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INTRODUCTION 

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

suppressor gene 1,2. This may explain why p53 has become one of the most well studied 

genes or proteins in scientific literature. Despite the efforts made in deciphering the 

function and significance of p53, much remains unknown about the role of p53 in the 

process of tumorigenesis and the prevention of cancer. 

Identification and classification of p53 as a tumor suppressor 

When p53 was initially des·cribed in 1979, its true identity and significance were 

not readily apparent. At the time, three independent laboratories believed that p53 was a 

viral protein that bound to SV 40 large tumor antigen 3-5. Therefore, p53 might be a 

tumor antigen of transformed cells 3~5. Five years later, p53 was labeled an oncogene 

when investigators demonstrated that p53 was endogenous to mammalian cells, and that 

both p53 genomic and cDNA clones could cooperate with the ras oncogene to transfoi:m 

primary rat embryo fibