloned upstream of a luciferase reporter gene, producing a p21WAFI reporter construct 

(109). The p53-response element located within the EphA2 promoter (42) was cloned 

upstream of the c-fos minimal promoter and a firefly luciferase reporter gene (110). 

These resulting reporter constructs were cotransfected into H1299 cells with either a 

pcDNA3 control vector or a vector expressing p53, p63a, or ilNp63a. We found that the 

luciferase activity of the p21WAFJ and EphA2 reporter constructs was significantly 

increased when cotransfected with p53 (Figure 10). Similarly, p63a was able to 

transactivate the p21WAFI reporter construct nearly 5-fold greater than a pcDNA3 control 



Figure 10: p63a and iJNp63a transactivate p53-reporter genes. The p21 WAFI . 

promoter that contains two p53 response elements was cloned upstream of a firefly 

luciferase reporter gene, and a p53 response element found in the EphA2 promoter was 

cloned upstream of the c-fos minimal promoter and a firefly luciferase reporter gene. 

The resulting reporter constructs were cotransfected into H1299 cells with ei~her 

pcDNA3 empty vector control or a vector expressing p53, p63 a, or LfNp63 a The 

firefly luciferase activity was measured from three different experiments and normalized 

with constitutive expression of Renilla luciferase. 
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vector, and the EphA2 reporter construct was strongly transactivated by p63a (Figure 

10). We found that similar to the Northern blot results in Figure 9A, ilNp63a weakly 

transactivated the p21WAFI reporter construct (Figure 10). Furthermore, ilNp63a 

increased the luciferase activity of the EphA2 reporter construct nearly 4-fold greater than 

a pcDNA3 control vector (Figure 1 0). . 

The N-Terminal26 Amino Acids are Necessary for t1Np63aActivity 

Although the ilNp63a isoform lacks theN-terminal transactivation domain (71), 

it retains the ability to regulate some p53 target genes and induce cell cycle arrest and 

apoptosis (see Figures 7-10). This indicates that a potential second transactivation 

domain exists within this p63 isoform. In an attempt to further define this domain, we 

generated a ilNp63a N-tenilinal deletion mutant (Table 1). This protein, called 

ililNp63a, lacks the N-terminal26 amino acids of ilNp63a and was myc-tagged at the 

N-terminus, similarly to p63a and ilNp63a. A representative cell line, which inducibly 
. . 

expresses MNp63a_un.der a_tetracycline~regulatedprom.ote~,_ is shown in Figure 11A. 

MNp63a protein was expressed(+) in the MNp63a-16 cell line (Figure 11A, upper 

\ 

panel) at a level comparable to the p63a-expressing cell lines (data not shown). To 

dete~ine whetherililNp63a has transcriptional activity, we analyzed p21 WAF
1 levels in 

this cell line. We found that unlike p63a andilNp63a, MNp63a was incapable of 

inducing p21 WAFl expression (F~gme 11A, middle panel). 

To further characterize the activity of ililNp63a, we examined its effect on the 

growth rate of this cell line. As shown in Figure 11B, cells that were induced to express 



Table 1. p63 Domains and Activity 

Domain Activity 

AD1 1 AD21 PRD1 DBD1 TDI p2P arrest3 apoptosis4 GADD455 

p63a 

ANp63a6 . 

MNp63a 

1AD1, activation domain 1 within residues 1-108 
AD2, potential activation domain 2 within residues 109-120 
PRD, proline-rich domain within residues 121-191 
DBD, DNA-binding domain within residues 192-370 
TD, tetramerization domain within residues 402-446 

2The ability of p63 to induce p21 as measured by Western and Northern blot analyses 
3The ability of p63 to induce cell cycle arrest as measured by DNA histogram analysis 

+++ +++ +++ 

+ +++ ++ 

%e ability of p63 to induce apoptosis as measured by trypan. blue dye exclusion, annexin V staining, and DNA histogram analysis 
5The ability of p63 to induce GADD45 as measured by Northern blot analysis 
6ANp63 isoforms contain 14 unique amino acids at theN-terminus 

+++ 



Figure 11: Characterization of 111Np63 a-16 cell line, which inducibly expresses a 

&Vp63aN-terminal deletion mutant. (A) Levels of .1liNp63a (upper panel), p21WAFI 

(middle panel), and actin (lower panel) in the .1liNp63 a-16 cell line were assayed by 

Western blot analysis. Cell extracts were prepared from uninduced cells (-) and cells 

induced(+) to express .1liNp63 a for 24 hours. The blot was probed as in Figure 1. (B) 

Growth rate analysis of .1lfNp63 a-16 cells uninduced (D) or induced (+) to express 

.1liNp63 a as described in Materials and Methods. (C, D, and E) .1liNp63 a-1~6 cells, 

which were uninduced (-)or induced(+) to express .1liNp63afor three days, were 

analyzed for DNA content by propidium iodide staining of fixed cells (C and D) and for 

percentage of dead cells by trypan blue dye staining (E). 
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L\L\Np63a (+)grew at a rate similar to that ofuninduced cells (D). In addition, there 

was no significant increase in the number ofG1 or sub-G1 cells when MNp63a was 

induced (Figlire 11D) as compared to that ofuninduced cells (Figure 11C). ·Consistent 

with the DNA histogram analysis, the annexin V staining assay showed that the number 

of annexin V positive cells was not increased in cells induced to express L\L\Np63a (data 

not shown). Furthermore, there was no significant difference in the number oftrypan 

blue stained cells when induced(+) to express MNp63a (Figure 11E). Since the DNA

damage responsive gene GADD45 is strongly induced by L\Np63a (see Figure 9C), we 

determined whether GADD45 is regulated by L\L\Np63a. We found that unlike L\Np63a, 

the L\L\Np63a deletion mutant was incapable of inducing GADD45 (Figure 12). These 

results suggest that L\L\Np63a is _inactive in transactivation and is inert in-inducing 

apoptosis and cell cycle arrest. The activities ofp63a, L\Np63a, and L\L\Np63a are 

summarized in Table 1. 

DISCUSSION 

We have described here the characterization ofH1299 cell lines that inducibly 

express p63a and L\Np63a. We have demonstrated that both p63 isoforms are able to 

transactivate p53 target genes and induce cell cycle arrest and apoptosis. Deletion of the 

N-terminal26 amino acids of L\Np63a abolishes its ability to transactivate p53 targets 

and to induce cell cycle arrest and apoptosis, suggesting that a transactivation domain 

exists within this N-terminal region. Although p63 is homologous to p53 within highly 

conserved domains, p63 differentially activates some but not all p53 and p73 target 



Figure 12: 111Np63a cannot regulate the t1Np63a target GADD45. Northern blots 

were prepared using 10 j.tg of total RNA isolated from p53-3, p63a-14, .dNp63a-22, or 

111Np63a-16 cells under both the uninduced (-)and induced(+) conditions for 24 

hours. The blots were probed with GADD45 eDNA (upper panel) and GAPDH eDNA 

(lower panel). The fold increase in mRNA expression is shown. ND, not done. 
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genes, indicating that p63 has cellular activities that .are bbtli similar to and different 
. . 

from those of the other p53 family members. 

Since ~N isoforms ofp63lack the acidic N-terminus correspondi.ng to the 

transactivation domain ofp53, it has b~en proposed that theseisoforms a.re 

transcriptionally inactive and act as dominant negative isofdrriis (71). Here we present 
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evidence that both p63a and ~Np63a can activate p21WAFI, although p63a is a stronger 

inducer ofp21WAFI than Llli"p63a (Figure 9A). It is likely that at low doses of a weak 

transactivator, the purported heterotypic interactions between p63 isoforms may serve to 

stabilize transactivation-capable variants. At higher doses of a weak transactivator, 

however, competition for p53 targets and sequestration oftransactivating variants will 

result in an overall decrease in transactivation. This may explain the initial increase in 

transactivation activity of p63y when coexpressed with low levels of ~Np63y, followed 

by a decrease in activity with high levels of ~Np63y (71). Therefore, heterotypic 

interactions between p63 isoforms may serve to either stabilize or inhibit transactivation 

activity in a concentration-dependent manner. The effect of heterotypic interactions on 

transactivation activity appears to be isotype- and target-specific and is underscored by 

the differential regulation ofp53 target genes by p63 isoforms (see Figure 9). 

Deletion of the N-terminal26 amino acids from Llli"p63a produced the mutant 

MNp63a, which is incapable of regulating p53 target genes or of inducing cell cycle 

arrest and apoptosis (see Table 1). This suggests that a second transactivation domain 

exists within theN-terminus of ~N isoforms ofp63. This is not surprising, as two 
I 

transactivation domains have previously been found within the p53 N-terminus (80, 81). 
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It is highly unlikely that the myc epitope, loc~ted at theN-termini of these p63 proteins 
~ :. 

is contributing to this activity, since MNp63a lacks transactivation activity but retains 

the myc epitope. Further studies need to be conducted to more precisely map the 

activation domains of p63. 

Our data provide evidence that p63-dependent arrest occurs predominantly in G~, 

similarly to that ofp53. Both p63a and i\Np63a were able to transactivate p21WAFI, 

although to a lesser extent than p53 (Figure 9A). The cyclin-dependent,kinase inhibitor 

p21 WAFI is known for its role in inducing cell cycle arrest in G1 (50, 51); however, it 

remains to be seen whether the weak activation ofp21WAFI by p63 is sufficient to induce 

cell cycle arrest or whether additional genes are also involved in p63-mediated cell cycle 

arrest. 

p53-dependent G2-M arrest is mediated in part by the DNA-damage inducible 

genes GADD45, BTG2, and 14-3-3a (104, 106, 107). GADD45 has been shown to bind 

proliferating cell nuclear antigen (111) and induce G2-M arrest in part by inhibiting Cdc2 

protein kinase activity (112, 113). As shown in Figure 9C, GADD45 was highly induced 

by i\Np63a but not by p63a. The predominant G1 arrest observed during p63 expression 

(see Figure 7) may limit the number of cells entering the G2-M phase, thus accounting for 

the lack of a substantial increase in G2-M cells during i\Np63a expression. Furthermore, 

BTG2 and 14-3-3a, two genes implicated in G2-M arrest (106, 114), were not induced by 

either p63a or i\Np63a (data not shoW11). This lack of induction of BTG2 and 14-3-3a 

correlates with the absence of a predominant p63-depende~.t G2-M arrest in H1299 cells. 
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It has previously been reported that p63a and .dNp63a failed to transactivate 

the minimal p53-binding sequence PG-13 (115) within a B-galactosidase reporter 

construct (71). This is not surprising and is consistent with our observation that p63a 

and .dNp63a can induce some but not all endogenous p53 target genes (see Figure 9). In 

addition, it is well established that the activation of transfected promoter constructs does 

not always reflect the activation of endogenous genes where chromatin remodeling 

occurs (116). The chromatin structure of these endogenous p53 target genes may affect 

p63-mediated transcription. 

However, the induction of GADD45 by .dNp63a, but not by p63a, is surprising. 

This disparity in transactivation indicates that the N -terminal domain absent in the 
. . 

.dNp63a isoform may inhibit p63a-mediated activation ofcertain gene~. TheN-terminus 

ofp63a may confer steric hindrance·· such that it cannot bind and/or activate the GADD45 

promoter-~·- Perhaps interactions between theN-terminus ofp63a and additional proteins 

reduce the transcri~tional·activity ofp63. p53, p73, and KET, the rat homolog ofp63~, 

. . 

have been shown to interact with Wilms Tumof" 1 (WT1) prptein (117, 118), and WT1 

can negatively modulate the transcriptional activity of both p53 and p73 (117-119). It is 

likely that WT1 can also inhibit the activity ofp63a to transactivate GADD45. Although 

the binding domain(s) ofWT1 on p53 family members is not known, the truncated N-
1 

termini of .dNp63 variants may prevent interaction with, and regulation by, ·wT1 or other 

proteins that may modulate p63 ac~ivity. 
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p63a and ~Np63a have been reported to be incapable of inducing apoptosis in 

transient transfection assays (71). Because these assays were conducted with transiently 

transfected cells, the long-term effects ofp63a and ~Np63a activity were not detectable. 

As shown in Figure 6, noticeable cell death did not occur uiltil2 to 3 days post-induction 

of p63a and ~Np63a. This suggests that although the p63y isoform can induce apoptosis 

within 16 hours (71), p63a- and ~Np63a-mediated apoptosis is a late occurring event. 

This is supported by the lack ofp73a- and p73~-mediated apoptosis in identical transient 

transfection assays (71), whereas long-term expression of these p73 isoforms results in 

·profound cell dea~h (73). 

Although both p63a and ~Np63a can induce apoptosis, the differential regulation 

of p53 target genes indicates that the signaling pathways that lead to apoptosis differ from 

that ofp53. Several genes involved in p53-dependent apoptosis (PIG6, PIG7, and

PIGJJ) were not significantly induced by p63a or ~Np63a (data not shown), whereas 

PIG3 was strongly induced by p63a (Figure 9F). PIG8, which has been shown to induce 

apoptosis (120), was weakly induced by p63a but not by ~Np63a (Figure 9G). p85, an 

apoptotic signal transducer in the cellular response to oxidative stress (105), was not 

induced by p63a or ~Np63a (data not shown). The DNA-damage inducible 

KILLER/DRS gene may mediate p53-dependent apoptosis (89), and it was weakly 

induced by Lllip63a, but not by p63a (Figure 9E). 

MDM2, an oncogene that negatively regulates p53 activity (103), was weakly 

activated by p63a but not by ~Np63a (Figure 9B). Physical interaction between MDM2· 



and theN-terminus ofp53 inhibits the transactivation activity ofp53 and enhances the 

degradation ofp53 through the ubiquitination pathway (121-123). Although it is unclear 

whether p63 physically interacts with MDM2, activation of the oncogene by p63a 

suggests that this isoform is regulated by a similar mechanism as p53. TheN-terminal 

truncation found in the Lrn" isoforms may prevent interaction with MDM2. In addition, 

MDM2 was not activated by L\Np63a. Therefore, the predominant expression of L\N 

isoforms in_epithelial tissues (71, 99, 101, 102) may result from the lack of negative 

regulation by MDM2. 

As shown in Figure 5, the p63-expressing cell lines express lower levels ofp63 

than the ME-180 cell line. However, in contrast to H1299 cells, proliferation ofME-180 

cells does not appear to be inhibited by p63. This may be due to genetic aberrations 

within the ME-180 cell line that render the cells insensitive to p63. The presence of 

human papilloma virus (HPV) DNA in the ME-180 cell line suggests that disruption of 

the pRb and p53 pathways by E7 and E6 proteins (124, 125), respectively, may serve to 

immortalize these cells and diminish the anti-proliferative activity ofp63 (for reviews, 

see 123, 124). Furthermore, attempts to clone p63 from ME-180 cells have yielded 
I 

cDNAs with mutations resulting in an altered amino acid composition that could 

potentially affect p63 activity (data not shown). 

Our data indicate that p63a and, more importantly, L\Np63a are transcriptionally 

active and can induce cell cycle arrest and apoptosis. Our results emphasize the need to 

reassess the activities and functions of L\N variants of p63 and possibly of p73. It is not 

yet determined whether p63 is a true tumor suppressor like its sibling p53; however, the 



ability of p63 isofonns to differentially regulate p53 target genes and execute similar 

functions suggests that at least some signaling pathways are utilized by all members of 

the p53 family. 
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MATERIALS AND METHODS 

. Plasmids and Mutagenesis 

cDNAs from p63a and ~Np63a (kindly provided by Drs. C. DiComo and C. 

Prives) were cloned separately into a tetracycline-regulated expression vector, pUHD10-

3, at its BamHI site, and the resulting plasmids were used to generate cell lines that 

inducibly express p63. p63 _prote.ins were tagged a~ their N-termini with a myc epitope. 

The mutant ~p63a construct (see Table 1) was generated by PCR. The ~Np63a 

eDNA was amplified by a 5' primer (5'-GAT CGG ATC CAC CAT GGG CGA GCA 

GAA GCT CAT CTC AGA AGA AGA CCT CGA AGA CCA GCA GAT TCA G-3') 

and by a 3' primer (5'-GTC TGT TCA TTC CTC CGA CGC A-3') designed to 

incorporate a myc-tag at theN-terminus and eliminate the first 26 codons of ~Np63a. 

The resulting eDNA fragment was sequenced and used to replace the 5' region of 

· ~Np63a between the BamHI and EcoRI sites.· 

Cell Culture and Cell Lines 

H1299 is a p53-null non-small cell lung carcinoma cell line. Cells were cultured 

in Dulbecco's Modified Eagle's Medium with 10% fetal bovine serum. H1299 cell lines 

that inducibly express p63 were generated as described previously (128). Individual 

clones were screened for inducible expression of p63 protein by Western blot analysis 

using anti-myc epitope monoclonal antibody 9E10.2. The H1299 cell lines that inducibly 

express wild-type p53, p73a, and p73~ are p53-3, p73a-22, and p73~-9, respectively, as 



described previously (73, 128). The human cervical carcinoma cell line ME-180 was 

purchased from. American Type Culture Collection (Rockville, MD). 

Western Blot Analysis 
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Cells were washed and collected from plates in phosphate-buffered saline (PBsr 

solution, re-suspended with 2 x sample buffer, and boiled for- 5 minut~s .. Western blot 

analysis was perforned as described previously (128). Affinity purified anti-actin 

polyclonal antibody was purchased from Sigma Chemical Co. (St. Loui~, MO). 9E10.2 

was purchased from American Type Culture Collection (Rockville, MD). Anti-p21 

antibody C19 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti

p63 monoclonal anti~ody Ab-1 was purchased from Oncogene Research Products 

(Cambridge, MA). 

Growth Rate Analysis 

Cells were seeded at approximately 7.0 x 104cells/60-mm plate with or without 

tetracycline (1.0 J..Lg/ml). The medium was replaced every 72 hours. At the times 

indicated, two plates were rinsed with PBS twice to remove dead cells and debris. Live 

cells on the plates were trypsini~ed and collected separately. Cells from each plate were 

counted four times using a Coulter cell counter, and the average number of cells from 

both plates was used for growth rate determination. 
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FACS Analysis 

Cells were seeded at 2.0 x 105/90-mm plate with or without tetracycline (1.0 

J..Lg/ml). Three days after plating, both floating dead cells in the medium and live cells on 

the plate were collected and fixed with 1 ml of 7 5% ethanol for at least 1 hour at 4 °C. 

The fixed cells were centrifuged and resuspended in 0.5 ml PBS solution containing 20 

J..Lg/ml ofRNase A (Sigma Chemical Co., St. Louis, MO) and 50 J..Lg/ml ofpropidium 

iodide (Sigma Chemical Co., St. Louis, MO). The stained cells were analyzed in a 

fluorescence-activated cell sorter (F ACSCaliber; Becton Dickinson, Menlo Park, CA) 

within 4 hours. The percentage of apoptotic cells containing a sub-Gt DNA content was 

quantified using the CellQuest program. The percentages of live cells in the G0-G~, S, 

and G2-M phases were quantified using the ModFit program. 

Annex in V Staining Assay 

The annexin V staining assay for apoptosis is based on the ability of annexin V to 

bind to phosphatidylserine. In healthy cells, phosphatidylserine is located on the inner 

leaflet of the plasma membran~ (129). Upon induction of apoptosis, ph~sphatidylserine 

can flip to the outer surface of the plasma membrane and bind annexin V (129), which is 

labeled with a fluorescent dye and can be detected by F ACS analysis. Both dead and live 

cells were collected and washed twice with cold PBS. The cells were resuspended in 0.1 

ml of annexin V binding buffer to a density of 1 x 106 /ml and stained according to the 

manufacturer's instructions (Boehringer Mannheim, Germany). 
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Trypan Blue Dye Exclusion 

Trypan blue dye staining is based on the principle that certain dyes will not stain 

live, viable cells, whereas dead, unviable cells are susceptible to staining. Cells were 

seeded at approximately 7.0 x 104cells/60-mm plate with or without tetracycline (1.0 

f.!g/ml). Three days after plating, live and dead cells from two plates were collected 

separately and mixed with an equal volume of 0.4% trypan blue dye solution (Sigma 

Chemical Co., St. Louis, MO) for 15 minutes. Stained (dead) and unstained (live) cells 

were counted using a hemacytometer, and the percentage of dead cells/total cells was 

determined by scoring an average of over 300 cells, twice per plate. 

Mitochondrial Membrane Assay 

Cells were seeded at 2.0 x 105/90-mm plate with or \Vithout tetracycline (1.0 

f.!g/ml). Three days after plating, both floating dead cells in the medium and live cells on 

the plate were collected and stained with MitoSensor reagent (Clontech, Palo Alto, CA) 

for 20 minutes at 3 7 oc before analysis by flow cytometry. 

Luciferase Assay 

The p21WAFI promoter was cloned upstream of a luciferase reporter gene (109). 

The p53 response element found within the EphA2 promoter (42) was cloned upstream of 

a minimal c-fos promoter and a firefly luciferase gene (110). 1.0 f.!g of the resulting 

reporter vectors was cotransfected into H1299 cells with 2.0 f.!g ofpcDNA3 control 

vector or a vector expressing p53, p63a, or LlNp63a. For an internal control, 25 ng of 
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the Renilla luciferase vector pRL-CMV (Promega, Madison, WI) were cotransfected 

with the above constructs. Transfections were performed as described (130), and dual 

luciferase assays were performed in triplicate according to the manufacturer's 

in.structions (Promega, Madison, WI). 

RNA Isolation and Northern Blot Analysis 

Total RNA was isolated from cells using Trizol reagent (Life Technologies, Inc., 

Gaithersburg, MD). Northern blot analysis was performed as described (81). The 

p21WAFI, MDM2, BAX, GADD45, and GAPDHprobes were prepared as described 

previously (81). The KILLERIDR5 eDNA probe (GenBank #159553) ~as purchased · 

from American Type Culture Collection (Rockville, MD). The following eDNA probes 

were purchased from Genome Systems, Inc. (St. Louis, MO): BTG2 (GenBank 

#H86711), 14-3-3a(W79136), PIG2 (H18355), PIG3 (N75824), PIG6 (R88591), PIG7 

' (H98066), PIG8 (R42786), PIG II (R54648), andp85 (N21330). 
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ABSTRACT 

CHAPTER2 

Receptor Tyrosine Kinase EphA2 Is Regulated by 

p53-Family Proteins and Induces Apoptosis 

The p53 tumor suppressor protein is mutated in more than 50% of all human 

cancers, which makes the study of its functions and activities critical for the 

understanding and management of cancer. In response to cellular stresses, p53 is 

activated and can mediate cell cycle arrest and/ or apoptosis via the upregulation of 

numerous target genes. Here, we have identified EphA2 as a target gene of the p53 

family, that is, p53, p73, and p63. We also found that an increase of EphA2 transcript 

levels correlated with an increase of EphA2 protein_ e?'pression, and induction of EphA2 

in response to DNA damage corresponded with p53 activation. Furthermore, we 

identified a p53 response·elementlocated within the EphA2 promoter that is responsive to 

wild-type p53, p73, and p63, but not mutant p53 .. Interestingly, the ligand for EphA2, 

ephrin-Al, is also regulated by p53. EphA2 and ephrin-Al are members of the Eph 

family of receptor tyrosine kinases and ligands, which are implicated in a number of 

developmental processes. To analyze the role ofEphA2 in p53-mediated tumor 

suppression, we generated stable cell lines capable of expressing exogenous EphA2 in a 

tetracycline-repressible system. We found that EphA2 expression resulted in an increase 
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in apoptosis. Thus, we hypothesize that the activated EphA2 may serve to impair anti

apoptotic signaling, perhaps by disrupting focal adhesions, and thereby sensitize cells to 

pro-apoptotic stimuli. 
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INTRODUCTION 

Mutations in the p53 tumor suppressor protein are found in more than 50% of all 

human cancers (44, 45). Wild-type p53 contributes to the maintenance of normal cell 

growth and homeostasis by regulating cell cycle arrest and apoptosis (for reviews, see 46-

48). As a mediator of these cellular activiti~s,. p~3.has earned the title of gatekeeper for 

growth and division ( 46). In response to cellular stresses such· as.DNA damage, heat, 

. . . 

hypoxia, and nutrient depletion, p53 is activated ~nd induces .an array of downstream 

target genes that execute diverse cellular pathways. Among these are p21 w AFI, a potent 

inducer of cell cy<;le arrest (50, 51), and Bax (52) and MCGlO (91), initiators ofthe 

apoptotic cascade. 

A family ofp53-related genes has recently emerged with the discovery ofp73 and 

p63 (61-65, 67-71). p73 and p63 are homologous to p53 within domains critical for p53 

activity, that is, the activation domain, the DNA binding domain, and the oligomerization 

domain (56, 57, 60). p73 and p63 have been shown to transactivate a n"!l111ber ofp53 

target genes, as well as induce cell cycle arrest and apoptosis (68, 71-75). p73 and p63 

exist in multiple isoforms, each differing in the length of their C-termini (57, 58, 60). 

Transcription from an alternative start site within intron 3 can produce N-terminal 

truncations (LlN) of both p73 and p63 (66, 71). These ~N variants lack the acidic N-

terminus corresponding to theN-terminal activation domain.ofp53. ~Np73 and LlNp63 

are therefore thought to be transcriptionally inactive and act as dominant negative 

isoforms (66, 71). However, evidence exists that additional activation domains are 



65 

present within the p53 family proteins (75, 80-82). Two activation domains have been 

found in the p53 N-terminus (80, 81), and a C-terminal regulatory domain within p73 can 

enhance the protein's ability to induce apoptosis (82). Furthermore, a second activation 

domain within theN-terminus of ~Np63a renders the protein transcriptionally active and 

capable of inducing cell cycle arrest and apoptosis (75). Consequently, the .activities and 

functions of p53 family members and their ~N variants need further examination. 

A cell's ability to modulate activity in response to environment~! cues often relies 

upon the transduction of extracellular signals via plasma membrane proteips. One such 

class of these proteins is the Eph family ofreceptor tyrosine kinases. Consisting of at 

least 14 distinct receptors and eight membrane-bound ligands, known as the ephrins, the 

Eph family is the largest family of receptor tyrosine kinases (7}; . Eph proteins are divided 

into two subfamilies: the EphA receptors (Al-A8) that bind glycosyl 

phosphatidylinositol (GPI)-linked ephrin-A ligands (Al-AS), and.the EphB receptors 

(Bl-B6) that bind transmembrane ephrin-B ligands (Bl-B3) (7). The only known 

crosstalk between the A and B subfamilies occurs with the EphA4 receptor, which can 
' 

bind ephrins-B2 and -B3 as well as the entire A subclass (8, 9). There is a great deal of 

redundancy of receptor-ligand binding specificity within each subfamily, although 

binding affinities vary (8, 10). ., •i ~; 

Eph receptors and their ephrin ligands are expressed in most embryonic tissues at 

regions of cell-cell contact (8). Complementary expression ofrec~ptors and ligands is 

thought to allow Eph-ephrin interactions to mediate cell sorting and prevent 



intermingling of distinct cell populations (16, 17). Additional studies have implicated 

the graded distributions of Eph receptors and ephrin ligands in the topographical 

guidance of migrating neurons (9, 18-20). Although Eph family members are well 
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characterized for their roles and widespread expression in embryonic development (9, 10, 

131, 132), in the adult, expression of the EphA2 receptor is round predqminantly in 

epithelial tissues (28). Recent evidence implicates activated EphA2 as a negative 

regulator of cell adhesion and proliferation via the disruption of focal adhesions and the 

inhibition of the Ras/MAPK pathway (23, 40, 41). 

Here we show that p53 regulates the EphA2 receptor tyrosine kinase. We 

demonstrate that EphA2 is also regulated by other members of the p53 family, that is, 

p73 and p63. Act_iv~tion ofEphA2 was induced by DNA damage in a time-dependent 

manner that correlated with stabilization ofp53. A p53 response element located within 

the EphA2 promoter is responsive to wild-type p53, p73, and p63, but not mutant p53 or 

p73. By generating stable H1299 and MCF -7 cell lines that inducibly express EphA2 

under a tetracycline-repressible promoter, we found that EphA2 inhibits cell proliferation 

by inducing apoptosis, as measured by DNA histogram analysis and ap~ptotic cell 

staining assays. Furthermore, we found that ephrin-A1, a cognate ligand for EphA2, is 

regulated by both p53 and p73. These findings implicate the EphA2.receptor tyrosine 

kinase, and possibly o~her members of the Eph family of rec~ptors and ligands, as 

mediators ofp53-,induced apoptosis. 
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RESULTS 

Upregulation of EphA2 by p53 family members 

To identify novel target genes regulated by p53, we performed Clontech PCR

select eDNA subtraction (Clontech Laboratories; Inc., Palo A~to, CA) using mRNA 

isolated from p53-3 cells, a derivative of the H1299 cell line generated to inducibly 

express wild-type p53 under the control of a tetracycline-repressible promoter. Several 

eDNA fragments representing potential p53 target genes were isolated, and subsequent 

sequencing revealed EphA2 as a potential target ofp53 induction. To confirm the 

regulation of EphA2 by p53, we performed a series ofNorthem blot analyses using total 

RNA from cell lines of various p53 status. p53-3 and p53(R249S)-4 inducibly express 

wild-type and mutant p53, respectively, in p53-null H1299 cells (55, 128). Similarly, 

p53-7 inducibly expresses wild-type p53 in p53-null Saos-2 cells. We found that 

induction of wild-type p53 in p53-3 and p53-7 cell lines resulted in an increase in EphA2 

transcript levels (Figure 13A, upper panel, compare lanes 2 with 1, 6 with 5). However, 

expression of mutant p53 did not increase EphA2 transcript levels (Figure 13A, upper 

panel, compare lane 4 with 3). Similarly, treatment of cell lines containing endogenous 

wild-type p53 (HCT116, 80S14, and LS174T) with the DNA damaging agent 

camptothecin resulted in an increase in EphA2 transcript levels (Figure 13B, upper panel, 

compare lanes 2, 4, and 8 with lanes 1, 3, and 7, respectively). However, EphA2 

transcript levels were not increased in a wild-type p53 cell line expressing human 

papilloma virus (HPV}-d.erived E6 protein·{~CT116-E6), which targets p53 for 

ubiquitin-mediateddegradation (125) (Figure 13B, upper panel, comp~e lane 6 with 5). 

Additionally, the treatment of a p21 w AF
1-null cell line (80S 14) with camptothecin 



Figure 13: Wild-type, but not mutant,p53 can induce EphA2. (A) Inducible p53 

upregulates EphA2 transcript. Transcript levels ofEphA2 (upper panel), p21 WAFI 

(lower panel), and GAPDH (lower panel) in p53-inducible cell lines were determined 

by Northern blot analysis using 10 J.Lg total RNA. Total RNA was purified from p53-3, 

p53-7, and p53(R249S)-4 cells that were uninduced (-)and induced(+) by tetracycline 

withdrawal for 24 hours. The relative fold increase in mRNA expression is shown 
,, 

numerically below the upper panel. (B) Endogenous p53 upregulates EphA2 

transcript. Transcript levels ofEphA2 (upper panel), p21 WAFI (lower panel), and 

GAPDH (lower panel) were determined by Northern blot analysis using 10 f.Lg total 

RNA. Cells were untreated(-) or treated(+) with camptothecinfor 24 hours. The 

relative fold increase in mRNA expression is shown numerically below the upper panel. 

(C) p53 upregulates EphA2 protein expression. Protein levels of EphA2 (upper panel), 

p53 (middle panel), and actin (lower panel) were determined by Western blot analysis. 

Cell extracts were prepared from p53-3 and p53 (R249S)-4 cells that were uninduced (-) 

or induced(+) by tetracycline withdrawal for 24 hours, and from HCT116 and 

HCT116-E6 cells that were untreated(-) or treated(+) with camptothecinfor 24 hours. 

The upper portion of the blot was probed with anti-EphA2 antibody C-20, the middle 

portion of the blot was probed with anti-p53 antibodies, and the bottom portion of the 
{~;;- ·• 

blot was probed with anti-actin antibody. The relative fold increase. in protein 

expression is shown numerically below the upper panel. 
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resulted in an increase in EphA2 transcript levels (Figure 13B, upper panel, compare 

lane 4 with 3), suggesting that the upregulation of EphA2 is p21 WAFI_independent. 

Levels ofp21WAFJ transcript were assayed as a positive control for wild-type p53 

activation, and GAPDHlevels were assayed as a loading control (Figure 13A and B, 

lower panels). 
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Next, we determined whether an increase of EphA2 transcript levels correlates 

with an increase in EphA2 protein levels. Tetracycline withdrawal induced exogenous 

p53 in p53-inducible cell lines (Figure 13C, middle panel, compare lanes 2 with 1, 4 with 

3), and treatment with camptothecin induced endogenous p53 (Figure 13C, middle panel, 

compare lane 6 with 5). Treatment of the HPV-E6-expressing cell line HCT116-E6 with 

camptothecin, however, did not increase. levels ofp53 (Figure 13C, middle panel, 

compare lane 8 with 7). We found that induction of wild-type p53 correlated with an 

increase in EphA2 protein levels (Figure 13C, upper panel, compare lanes 2 with 1, 6 

with 5); however, induction ofmutarit p53 did not result in an increase in EphA2 protein 

levels (Figure 13C, upper panel, compare lane 4 with 3), nor did treatment ofHCT116-

E6 with camptothecin (Figure 13C, upper panel, compare l(lne 8 with 7). Levels of actin 

were determined as a loading control (Figure 13C, lower panel). 

The p53 homologs p73 and p63 have been shown to transactivate reporter 

constructs containing p53 response elements and differentially activate a number of 

endogenous p53 target genes (68, 71-75). To examine whether EphA2 is regulated by 

other members of the p53 family, we performed Northern blot analysis with an MCF-7 

cell line generated to inducibly express p73 ~- This unique cell line is capable of co

expressing p73~ by withdrawal of tetracycline and endogenous p53 by treating the cells 
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with camptothecin. We found that like p53, p73B was able to increase EphA2 

transcript levels (Figure 14A). Co-expression ofp73B and p53 produced an additive 

induction of both EphA2 transcript and protein levels (Figure 14A, B). To determine 

whether p63 can also regulate EphA2, we performed Western blot analysis using cell 

extracts from an H1299 cell line that inducibly expresses p63a. We found that like p53 

and p73, p63a was able to increase EphA2 protein expression (Figure 14C). 

DNA damage induces EphA2 phosphorylation 

Phosphorylation of receptor tyrosine kinases is indicative of activation of the 
; 

catalytic domains (1). To determine whether EphA2 is phosphorylated in response to 

DNA damage, we immunopreGipitated EphA2 from cells treated with the DNA damaging 

agent camptothecin '(Figure 15A). In HCT116 and MCF -7 cells, both of which -~ontain 

endogenous wild-type p53, EphA2 protein levels were increased upon treatment with the 

DNA damaging agent camptothecin ( +) for 24 hours (Figure 15A, lower panel). When 

celllysates were immunoprecipitated with_anti-phosphotyrosine ~ntibodies, we found that 

phosphorylated EphA2 was increased upon DNA damage (Figure 15A, upper panel). 

Since upregulation ofEphA2 is p53-dependent in HCT116 cells (see Figure 14B), we 

further characterized the activation of EphA2 in HCT116 cells treated with camptothecin 

for 0, 2, 4, 6, 8, 12, 18, and 24 hours. We found that accumulation ofp53 led to 

increased levels of EphA2 expression (Figure 15B). Furthermore, EphA2 

. 
phosphorylation was increased in cells treated with camptothecin (Figure 15C). The 

increase in tyrosine-phosphorylated EphA2 appears to peak and,stabilize between 6 and 8 

hours after DNA damage (Figure 15C, bottom). 



Figure 14: p73 and p63 can induce EphA2. (A) Northern blots were prepared using 

10 f..lg of total RNA isolated from M7-p73f3-38, an MCF-7 cell line capable ofinducibly 

expressing p73f3. p73f3 was induced(+) by tetracycline withdrawal for 24 ho,urs, and 

endogenous p53 was induced(+) by camptothecin treatment for 24 hours. The blots 

were probed with cDNAs corresponding to the genes as indicated to the right of each 

blot, and mRNA levels were normalized to GAPDH (lower panel). The fold increase in 

EphA2 mRNA expression is shown numerically below the upper panel. (B) Western 

blots were prepared using M7-p73{3-38 cell extracts. p73f3 and p53 were induced as in 

(A). The blots were probed with anti-EphA2 monoclonal (Inti body D7, anti-

hemagglutinin (HA) antibody 12CA5 to detect HA-taggedp73f3, anti-p53 monoclonal 

antibody Pab240, anti-p21 antibody C19, and anti-actin antibody. The fold increase in 

EphA2 protein expression is shown numerically below the EphA2 panel. (C) Protein 

levels of EphA2 (upper panel), p63 a (middle panel), and actin (lower panel) in the 

p63 a-inducible cell line p63 a-14 were assayed by Western blot analysis. Cell extracts 

were prepared from uninduced cells(-) and cells induced to express p63a (+)for 24 

hours. The upper portion of the blot was probed with anti-EphA2 monoclonal antibody 

D7, the middle portion of the blot was probed with anti-myc antibody 9E1 0.2 to detect 

myc-tagged p63 a, and the bottom portion of the blot was probed with anti-actin 
l 

antibody. The fold increase in EphA2 protein expression is shown numerically below 

the upper panel. 
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Figure 15: DNA damage induces phosphorylation of EphA2. (A) Western blots were 

prepared using anti-phosphotyrosine (upper panel) and anti-EphA2 (lower panel) 

immunoprecipitates from HCT 116 and MCF-7 cells treated with 3 00 nM camptothecin 

(CPT) for 24 hours. The b1ots were probed with anti-EphA2 antibody C-20. The fold 

increase in EphA2 and phosphorylated EphA2 is shown numerically below ea_ch blot. 

(B) EphA2 and p53 protein levels are increased upon DNA damage. Western blots 

were prepared using extracts from HCT 116 cells treated with 3 00 nM camptothecin for 

the indicated times. The upper portion of the blot was probed with anti-EphA2 antibody 

C-~0, the middle portion of the blot was probed with anti-p53 antibody Pab1801, and 

the bottom portion of the blot was probed with anti-actin antibody. (C) EphA2" 
. I 

phosphorylation is induced by DNA damage. Western ~lots were prepared using anti-

phospho tyrosine and anti-EphA2 immunoprecipitates from HCT116 celllysates treated 

with 3 00 nM camptothecin for the indicated times. The blots were probed with anti-

EphA2 antibody C-20. Levels of tyrosine-phosphorylated EphA2 (PY-EphA2) were 

normalized to total EphA2 protein levels, and (he fold increase from multiple ECL 

exposures is shown graphically below. 
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Id~ntification of a p53 response element within the EphA2 promoter 

To further confirm that EphA2 is a true target of the p53 family, we determined 

whether a p53 response element exists wit~?-in the EphA2 promoter. To do this, we 

screened a human bacterial artificial chromosome·(BAC) library with an EphA2 eDNA 
I . 

probe. A BAC clone containing the EphA2 gene was identified, and approximately 4.0 

kb of genomic DNA in the promoter region of the EphA2 gene was sequenced. We 

found one potential p53 response elem~nt (CACCATGTTG gee AGGCATGTCT), which 

is located 1,678 nucleotides (nt) upstream of the EphA2 open reading frame (Figure 

16A). 

To test whether p53 family members can transactivate gene expression via this 

putative p53 response element, we performed luciferase reporter assays. The 23-bp . 

. response element was cloned upstream of the c-fos minimal promoter and a firefly 

luciferase reporter gene (110), and the reporter vector was designated p53RE. p53RE 

was cotransfected into H1299 cells with either a pcDNA3 control vector, a wild-type p53 

vector, or a mutant p53 vector. We found that the luciferase activity of the p53RE 

reporter construct was significantly increa~ed when cotransfected with wild-type p53, but 

not mutant p53 or a control vector (Figure 16B). Similarly, transfectiort ofp53RE with 

wild-type p73a and p73~ resulted in an increase in luciferase activity relative to mutant 

p73a anq p73~ or a control vector (Figure 16C). p53RE luciferase activity was also 

increased when cotransfected with p63a, p63y, and ilNp63y (Figure 16D). Mutation of 

critical residues within the potential p53 response element (CACAATITTG gee 

AGGAATITCT; mutated residues in bold and italics) abrogated the ability ofp53 family 

members to transactivate the mut-p53RE reporter construct (Figure 16B, C,.and D). 



Figure 16: A p53 binding site in the EphA2 promoter is responsive to p53 family 

members. (A) Schematic representation of the EphA2 promoter. A potential p53 

response element was located 1, 678 nt upstream of the EphA2 translational start codon 

. (ATG). Critical residues are in bold (B) The potential p53 binding site is responsive to 

wild-type p53 in vivo. The 23-base pair-response element was cloned upstream of the c-

fos minimal promoter and a firefly luciferase reporter gene, and the reporter vector was 

designated p53RE. Critical C and G residues within the p53 response element were 

mutated to A and T, respectively, and the resulting oligomer was cloned into a 

luciferase reporter vector as above and designated mut-p53RE. p53RE or mut-p53RE · 

were cotransfected into H1299 cells with either pcDNA3 empty vector control or a 

vector expressingp53 or mutant p53(R175H). Measurements were taken from three 

separate experiments and normalized with constitutive expression of Renilla luciferase. 

(C and D) The potential p53 binding site is responsive to p73 and p63 in vivo. As in 

(B), p53RE or mut-p53RE luciferase reporter vectors were cotransfected with pcDNA3 

empty vector control or a vector that expresses p73a, mutant p73a-292, p73{3, mutant 

p73{3-292, p63a, L1Np63a, p63y, or L1Np63y. Measurements were taken from three 

separate experiments and 7J-Orma~ized with constitutive expression of l,?.enilla luciferase . 

. .. (E) p53 family members can. acti~aie the EphA2 promoter. Approximately 2. Q kilo bases 

of EphA2 promoter were c_loned into a promoter-lessJuciferase reporter vector, and the . -~ . 
···-i 

. ., ' .· 
:·resulting construct was designated EphA2-luc. EphA2-luc was cotransfected wi~h · 

: pcDNA3 empty vector conrrol or a vector that expres~es one of the p53 family members 
. . . 

as shown. Measurements were taken from three separate experiments and normalized 

with constitutive expression of Renilla luciferase. 



Fold Increase in t:d ~ > 
Relative Luciferase Activity 

. I . 
~ ~ !:'-) !:'-) I /~ 0 VI 0 VI 0 VI 

n 
(1 

pcDNA3 > 
~ 

~ ~ 
Vl ~ 
w p53 ~ 

§ 
I 

.......... 0 

"" CTCI 

p53(Rl75H) 
-.J 0 
00 0 

t::::S > .-+- 0 
0 

§ pcDNA3 I \~ M-
I 

... 
~ 
Vl p53 :,, 
w 4 ,, 

§ '« 

p53(R175H) "" 
~ 

+ .......... 

I=$ 
.-+-

w 



Fold Increase in 
Relative Luciferase Activity 

tv w ~ 
w 

0 0 
0 0 0 0 0 

pcDNA3 
~ p63a 
Ul. 
(..;,) 

Lili"p63a § 
p63y 

~Np63y 

~ 
pcDNA3 

p63a M 
I 

~ Lili"p63a Ul. 
(..;,) 

p63y § 
~Np63y 

·e; 

w 
Ul 
0 

~ 
Ul. 
(..;,) 

~ 
trl 

~ 
M 

I 

~ 
Ul. 
(..;,) 

~ 
trl 

pcDNA3 
p73a 

p73a-292 

p73~ 

p73~-292 

pcDNA3 

p73a 

p73a-292 

p73~ 

p73~-292 

0 

Fold Increase in 
Relative Luciferase Activity 

n . 



pcDNA3 
p53 
p53(R175H) 

zy p73a 
::r p73a-292 
> p73~ N 

I 

p73~-292 1---1 
~ 
0 

p63a 
LlNp63a 
p63y 
ilNp63y 

0 

t 

Fold Increase in 
Relative Luciferase Activity 

N ~ 

tr1 . 
0\ 



83 

To determine whether p53 family members can transactivate the potential p53 

response element within its natural promoter, we cloned "-2.0 khofthe EphA2 promoter, 

including the potential p53 response element, into a promoter-less luciferase reporter 

vector. The resulting construct was designated EphA2-luc. As shown in Figure 16E, 

p53, p73~, p63a, and p63ywere able to increase the luciferase activity ofEphA2-luc. 

However, the luciferase activity for EphA2-luc was not significantly increased by 

p53(R175H), p73a, p73a-292, p73 ~-292, ~Np63a, and ~Np63y (Figure 16E). 

Interestingly, simultaneous expression of p53 and p73 ~ resulted in a less-than-additive 

transactivation of the EphA2-luc reporter (data not shown). 

EphA2 induces apoptosis 

Many p53 target genes are regulators of cell growth ( 46). To determine if EphA2 

expression can influence cell growth, we generated H1299 and MCF-7 cell lines that 

inducibly express EphA2 under a tetracycline-repressible promoter. Representative cell 

lines, H1299/EphA2-23 and MCF-7/EphA2-116, are shown in Figure 17A. In this 

system, removal of tetracycline from the culture media induced expression of EphA2 

(Figure 17A, upper panel, compare lanes 6 with 5, 8 with 7). The level ofEphA2 in 

H1299/EphA2-23 cells was comparable to that induced by p53 in HCT116 cells (Figure 

17 A, upper panel, compare lanes 2 and 6), whereas the level of EphA2 in MCF -7 /EphA2-

116 cells was greater than that induced by p53 in HCT116 and MCF-7 cells (Figure 17A, 

upper panel, compare lanes 2, 4, and 8). The levels of camptothecin-induced and 

tetracycline-regulated p53 were also analyzed (Figure 17 A, middle panel), and the levels 

of actin were determined as a loading control (Figure 17 A, lower panel). To determine 



Figure 17: EphA2 negatively regulates cell proliferation. (A) Levels of EphA2 

(upper panel), p53 (middle panel), and actin (lower panel) proteins were assayed by 

Western blot analysis. Cell extracts were prepared from HCT116 cells that were 

untreated(-) or treated with camptothecin (+)for 24 hours (lanes 1 and 2, 

respectively), MCF-7/p53-24 cells that were uninduced (-)or induced to express p53 

(+)for 24 hours (lanes 3 and 4, respectively), and H1299/EphA2-23 cells (lanes 5 and 

6) and MCF-7/EphA2-116 cells (lanes 7 and 8) that were uninduced (-) or induced to 

express EphA2 (+)for 24 hours. The upper portion of the blot was probed with anti-

I 

EphA2 antibody, the middle portion of the blot was probed with anti-p5 3 antibodies, 

and the bottom portion of the blot was probed with anti-actin antibody. (B) 

Upregulated EphA2 is hyperphosphorylated Western blots were prepared using anti-

phospho tyrosine immunoprecipitates from MCF-7 /EphA2-116 and H1299/EphA2-23 

cells that were uninduced (-) or induced to express EphA2 (+)for 24 hours. Blots were 

probed with anti-phospho tyrosine antibodies or anti-EphA2 antibody. (C and D) 

Growth rates of the H1299/EphA2-23 cell line (C) and the MCF-7/EphA2-116 cell line 

(D) under both uninduced (D) and induced(+) conditions were measured as described 

in Materials and Methods. *, P< 0. 01. 
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whether the overexpressed EphA2 is tyrosine-phosphorylated, we performed an 

im.munoprecipitation assay followed by Western blot analysis. We found that the 

overexpressed EphA2 in the EphA2 inducible cell lines was .also hyperphosphory lated 

(Figure 17B). 

Next, we determined whether EphA2, as a p53 target gene, can inhibit cell 

growth. We performed growth rate analysis and found that cell proliferation was 

suppressed when EphA2 was expressed (Figure 17C, D). Induction ·Of EphA2 severely 

diminished growth ofH1299 cells (Figure 17C), and EphA2 expression in MCF-7 cells 

completely abolished cell growth (Figure 17D). In Hl299 cells, inducible expression of 

p53 reduced cell proliferation to a greater extent than inducible EphA2 expression (data· 

not shown). This is most likely due to the large number of p53 target genes responsible 

for inducing apoptosis, such as BAX (52) and MCGIO (91). In MCF-7 cells, however, 

inducible expression of EphA2 reduced cell proliferation to a degree similar to that of 

inducible p53 expression (data not shown). This result is probably due to the high level 

of inducible EphA2 expression in this cell line~ The growth rates of parental cells under 

induced and uninduced conditions were nearly identical (data not shown). 

To determine whether the anti-proliferative effect ofEphA2 was due to cell cycle 

arrest, apoptosis, or both, we used DNA histogram analysis to examine the DNA content 
' ' 

ofEphA2-expressing cells~. No _significant differences in cell cycle phase distributions of 

DNA content were observed inH1299 or MCF-7 cells induced to express EphA2 

compared to uninduced cells (Figure 18A, B, and data not shown). This indicates that in 

H1299 and MCF-7 cells, expression ofEphA2 does not contribute to cell cycle arrest. To 

examine a potential role for EphA2 in the induction of cell death, we performed a trypan 



Figure 18: EphA2 induces apoptosis. (A and B) DNA content was quantified by 

propidium iodide staining of fixed cells from MCF-7 /EphA2-116 cells that were 

uninduced or induced to express EphA2 for two days. Representative DNA histograms 

are shown for uninduced (A) and induced (B) cells. (C) Hl299/EphA2-23 cells and 

MCF-7/EphA2-116 cells that were uninduced (-)or induced to express EphA2 (+)were 

stained with trypan blue dye solution. The percentage of dead cells (blue cells/total 

cells) was determined three days post-induction. 
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blue dye exclusion assay. As shown in Figure 18C, cultures induced to express EphA2 

contained. a higher percentage of trypan blue positive cells after 3 days of induction 

compared to uninduced cultures. Furthermore, an a~exin .v binding assay revealed an 

increase in the total percentage of annexin V positive cells in EphA2-expressing H1299 

cells compared to control H1299 cells (data not shown), and the death effector caspase-3 

was activated in H1299 cells in response to EphA2 expression (data not shown). These 

results suggest that EphA2 can induce apoptosis in both H1299 and MCF-7 cells. 

Ephrin-Al, a ligand for EphA2, is upregulated by p53 andp73 

It has previously been reported that ephrin-A1 and EphB4, two other members of 

the Eph family of receptor tyrosine kinases and ligands, are upregulated by exogenous 

p53 and by DNA damaging agents in human colorectal carcinoma cell lines (84). 

Interestingly, ephrin-A1 is a ligand for the EphA2 receptor (30). To determine if ephrin

Al is upregulated by p53 in H1299 cells, we performed Northern blot analysis with RNA 

from a p53-inducible H1299 cell line. Induction of p53 in this cell line resulted in a 

substantial increase in ephrin-A 1 expressi~n (Fi&ure 19, upper panel, compare lane 2 with 

1). Induction ofp73~ also resulted in an increase in ephrin-Al expression (Figure 19, 

upper pane( compare lane 4 with 3). Levels ofp21WAFI transcript were·assay~d.as a 

positive control for p53 and p73~ activation, and GAPDHlevels were assayed as a 

loading control (Figure 19, lower panel). Despite the observed upregulation of ephrin-Al 

by p53 and p73~ in H1299 and MCF-7 cells, respectively, we were unable to detect an 

induction of ephrin-Al in HCT116 cells following treatment with the DNA damaging 



Figure 19: ·Ephrin-Al is upregulated by p53 andp73. Transcript levels ofephrin-Al 
~ 1. • : 

(upper panel), p21 WAFI (lower panel), and GAPDH (lower panel) in the p53-inducible 
I 

cell line p53-3 and the p73f3-inducible cell line M7-p73f3-38 were determined by 

Northern blot analysis using 10 J.lg total RNA. Total RNA was purified from p53~3 and 

M7-p73f3-38 cells that were uninduced (-)or induced(+) by tetracycline withdrawal for 

24 hours. 
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agent camptothecin (data not shown). Taken together with the finding that ephrin-Al 

induction by the DNA damaging agent adriamycin appears to be p53-independent (84), 

the lack of induction by camptothecin indicates that the p53/ephrin-Al signaling pathway 

is altered in HCT116 cells. 

Subsequent.Northem blot analyses with other Eph family members revealed an 

upregulation of ephrin-Bl by wild-type, but not mutant, p53 (data not shown). We also 

found that EphA3 and EphB2 were not induce~ by p53 in H1299 (data not shown), and 

ephrin-A4 and ephrin-A5 were undetectable in this cell line (data not shown). 

Furthermore, we found that EphB4 is .not induced by p53 in H1299 cells (data not 

shown). Although EphB4 is upregulated by p53 in DLD-1 colorectal carcinoma cells 

(84), the lack of EphB4 induction in H1299lung carcinoma cells is probably due to 

differences between.the two cell types. In addition, potential p53 response elements are 

present within the promoter regions of both ephrin-Bl and EphB4 (data not shown). 

DISCUSSION 

Here we have demonstrated that EphA2 is a target gene of p53 family members, 

that is, p53, p73, and p63. We have shown that both transcript and protein levels of 

EphA2 are increased when wild-type p53 or isoforms ofp73 and p63 are expressed, and 

EphA2 activation correlates with p53 stabilization in response to DNA damage. A p53 

binding site located within the EphA2 promoter was found to be responsive to wild-type . 

p53, p73, and p63, but not mutant p53 or p73. We have also found that EphA2 

suppresses cell proliferation and induces apoptosis when overexpressed. Furthermore, 
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during the preparation of this manuscript, Zhao et al. (85) reported, using 

oligonucleotide microarray analysis, that the EphA2 receptor tyrosine kinase is 

upregulated by p53 and DNA damage. 

We have shown that p53 family members are capable oftransactivating a 

luciferase reporter under the control of the putative p53 response element from the EphA2 

promoter. We have also shown that the luciferase reporter under the control of the 

putative p53 response element was more strongly transactivated than that under the 

control of the EphA2 promoter (see Figur~ 16). This is most likely due to in vivo effects 

of chromatin remodeling. It is well established that the activation of transfected promoter 

constructs does not always properly reflect the activation o.f endogenous genes (116) 

because chromatin remodeling may exert an effect in vivo. Chromatin structure and 

DNA-binding proteins may contribute to a higher order genomic structure within the 

EphA2 promoter, which is absent in the smaller constructs containing only the p53 

response element. Therefore, it is likely that-luciferase assays utilizing the entire EphA2 

promoter construct more closely resemble the activation of the endogenous EphA2 gene. 

Interestingly, simultaneous expression ofp53 and p73~ resulted in a less-than-additive 

induction of the luciferase activity for the EphA2-luc reporter vector. This suggests that 

additional p53 response elements may be present within the endogenous promoter that 

are not present within the "'2.0 kb of promoter used for the experiment. Furthermore, the 

! 

luciferase experiments were conducted in H1299 because they lack expression of 

endogenous p53 family members. The additive effect of EphA2 induction by p53 and 



p73~, however, was observed in MCF-7 cells (see Figure 14A and B). Therefore, the 

additive effect of EphA2 induction may be cell type specific. 
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EphA2 has previously been shown to associate with focal adhesion kinase (F AK) 

( 40), a non-receptor tyrosine kinase implicated in the regulation of anchorage-dependent 

cell survival (reviewed in 131). Activation ofEphA2, however, results .in the 

dephosphorylation and inactivation ofF AK, most likely by the recruitment of SHP2 

protein tyrosine phosphatase (40). ·Inhibition ofFAK signaling causes cells to undergo 

. apoptosis ( 134 ), whereas constitutive activation ofF AK protects MDCK cells from 

apoptosis caused by loss of contact with the extracellular matrix (135). Furthermore, the 

transduction of extracellular matrix survival signals through F AK can suppress p53-

mediated apoptosis (136) and induce inhibitor-of-apoptosis proteins (137). We have 

shown here that an upregulation ofEphA2 results in an increase in apoptosis, probably 

through the disruption ofFAK signaling. Although it_is not yet known whether other 

members of the Eph family can interact with F AK or induce apoptosis, the upregulation 

of ephrin-A1 (this study, 81), EphB4 (84)~ and ephrin-B2 (this study) by p53 suggests 

that Eph family members share a conserved pathway that sensitizes cells to apoptosis. 

Interestingly, a recent publication by Miao et al. (41) showed that EphA receptors inhibit 

the Ras/MAPK pathway. However, the EphA2-dependent inhibition of the Ras/MAPK 

pathway did not result in an increase in apoptosis ( 41 ), which suggests ~hat Ras/MAPK 

inhibition is not responsible for the increase in apoptosis seen in our EphA2-inducible 

cell lines. 
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EphA2 has been shown to be regulated by the cell adhesion receptor E-cadherin 

(23). At regions of cell-cell contact, known as adherens junctions, E-cadherin contributes 

to stable cell adhesions by forming homotypic complexes with other E-cadherin 

molecules from adjacent cells (138). However, disruption ofE-cadherin function in a 

tumor cell can lead to aggressive cell migration characteristic of metastasis (for review, 

see 137). Interestingly, Zantek et al. (23) found that inhibition ofE-ca~herin-mediated 

adhesion results in the altered distribution and inactivation ofEphA2. Additionally, 

EphA2 has been shown to inhibit cell spreading and migration ( 40), which suggests that 

EphA2 and E-cadherin are components of a common signaling pathway. Although it was 

shown that EphA2 and E-cadherin colocalize to regions of cell-cell contact (23), it 

remains to be determined if EphA2 physically interacts with E-cadherin or other proteins 

found in adherens junctions. Furthermore, it is not yet known whether activity of other 

Eph family members is regulated by E-cadherin. 

We have shown here that the EphA2 receptor tyrosine kinase is upregulated and 

activated by members of the p53 family, and we have located a p53 binding site within 

the EphA2 promoter that is responsive to p53 family proteins. We have also 

demonstrated that the decreased proliferation ofEphA2-expressing H1299 and MCF-7 

cells is due to an increase in apoptosis. Although the exact mechanism of EphA2-

induced apoptosis is not yet clear, we speculate that the EphA2-mediated inactivation of 

F AK may contribute to an increased sensitization of cells to apoptosis. Further, the 

apparent role of Eph proteins in cell migration suggests that the inactiv~tion of EphA2 in 



cancer may play a role in the progression of relatively benign tumors to invasive, 

metastatic carcinomas. 
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MATERIALS AND METHODS 

Plasmids 

EphA2 eDNA was excised from pNeoMSV -EphA2 (kindly provided by T. 

98 

Hunter) and cloned into a tetracycline-repressibie expression vector, pUHD10-3, at its 

BamHI site. The resulting plasmid was used to generate cell lines that inducibly express 

EphA2. 

Cell Culture and Cell Lines 

H1299 is a p53-null non-small cell lung carcinoma cell line. MCF-7 is a breast 

adenocarcinoma cell line that contains endogenous wild-type p53. Cells were cultured in 

Dulbecco's Modified Eagle's Medium with 10% fetal bovine serut?. H1299 and MCF-7 

cell lines that inducibly express EphA2 were generated as described-previously-(128). 

Individual clones were screened for inducible expression of EphA2 protein by Western 

blot analysis using anti-EphA2 antibodies (see below). The H1299 cell lines that 

inducibly express wild-type p53, ~utan~ p53, and p63a are p53-3, p53(R249S)-4, and 

p63a-14, respectively, as described previously (55, 75, 128). p53-7 is a Saos-2 cell line 

that inducibly expresses wild-type p53 (128). M7-p73~-38 is an MCF-7 cell line that 

inducibly expresses HA-tagged wild-type p73~. 

RNA Isolation and Northern Blot Analysis 

Total RNA was isolated from cells using Trizol reagent (Life Technologies, Inc., 

Gaithersburg, MD). Northern blot analysis was performed as described (81). The 
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· p21WAFI and GAPDH probes were prepared as described previously (81). The EphA2 

probe was prepared from a 443-bp fragment produced from the digestion ofpNeoMSV

EphA2 with Bglll and Narl. The following eDNA probes were purchased from Genome 

Systems, Inc. (St. Louis, MO): EphA3 (GenBank #H38363), EphB2 (T78739), EphB4 

(N.76569), ephrin-Al (AA195535), ephrin-A4 (AI289508), ephrin-A5 (R99405), and 

ephrin-Bl (T65181). Relative fold increase in mRNA expression was determined by 

densitometric analysis (Alphalmager 2000, Alpha Innotech Corporation, San Leandro, 

CA). 

Western Blot Analysis 

Cells were washed and collected from plates in phosphate-buffered saline (PBS), 

resuspended with 2 x sample buffer, and boiled for 5 minutes. Western blot analysis was 

performed as described previously (128). Affinity purified anti-actin polyclonal antibody 

was purchased from Sigma Chemical Co. (St. Louis, MO). Anti-p21 polyclonal antibody 

C19 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-myc 

monoclonal antibody 9E 10.2 was purchased from American·Type Culture Collection 

(Rockville, MD). Anti-EphA2 polyclonal antibody C-20 and monoclonal antibody D7 

were purchased from Santa Cruz Biotechnology.(Santa Cruz, CA) and Upstate 

Biotechnology (Lake Placid, NY), respectively. Monoclonal antibodies used to detect 

p53 were Pab240, Pab421, and Pab1801. p73~ was detected with anti-HA 12CA5 

monoclonal antibody (Sigma Chemical Co., St. Louis, MO). Relative fold increas~ in 



protein expression was determined by densitometric analysis (Alphalmager 2000, 

Alpha Innotech Corporation, San Leandro, CA). 

lmmunoprecipitation 

100 

Subconfluent HCT116 and MCF -7 cells were untreated or treated with 

camptothecin (300 nM). Subconfluent H1299/EphA2-23 and MCF -7 /EphA2-116 cells 

were uninduced or induced to express EphA2 for 24 hours. At indicated times, cells were 

placed on ice, washed twice with cold 1 x PBS, and lysed for 15 minutes in modified 

RIPA lysis buffer (150 mM NaCl; 50 mM Tris-Cl, pH 8.0; 2 mM EDTA; 1% Triton X-

1 00; 0.5% deoxycholate; 0.1% SDS; 1mM PMSF; 2 mM leupeptin; 1:100 aprotinin; 1 

mM NaV04). After three freeze/thaw cycles and clarification by centrifugation~ about 

200 J..Lg protein in 250 J..Ll of lysate were pre-cleared with 50 J..Ll lgG-Sorb (Enzyme Center, 

Malden, MA) for 1.5 hours at 4 °C. Tyrosine phosphorylated proteins were 

immunoprecipitated at 4 oc overnight with 50 f..Ll of agarose-conjugated anti

phosphotyrosine antibodies (4G 10; Upstate Biotechnology, Lake Placid, NY). EphA2 

was immunoprecipitated with 1.0 f..Ll anti-EphA2 antibody (B2D6; Upstate 

Biotechnology, Lake Placid, NY) and 50 f..Ll50% protein-A beads (Sigma Chemical Co., 

St. Louis, MO) to capture the antibody-antigen complex. Pellets were washed three times 

with modified RIPA lysis buffer, resuspended in 50 f..Ll2 x SDS-PAGE sample buffer, 

boiled for 10 minutes, and resolved on an 8% SDS-PAGE gel. 
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EphA2 Promoter Sequencing 

Human bacteria artificial chromosome (BAC) filters (Genome Systems, St. Louis, 

MO) were probed with EphA2 eDNA according to the manufacturer's instructions. A 

positive clone was subcloned into the pZERO cloning vector (Invitrogen, Carlsbad, CA). 

at the EcoRI cloning site. Subsequent subclones were screened with EphA2 eDNA, and 

a clone containing ---4.0 kilo bases (kb) of DNA directly upstream of the EphA2 

translational start codon was identified and sequenced. 

Luciferase Assay 

The 23-bp putative p53 response element (5'-CAC CATG TTG gee AGG CATG 

TCT-3'; critical residues in bold; lower case indicates spacer residues between two half-

sites ( 140)) was cloned upstream of a minimal cfos promoter and a firefly luciferase 

gene (110), and the resulting vector was designated p53RE. Critical C and G residues 

were mutated to A and T, respectively, and the resulting oligomer (5'-CACAATTTTG 

gee AGG AATTTCT-3'; mutated residues in bold and italics) was cloned as above and 

designated mut-p53RE. 2,016 bp of EphA2 promoter, including the putative p53 

response element, was cloned into a promoter-less firefly luciferase expression vector 

I 

(pGL2-Basic; Promega, Madison, WI) and designated EphA2-luc. 2.0 J.Lg ofpcDNA3 or 

a vector expressing p53, mutant p53(R175H), p73a, mutant p73a-292, p73p, mutant 

p73P-292, p63a, ~Np63a, p63y, or ~Np63ywere cotransfected into H1299 cells with 1.0 

J.Lg of either p53RE, mut-p53RE, or EphA2-luc. For an internal control, 25 ng of the 

Renilla luciferase vector pRL-CMV (Promega, Madison, WI) were cotransfected with the 



above constructs. Transfections were performed as described ( 130), and dual 

luciferase assays were performed in triplicate according to the manufacturer's 

instructions (Promega, Madison, WI). 

Growth Rate Analysis 
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Cells were seeded at approximately 1.4 X 105 /60-mm plate with or without 

tetracycline (1.0 j..Lg/ml). The medium was replaced every 72 hours. At the times 

indicated, two plates were rinsed with PBS twice to remove dead cells and debris. Live 

cells were trypsinized, and cells from each plate were collected separately and counted 

four times using a Coulter cell counter (Coulter Corporation, Miami, FL). The average 

number of cells from each plate was used for growth rate determination. 

DNA Histogram Analysis 

Cells were seeded at 2.0 x 105 /90-mm plate, with or without tetracycline (1.0 

j..Lg/ml). Three days after plating, both floating dead cells in the medium and live cells on 

the plate were collected and fixed with 1 ml of75% ethanol for at least 1 hour at 4 °C. 

The fixed cells were centrifuged and resuspended in 0.5 ml PBS containing 20 j..Lg/ml of 

RNase A (Sigma Chemical Co., St. Louis, MO) and 50 j..Lg/ml ofpropidium iodide 

(Sigma Chemical Co., St. Louis, MO). The stained cells were analyzed in a 

fluorescence-activated cell sorter (F ACSCaliber; Becton Dickinson, Menlo Park, CA) 

within 4 hours. 
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Trypan Blue Dye Exclusion 

Trypan blue dye staining is based on the principle that certain dyes will not stain 

live, viable cells, whereas dead, nonviable cells are permeable and susceptible to staining. 

Cells were seeded at approximately 7.0 x 104/60-mm plate with or without tetracycline 

(1.0 J..Lg/ml). Three days after plating, live and dead cells from two plates were collected 

separately and mixed with an equal volume of 0.4% trypau blue dye solution (Sigma 

Chemical Co., St. Louis, MO) for 15 minutes. Stained (dead) and unstained (live) cells 

were counted using a hemacytometer, and the percentage of dead cells/total cells was 

determined by scoring an average of more thah 300 cells, twice per plate. 
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ABSTRACT 

CHAPTER3 

Receptor Tyrosine Kinase EphA2 Associates With and 

Induces Phosphorylation of Focal Adhesion Kinase 

Receptor tyrosine kinases (RTKs) play a vital role in the transduction and 

propagation of extracellular signals into the cell. Upon liga~d-induced dimerization, 

RTKs autophosphorylate an~ often become docking centers for multiple signaling 

proteins. Commonly, the extracellular signals propagated by RTKs regulate cell growth 

and differentiation, cell migration, and apoptosis. We have previously shown that the 

RTK EphA2 is upregulated by members of the p53 family, that is p53, p73, and p63. We 

found that inducible expression of EphA2 results in an increase in apoptosis in breast 

adenocarcinoma MCF-7 cells and in lung carcinoma H1299. Here, we further 

characterize an MCF -7 cell line capable of inducibly expressing EphA2. In addit!on to 

the induction of apoptosis, we found that EphA2 expression inhibited colony formation 

and sensitized cells to the DNA damaging agent camptothecin. Expression of EphA2 

resulted in a concomitant increase in the phosphotyrosine content of focal adhesion 

kinase (F AK). EphA2 was also detected in F AK immunoprecipitates. However, the 

addition of a hemagglutinin (HA) epitope to the carboxy terminus of EphA2 appeared to 

abrogate its ability to inhibit growth, which underscores the importance of an 

105 
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unobstructed carboxy terminus for EphA2 activity. Taken together, these data 

suggest that EphA2 induces apoptosis via interactions with F AK and/or by inducing F AK 

phosphorylation. 
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INTRODUCTION 

Receptor tyrosine kinases (RTKs) play an important role in the transduction of 

extracellular signals into the cell. Ligand binding to the extracellular domain of RTKs 

induces dimerization, which results in the autophosphorylation of specific tyrosine 

residues within their cytoplasmic tails (reviewed in 5). These phosphorylated tyrosine 

residues act as docking sites for adaptor and signaling proteins that contain SH2 and PTB 

domains (2). The extracellular signal is then propagated by these signaling protein~ to 

regulate a variety of cellular processes, including cell growth and differentiati~n, cell 

migration, and apoptosis. 

The Eph family of RTKs is the largest kn<?wn family of RTKs, with 14 receptors 

and eight membrane-bound ligands, known as. ephrins (7). The Eph family is divided 

into two subclasses, EphA and EphB (7). EphA receptors bind only glycosyl 

phosp~atidylinositol (GPI)-linked ephrin-A ligands, and EphB receptors bind only 

transmembrane ephrin-B ligands (7). The only reported crosstalk between subclasses 
0 

involves the EphA4 receptor, which, in addition to the entire A subclass, can bind the 

ephrin-B2 and -B3 ligands (8, 9). Receptor-ligand binding within each ~subfamily is 

highly promiscuous, although binding affinities vary for each receptor-ligand pair (8, 10). 

Eph family proteins are well known for their roles in,ew.bryonic development (for 
l' '. ~ • 

recent reviews, see 128, 139). Eph receptors and ephrin ligands are localized to regions 

of cell-to-cell contact (22) and often exhibit complementary expression on adjacent cell 

populations (8). The expression ofEph receptors and ephrin ligands in complementary 



' 1' 

(' 108 

rhombomeres (11) supports findings that Eph-ephrin interactions between adjacent 

rhombomeres mediate cell sorting and prevent intermingling between the two cell 

populations (16, 17). Additional st~dies have implicated the graded distributions ofEph 

receptors and ephrin ligands in the topographical guidance of migrating neurons (9, 18-

20). 

. Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase (NRTK) often 

localized to sites of focal adhesions (142). Integrin receptor activation or binding of 

integrins to extracellular matrix proteins results in the autophosphorylation ofFAK at 

Tyr397 (for reviews, see 87, 141), which creates binding sites for the SH2 domains ofSrc 

family NRTKs (144-147). Additional tyrosine residues on FAK are subsequently 

phosphorylated by Src, which enhances the kinase activity ofF AK protein complexes 

(148). The Src-mediated phosphorylation ofTyr925 on FAK generates a binding site for 

the adaptor protein Grb2 (149, 150), which links FAKto the mitogen-activated protein 

kinase (MAPK) pathway; however, the exact role ofF AKin MAPK activation remains 

unclear (reviewed in 149). Moreover, binding of the p85 regulatory subunit of 

phosphatidylinositol3-kinase (PI 3-kinase) to Tyr397 ofFAK, via its SH2 domain, 

stimulates PI 3-kinase activity (152). In many cell types, integrin signaling via F AK is 

important for cell survival (90). Epithelial cells grown in suspension often undergo 

apoptosis in the absence ofintegrin stimulation (153, 154), and FAK inhibition results in 
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apoptosis in cultured cells (134, 155). The role F AK plays in cell survival most likely 

involves signaling through the MAPK and PI 3-kinase pathways. 

Recently, a role for the EphA2 receptor in the negative regulation of cell growth 

has emerged. Zantek et al. found that activation of EphA2 resulted in a decrease of both 

cell-ECM adhesion and cell growth (23). EphA2 was found to associate with FAK and 

inhibit integrin signaling (40). Furthermore, Miao et al. correlated EphA2.activation with 

the inhibition of the Ras/MAPK pathway ( 41 ). EphA2 was also found to be upreguiated 

by the tumor suppressor gene p53 its related proteins p73 and p63 ( 42, 85), and EphA2 

expression induces apoptosis in MCF -7 and H1299 cells ( 42). 

Here we further characterize an MCF -7 cell line capable of inducibly expressing 

EphA2. We found that EphA2 expression inhibited colony formation and sensitized cells 

to the. DNA damaging agent camptothecin. Expression ofEphA2 resulted in a 

concomitant increase in the phosphotyrosine content ofF AK, and EphA2 was found to 

associate with F AK immunocomplexes. Furtlie~ore, the· addition of a·'hemagglutinin 

(HA) epitope at the carboxy terminus ofEphA2 abrogated the protein's ability to induce 

apoptosis, which underscores the requirement ofa functional, unobstructed C-terminus 

for EphA2 activity. 

RESULTS 

Previously, we generated MCF-7 and H1299 cell lines that inducibly express the 

EphA2 receptor tyrosine kinase in a tetracycline-repressible system (42). In this system, 

tetracycline withdrawal induced expression of EphA2 (Figure 20A). Characterization of 



Figure 20: EphA2 induces apoptosis. (A) MCF-7 /EphA2-116 cells were uninduced (-) 

or induced to express EphA2 (+)for 24 h. Cell extracts were collected and resolved by 

SDS-PAGE, and levels of EphA2 (upper panel) and actin (lower panel) were 

determined by Western blot analysis. (B) MCF-7/EphA2-116 cells that were uninduced 

or induced to express EphA2 for three days were analyzed by FA CS analysis following 

propidium iodide and annexin V staining. Representative results for uninduced cells 

(left) an.r!- induced cells (right) ~re shown. The percentages of propidium iodide positive 

cells (C) and annexin V single positive cells (D) from three separate experiments are 

shown. 
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these cell lines. implicated EphA2 as a modulator of apoptosis (42r To further 

examine the effect of EphA2 expression in MCF-7 cells, we performed a propidium 

iodide/ant:lexin V binding assay with uninduced cells (-) an~ cells induced to express 

EphA2 (+)for three days (Figure 20B). Propidium iodide staining is dependent upon the 

altered plasma membrane permeability of dead ce_lls, while &nnexin V binds to 

phosphatidylserine on the cell surface, which is an early marker for apoptosis. The 

percentage of propidium iodide positive cells increased from 7% to 14.5% when EphA2 

was expressed (Figure 20B, compare sums. of upper quadrants). Additionally, the 

percentage of annexin V single positive cells ·increased from 2.5% to 7% during EphA2 

expression (Figure 20B, compare lower right quadrants). The percentages of propidium 

iodide positive cells (Figure 20C) and annexin V single positive cells (Figure 20D) from 

three separate experiments are shown. 

To examine the effect ofEphA2 expression on colony formation, uninduced and 

induced MCF-7/EphA2-116 cells were grown for three weeks in soft agar. As shown in 

Figure 21, cells induced to express EphA2 ( +) exhibited a 60% reduction in colony 

formation compared to uninduced cells ( -). Cells induced to express the tumor 

suppressor protein p53 showed a similar reduction in colony formation compared to 

uninduced cells (Figure 21). In contrast, expression of mutant p53(R249S) did not result 

in a decrease in colony formation (Figure 21 ). 

As an effector ofp53-mediated apoptosis (42), EphA2 may serve to sensitize cells . 

to apol?totic stimuli. To test this, we performed trypan blue dye exclusion assays with 

MCF-7/EphA2-116 cells induced to express both p53 and EphA2 and/or treated with the 

DNA damaging agent camptothecin. As shown in figure 22A, p53 was induced by 



Figure 21: EphA2 inhibits colony formation. Uninduced cells (-) and cells induced 

(+)to express EphA2, wild-type p53, or mutant p53(R249S) were plated in soft agar as 

· described in Materials and Methods. The number of colonies formed under if!duced 

conditions is shown as a percentage of the number of colonies formed under uninduced 

conditions. Results shown represent three separate experiments. 
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Figure 22: EphA2 sensitizes cells to apoptotic stimuli. (A) MCF-7/EphA2-116 cells 

were uninduced (-) or induced to express EphA2· (+) in the absence (-) or presence (+) 

of camptothecin (CP!J. After 24 hours, cell extracts were collected and resolved by 

SDS-PAGE, and levels ofEphA2 (upper panel), p53 (upper middle panel), p21WAFI 

(lower middle panel), and actin (lower panel) were determined by Western blot 

analysis. (B) MCF-7 /EphA2-116 cells were uninduced (-) or induced to express EphA2 

(+)for 48 hours i'n the presence of the indicated amounts-ofCPT. The percentage of 
' ' . . 

dead, trypan blue positive cells was determined as described in·Materials and Methods. 
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treatment with 300 nM camptothecin (p53 panel, lanes 3 and 4), and EphA2 was 

induced by tetracycline withdrawal (EphA2 panel, lanes 1 and 2). Although the p53 

protein induced by 300 nM camptothecin was transcriptionally active, as demonstrated by 

·the upregulation of the p53 target gene p21 WAFl (Figure 22A, p21 WAFl panel,- lanes 3 and 

4), treatment with 300 nM camptothecin'alone was insufficient to induce cell death 

(Figure 22B). However, the percentage oftrypan blue positive cells did increase when 
. ' ·. -

excessive levels of camptothcin were present (Figure 22B, 1000 nM). As previo.usly 

reported, EphA2 expression in MCF -7 cells significantly increased the percentage of 

trypan blue positive cells (Figure 22B). Interestingly, co-expression ofp53 and EphA2 

_resulted in a cooperative increase in trypan blue positive cells (Figure 22B). 

Although the above results and previous findings secure a role for EphA2 in 

apoptosis, it is not yet clear how EphA2 induces cell death. Recently, Miao et al. 

described the interaction between EphA2 and focal adhesion kinase (F AK) and the 

disruption ofFAK signaling in response to EphA2 activation (40). To examine the status 

ofF AK in response to EphA2 expression in our MCF -7 /EphA2-116 cell line, we. 

performed Western blot analysis with cell extracts of MCF -7 /EphA2-116 cells induced to 

express EphA2 for various lengths of time. As shown in Figure 23A, EphA2 was 

induced as early as six hours post-induction, after which EphA2 protein levels appeared 

to peak and stabilize. EphA2 was also found to be hyperphosphorylated upon induction 

in this cell line ( 42). Although levels ofF AK protein remained constant, antibodies 

specific for tyrosine phosphorylated F AK (PY -F AK) were able to detect an increase in 

F AK phosphorylation in response to EphA2 induction (Figure 23A). Subsequent 

immunoprecipitation of uninduced and induced MCF -7 /EphA2-116 celllysates detected 



Figure 23: EphA2 interacts with hyperphosphorylatedFAK. (A) MCF-7/EphA2~116 

cells were induced to express EphA2 for the indicated times. Cell extracts were 

collected and resolved by SDS-PAGE, and levels of EphA2 (upper panel), tyrosine 

phosphorylated FAK (PY-FAK; upper middle panel), F AK (lower middle panel), and 

actin (lower panel) were determined by Western blot analysis. (B) Celllysates.from 

MCF-7 /EphA2-116 cells that were uninduced (-) or induced to express EphA2 (+)for 
I 

24 hours were immunoprecipitatedwith anti-FAK antibody. Immunoprecipitates were 

resolved by SDS-PAGE, and levels ofEphA2 (upper panel), and FAK (lower panel) 

were determined by Western blot a_nalysis. 
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EphA2 in anti-FAK immunoprecipitates from cells induced to express EphA2 (Figure 

23B). 

To determine if the EphA2-induced apoptosis observed in MCF-7 cells (this 

study, 42) and in H1299 cells (42) is due to a cytotoxic effect ofEphA2 overexpression, 

we generated stable H 1299 cell lines that inducibly overexpress an EphA2 protein 

containing a carboxy-terminal hemagglutinin (HA) epitope., As shown in Figure 24A, 

EphA2-HA can be detected with anti-HA antibodies in H1299/EphA2-HA-23 cell 

extracts that were uninduced (-) or induced to express EphA2-HA ( +) for 24 hours. 

Expression ofEphA2-HA had no significant effect on the growth rate ofH1299/EphA2-

HA-23 cells (Figure 24B). Furthermore, while EphA2 was found in anti-FAK 

immunoprecipitates ofMCF-7/EphA2-116 and H1299/EphA2-23 celllysates (Figure 

23B and data not shown), little if any association between the C-terminal HA-tagged 

EphA2 and F AK was observed in H1299/EphA2-HA-23 celllysates (data not shown). 

DISCUSSION 

Here we have demonstrated that the EphA2 receptor tyrosine kinase induces 

apoptosis when overexpressed in MCF -7 cells. These findings support previous reports 

that implicate EphA2 as a negative regulator of cell growth (23, 40-42}. Expression of 

EphA2 sensitized cells to the DNA damaging agent camptothecin, as shown by trypan 

blue dye exclusion assays. In addition, we found that EphA2 associates with the non-

receptor tyrosine kinase F AK, a mediator of integrin signaling. Interestingly, F AK was 

hyperphosphorylated in response to EphA2 expression. Th~se data suggest that EphA2 

induces apoptosis in part by disrupting F AK signaling. 



Figure 24: A carboxy-terminal HA tag inhibits EphA2 activity. (A) Hl299/EphA2-

HA-23 cells were uninduced (-) or induced to express EphA2-HA (+)for 24 hours. Cell 

extracts were collected and resolved by SDS-PAGE, and levels of EphA2-HA (upper 

panel) and actin (lower panel) were determined by Western blot analysis. (B) Growth 

rate analysis ofH1299/EphA2-HA-23 cells under uninduced (D) and induced(+) 

conditions were measured as described in Materials and Methods. 
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The integrin-mediated phosphorylation ofFAK on specific tyrosine residues 

is often considered a cell survival signal (for review, see 87). We found that induction of 

EphA2 resulted in F AK tyrosine phosphorylation. Despite the increase in F AK 

phosphorylation, MCF-7 cells were not only growth inhibited but also underwent 

apoptosis. This suggests that the signaling downstream ofF AK is disrupted as a result of 

EphA2 expression. The concomitant increase in F AK phosphorylation with EphA2 

induction and the presence of EphA2 in F AK immunocomplexes support the notion that 

EphA2 disrupts F AK signaling. The association of EphA2 with F AK may sterically 

inhibit the binding ofFAK-associated proteins such as Src, PI 3-kinase, or Grb2. 

Alternatively, EphA2 may alter the conformation ofF AK such that specific 

phosphorylated tyrosine resides are not accessible to other proteins. Schlaepfer et al. 

have previously shown that serum-starved fibroblasts contain high levels of 

phosphorylated FAK at Tyr397; however, under these conditions, FAK exhibits low 

levels of kinase activity and does not associate strongly with Src (156). The status of 

F AK kinase activity in the EphA2/F AK complexes is not yet determined, and it remains 

to be seen whether interactions between F AK and its associated proteins are perturbed in 

this system. 

The ability of EphA2 to interact with specific signaling proteins via its 

cytoplasmic tail may also contribute to EphA2-mediated a~pptosis. In addition to F AK 

(this study, 40), EphA2 has been shown to interact with the p85 regulatory subunit of PI 

3-kinase (157), as well as a Src-like adaptor protein (SLAP) (158). Although SLAP lacks 

a catalytic tyrosine kinase domain (158), its high degree of homology to Src family 
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. proteins suggests that other members of the Src family, such as Src or Fyn, rriay be 

able to associate with EphA2. EphA2 may serve to sequester these signaling proteins, 

including F AK, and inhibit the transduction of their signals. Moreover, the lack of 

growth inhibition during expression of the. C-terminal HA-tagged EphA2 suggests that 

the HA epitope sterically prevents the carboxy terminus of EphA2 from interacting with 

cytoplasmic proteins. 

The use of MCF-7 as the parental cell line for inducible expression of EphA2 

allows for the co-expression of both EphA2 and p53 by the. withdrawal of tetracycline 

and the addition of camptothecin, respectively (see Figure 22A). Interestingly, we found 

that expression of EphA2 resulted in the sensitization of MCF -7 cells to camptothecin 

treatment. MCF -7 cells have previously been shown to be resistant to camptothecin-

induced p53 activity (1S9), but expression of the p53 family member p73 renders MCF-7 

cells susceptible to cainptothecin-induced apoptosis in a p53-dependent manner (159). 

Although EphA2 and p73 presumably function in different pathways, they each appear to 

render the cells susceptible to p53 activity, and the inhibition ofFAK signaling by EphA2 

may contribute to the sensitization of MCF -7 cells to camptothecin. The transduction of 

extracellular survival signals through F AK has been shown to suppress p53-mediated 

apoptosis (136) and upregulate inhibitor-of-apoptosis proteins (137), whereas the 

inactivation ofF AK results in an increase in apoptosis in a p53-dependent manner (136) .. 

Therefore, the disruption ofF AK signaling by EphA2 may help to suppress signals that 

would normally inhibit p53 ·activity. 
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We have shown here that EphA2, an effector ofp53-mediated apoptosis, 

associates with F AK in MCF -7 cells. More importantly, expression of EphA2 induces 

tyrosine phosphorylation ofFAK. It is not yet clear whether the kinase activity ofFAK 

is altered due to its association with EphA2, nor is it known whether F AK associations 

with Src, PI 3-kinase, Grb2, or other proteins are perturbed in this system. However, the 

sensitization of EphA2-expressing MCF -7 cells to camptothecin, coupled with the 

interactions observed between EphA2 and FAK, suggest that the disruption ofFAK 

signaling contributes to EphA2-mediated apoptosis. 



MATERIALS AND METHODS 

Plasm ids 

The tetracycline-repressible EphA2-expression vector pUHD10-3/EphA2 was 
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generated as described previously ( 42). An EphA2 eDNA encoding a hemagglutinin 

(HA) epitope at the 3' end was generated by PCR. EphA2 eDNA was amplified with a 5' 

primer (5'-CCC ACA CCC ATG GAC TGC CCC TC-3') and a 3' prirner (5'-ACG GAT 

CCT CAA GCA GCG TAA TCT GGA ACA TCG TAT GGG TAG ATG GGA ATC 

CCC ACA G-3') designed to incorporate an HA-epitope at the C-terminus. The 

amplified PCR product was sequenced, ligated to EphA2 eDNA at its Nco I site, and 

inserted into pUHDl0-3 at its BamHI site to generate pUHD10-3/EphA2-HA. 

Cell Culture and Cell Lines 

MCF -7 is a breast adenocarcinoma cell line that contains endogenous wild-type 

p53. H1299 is a p53-null non-small cell lung carcinoma cell line. Cells were cultured in 

Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum. MCF-7 

and H1299 cell lines that inducibly express EphA2 were generated as described 

previously (42). Individual clones were screened for inducible expression ofEphA2 

protein by Western blot analysis using anti-EphA2 antibodies (see below). MCF-7 cell 

lines that inducibly express wild-type p53 or mutant p53(R249S) were generated as 

described previously (128). 
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Western Blot Analysis 

Cells were washed and collected from plates in phosphate-buffered saline (PBS), 

resuspended in 2 x sample buffer, and boiled for 10 minutes. Western blot analysis was 

performed as described previously (128). Anti-EphA2 polyclonal antibody C-20 and 

anti-p21 polyclonal antibody C19 were purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA). EphA2-HA was detected with anti-HA monoclonal antibody 12CA5 (Sigma 

Chemical Co., St. Louis, MO). Monoclonal antibodies used to detect p53 were Pab240, 

Pab421, and Pab1801. Anti-FAK antibody was purchased from Upstate Biotechnology 

(Lake Placid, NY), and antibodies specific for tyrosine phosphorylated F AK were 

purchased from Biosource International (Camarillo, CA). Affinity purified anti-actin 

polyclonal antibody was purchased from Sigma Chemical ~o·. (St. Louis, MO). 

Annexin V Binding Assay 

The annexin V staining assay for apoptosis is based on the ability of annexin V to 

bind to phosphatidylserine (PS). During apoptosis, PS flips from the inner leaflet of the 

plasma membrane to the outer leaflet (129), enabling annexin V to bind to the cell. 

Labeled with a fluorescent dye, bound annexin V is detected by flow cytometry. Cells 

were uninduced or induced to express EphA2 for three days, and both l~ve and dead cells 

were collected and washed twice with cold PBS. The cells·were resuspended in 0.1 ml of 

annexin V binding buffer and stained with propidium iodide and annexin V according to 

the manufacturer's instructions (Boehringer Mannheim, Germany). The stained cells 
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were analyzed in a fluorescence-activated cell sorter (FACSCaliber, Becton 

Dickinson, Menlo Park, CA). 

Colony Formation in Soft Agar 

Cells (5 >< 104/60-mm plate) were suspended in 3 ml DMEM/10% FBS containing 

0.35% agar, with or without tetracycline (1.0 f..Lg/ml). The n1ixture was poured over a 

layer of0.5% agar in DMEM/10% FBS, with or without tetracycline (1.0 f..Lg/ml). Cells 

were fed weekly with 2 ml DMEM/10% FBS containing 0.35% agar, with or without 

tetracycline (2.0 f..Lg/ml). After three weeks, colony formation was scored 

microscopically. 

Trypan Blue Dye Exclusion 

Trypan blue dye staining is based on the principle that certain dyes will not stain 

live, viable cells, whereas dead, nonviable cells are permeable and susceptible to staining. 

Cells were seeded at approximately 1.4 x 105 /60-mm plate and incubated overnight at 3 7 

°C. Following two washes with DMEM, cells were incubated for two days with or 

without tetracycline (1.0 f..Lg/ml). Live and dead cells from two plates were collected 

separately and mixed with an equal volume of 0.4% trypan ·blue dye solution (Sigma 

Chemical Co., St. Louis, MO) for 15 minutes .. Stained (dead) and unstained (live) cells 

were counted using a hemacytometer, and the percentage of dead cells/total cells was 

determined by scoring an average of more than 300 cells, twice per plate. 
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Immunoprecipitation. 

Subconfluent MCF -7 /EphA2-116 cells were uninduced or induced to express 

EphA2. After 24 hours, cells were placed on ice, washed twice with cold 1 x PBS, and 

lysed for 15 minutes in modified RIPA lysis buffer (150 mM NaCl; 50 mM Tris-Cl, pH 

8.0; 2 mM EDTA; 1% Triton X-100; 0.5% deoxycholate; 0.1% SDS; 1mM PMSF; 2 mM 

leupeptin; 1:100 aprotinin; 1 mM NaV04). After three freeze/thaw cycles and 

clarification by centrifugation, celllysates were.pre~cleared with Zysorbin (Zymed 

Laboratories, San. Francisco, CA) for 1 hour at 4 °C. About 3~0 J.Lg in 0.5 ml were 

immunoprecipitated with 2.5 J.Lg anti-FAK antibody (clone 2A7, Upstate Biotechnology, 

Lake Placid, NY) in the presence of 50 J.Ll 50% protein-A beads overnight at 4 °C. Pellets 

were washed three times with modified RIP A lysis buffer, resuspended in 50 J.Ll 2 x SDS

PAGE sample buffer, boiled ~or 10 minutes, and resolved 9n·an 8% SDS-PAGE gel. 

Growth Rate Analysis 

Cells were seeded at approximately 1.4 x 105/60-mm plate_with or without 

tetracycline (1.0 J.Lg/ml). The medium was replaced every 72 hours. At the times 

indicated, two plates for each time point were rinsed twice with PBS to remove dead cells 

and debris. Live cells were trypsinized, and cells from each plate were collected 

separately and counted four times using a Coulter cell counter (Coulter Corporation, 

Miami, FL). The average number of cells(+/- SEM) from each plate w~s used for 

growth rate determination. 
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CONCLUSION· 

Throughout the above work, multiple assays were employed to examine the 

effects ofp63 and EphA2 expression on cell death. Two assays in particular, the trypan 

blue dye exclusion assay and the propidium iodide/a~exin V binding a-ssay, were relied 

upon heavily to demonstrate the a~ilities of p63 and EphA2 to induce cell death. While 

staining with trypan blue dye and propidh.un iodide rely upon th~ altered permeability of 

the cell membrane, the binding of annexin V requires the presence of phosphatidylserine 

(PS) on the o~ter leaflet of the plasma membrane (129). A decreas~ in· membrane 

integrity, and hence an increase in cell membrane permeability, is often associated with 

necrosis. Therefore, the trypan blue dye exclusion assay and propidium iodide staining 

are used to measure total cell death. While these assays do not discrimi~ate between 

necrosis and apoptosis, dual staiiring with both propidium iodide and annexin V can 

differentiate between apoptotic and necrotic cells. While propidium iodide-positive cells 

represent necrotic cells, annexin V single-positive cells- represent those undergoing 

apoptosis. Annexin V single-positive cells are Gonsidered apoptotic because they have 

lost their ability to maintain PS on the inner leaflet of the plasma membrane, and they 

have not yet become necrotic as determined by the exclusion of propidium iodide. 

Expression of p63 and EphA2 results in an increase in tcypan blue positive cells, 

propidium iodide-positive cells, and annexin V single-positive cells (see Fi~ures 7, 8, 18, 
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and 20). Therefore, it can be concluded from the work above that p63a, ANp63a, 

and EphA2 can induce cell death, and these proteins appear to function through the 

induction of apoptosis. 

p63 a and Mp63 a induce cell cycle arrest and apoptosis 

Here I have demonstrated that p63a and ANp63a induce cell cycle arrest and 

apoptosis in H1299 lung carcinoma cells. Although these p63 isoforms were previously 

reported to be transcriptionally inactive and, in the case of ANp63 variants, potentially 

dominant negative (71), I have shown that p63a and ANp63a are capable of 

transactivating p53 target genes, includingp21WAFJ. I have also characterized a putative 

second activation domain located within the N-terminal26 amino acids of ANp63a. This 

activation domain appears to be responsible and necessary for the ANp63a-mediated 

transactivation of p53 target genes. 

Yang et al. pre.viously. demonstrated that C<}·expression of increasing amounts of 
> ,• • ·' 

ANp63 isoforms inhibited p63yfrom transactivating p53 response elements located 

upstream of a ~-gal reporter gene (71). Interestingly, co-expression of low levels of 

· ANp63 with p63y resulted in an initial increase in reporter gene expression (71). This 

could be due to the stabiliz~tion of p63. dimers and tetramers by the low levels of ANp63 

present. Indeed, the p63 DNA binding domain (DBD), unlike that of p53, requires 

dimerization for the recognition ofp53 binding sites (160). Interestingly, the stability of 

p63 DBD dimers exceeds that ofp53 (160). Therefore, the formation of dimers and 



tetnimers appears to be critical for p63 activity. Consequently, the effect of 

interactions between p63 isoforms on the activity of these proteins requires further 

examination. 
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As the understanding ofp63 activities expands, it is apparent that p63 and p53 · 

utilize both similar and different signaling pathways to execute their cellular functions. 

p63 isoforms can regulate some but not all of the p53 target genes (see Figure 9), and 

transcription of some p53 target genes is repressed by p63. Nishi et al. demonstrated that 

p63y is unable to bind to a p53 response element located within the promoter of the 

epidermal growth factor receptor (EGFR) gene (161). While p53 induces expression of 

the EGFR gene via this p53 binding site, transcription of this gene is repressed by p63y 

(161). The p63-mediated activation and repression ofp53 target genes 

underscores the presence of overlapping and unique functions within the p53 family. 

While the negative feedback loop observed between p53 and Mdm2 is well 

documented (103), the regulation ofp63 activity by Mdm2 is not fully understood. 

Mdm2 is upregulated by p53, and physical interaction between Mdm2 and the amino 

terminus of p53 inhibits the tumor suppressor's transcriptional activity, !results in the 

export ofp53 out of the nucleus,: and enhances the ubiquitin-mediated degradation ofp53 

(121-123). While Mdm2 is weakly upre.gulated by.p63a (see Figure 9), there have been 

conflicting reports 'regarding the ability of Mdm2 and its related proteins Hdm2 and 

MdmX to interact with and inhibit the activity of p63 proteins ( 162-164). Kadkaia et al. 

reported that both Mdm2 and MdmX inhibit p63y-mediated transactivation of target 

genes, and although p63 proteinlevels are not .affected by Mdm2 or its related proteins, 
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Mdm2 is involved in the nuclear export.ofp63 (162). However, Mdm2 has also been 

reported to have no effect on the transactivation capability ofp63 (163, 164), and Wang 

et al. demonstrated that Mdm2 does not hrlluence p63 localization (164). Consequently, 

further examination is necessary to determine whether Mdm2 and its related proteins are 

capable of inhibiting p63 activity. 

While the structural and functional similarities between p53 family members aid 

in the study of these proteins, unique attributes of the p53 homo logs add difficulty to the 

understanding of the roles these proteins play in the cell. Unlike p53, the a isoforms of 

both p73 and p63 contain sterile alpha motif (SAM) domains within the.ir carboxy tails 

(see Figure 3) (165). SAM domains are protein modules for protein-protein interactions 

(165). Little is known about how these SAM domains affect the activity ofp63 and p73, 

but they may coordinate interactions with effector proteins such as transcrip~ion factors, 

DNA-associated proteins, or other p63 and p73 proteins. The ability of the multiple p73 

and p63 isoforms, each with varying levels of activity, to form homotypic and heterotyp~c 

complexes with other p73 and p63 proteins (71, 83) lends to the complexity of analyzing 

and understanding the activity of these p53 family members. As more is learned about 

the redundant and unique roles ofp53 family proteins in both tumor suppression and 

other cellular processes, perhaps this knowledge will facilitate the development of 

anticancer therapies involving one or more p53 family member pathways. 
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EphA2 is an effector ofp53-mediated apoptosis 

I have demonstrated here that the EphA2.receptor tyrosine kinase is a target gene 

of the p53 family, that is, p53, p73, and p63. The discovery of a p53 binding site within 

the EphA2 prompter that is resp()tlsive to p53 .fainily members, ·coupled with the increase 

in both EphA2 transcript and protein levels, suggests that the regulation of EphA2 by p53 

family. members occurs at the level of transcription. The generation of EphA2-inducible 

cell lines revealed a pro-apoptotic role. of EphA2, and the detected association between 

EphA2 and F AK, along with the pyperphosphorylation ~f F AK in response to EphA2 

expression, suggest that EphA2 induces apoptosis via the disruption ofF AK signaling. 

Exactly which aspect ofF AK signaling is disrupted remains to be determined. 

The interaction between extracellular matrix (ECM) proteins and integrin 

receptors generates signals important for cell survival and growth, and these extracellular 

signals are often transmitted into intracellular signaling pathways through FAK (90). 

Integrin binding to ECM proteins induces the phosphorylation ofF AK, which in tum 

activates downstream signaling events (90). F AK phosphorylation, therefore, is 

commonly considered as a signal for cell survival (90) (Figure 25, left panel). Further 

evidence implicating F AK activation as a survival signal is evident in assays in which 

FAK activity is modified. Antisense- and antibody-mediated·inactivation ofF AK results 

in an increase in apoptosis (134, 155.), whereas constitutive ftctl.vation ofFAK leads to 

apoptosis resistance and anchorage-independent growth (135). Ff_\.K has also been shown 

to be a target of caspase-3-mediated proteolytic cleavage (166); which further suggests 

that F AK signaling is important for cell survival. 



Figure 25: EphA2 inhibits integrin-mediated F AK signaling. Engagement of integrin 

receptors with extracellular matrix (ECM) proteins induces the tyrosine 

phosphorylation ofF AK, which promotes cell survival (left). The upregulation lfnd 

activation of EphA2 by p53 family members also induces the tyro~ine phosphorylation 

of FAK; however, EphA2-induced F AK phosphorylation results in apoptosis (right). 
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Analysis of the EphA2-inducible cell lines revealed that EphA2 expression 

results in the tyrosine phosphorylation ofFAK (see Figure 23A). Despite this increase in 

F AK phosphorylation, induction ofEphA2 resultS' in apoptosis. This s-qggests that F AK 

signaling is somehow disrupted as a result of EphA2 expression. This is supported by the 

immunoprecipitation ofEphA2 with FAK antibodies (see Figure 23B). The presence of 

EphA2 in F AK immunocomplexes may sterically inhibit associations between F AK and 

other proteins, such as Src, PI 3-kinase, and Grb2. EphA2 may also induce an inactive 

conformation ofFAK such that phosphorylated tyrosine residues are not accessible to 

other proteins. Alternatively, a larger protein complex containing EphA2, F AK, and 
. . ~ 

FAK-associated proteins may be present: during EphA2 expression. Here, Src, PI 3-

kinase, or Grb2 m~y associate with the phosphorylated F AK, but the presence of EphA2 

may prevent· downstream signaling from these proteins. In this instance, F AK -associated 

proteins would be sequestered and inactivated in the EphA2/F AK complex. 

The decreased_ability of EphA2-expressing cells to form colonies in soft agar 
. . . . 

further indicates that EphA2 perturbs F AK ·~ignaling. Fris~h et al. have previously 

shown that constitutive activation ofF AK promotes anchorage-independent cell growth 

in soft agar (135). However, despite FAK phosphorylation, EphA2-expressing cells grow 

poorly'in soft agar compared to those not expressing EphA2 (see Figure 21). 

Additionally, FAK has been shown to suppress p53-mediated apoptosis (136). The 

inhibition ofF AK signaling by EphA2 may relieve the suppression of p53 activity and 

render the cells susceptible to p53-mediated apoptosis. Indeed, the degree of inhibition 

of colony formation in EphA2-expressing cells is very similar to that of p53-expressing 
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cells (see Figure 21). Moreover, EphA2 appears to render MCF-7 cells susceptible to 

p53-mediated apoptosis in response to DNA damage (see Figure 22). 

EphA2 has previously been shown to be upregulated in melanoma cell lines, 

particularly in those derived from metastases (167). Additionally, ephrin-A1 is 

associated with melanoma progression and growth ofDX3-LT5.1, a highly metastatic 

EphA2-expressing melanoma cell line (37, 167). The parental DX3 cell line contains 
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wild-type p53 (168), which may account for the induction ofEphA2 an~ ephrin-A1 

(167). Moreover, DX3 cells are capable of proliferating in the absence ofFAK 

expression ( 169), indicating that the normal apoptotic response to F AK inactivation is 

somehow disrupted. Although it is not known whether EphA2 can bind and inactivate 

F AK in these cell lines, the aberrant apoptotic signaling appears to be independent of the 

F AK inactivation. Furthermore, the lack of detectable ephrin-A 1-induced mitogenesis in 

other cells (30) indicates that the asso~iation of epln.in-A1 with melanoma progression is 

cell line or cell type specific. 

It is not known whether EphA2 directly associates with F AK or whether an 

accessory protein is required for the EphA2/F AK interaction. Deletion studies of both 

F AK and EphA2 would reveal the doll'l:ains necessary for this interaction, and further 

analysis ofF AK and EphA2 immunocomplexes would determine if additional proteins 

are required for an association between the two proteins. Whether EphA2 is directly 

responsible for the phosphorylation ofF AK remains to be seen. 

Although the precise mechanism of EphA2-mediated apoptosis is not yet known, 

it is apparent from this work and the work of others that EphA2 induces apoptosis, at 
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least in part, by disrupting F:AK signaling. EphA2 induces F AK phospllorylation, 

which, despite the known role of phosphorylated F AKin survival signaling, results in 

apoptosis (see Figure 25). It remains to be seen whether the interaction between EphA2 

and F AK involves additional proteins, nor has it been determined whether associations 

I 

between F AK and other signaling proteins are perturbed during EphA2 expression. 

Future studies should be aimed at answering these questions to obtain a complete 

understanding of the role EphA2 plays in p53-mediated apoptosis. 
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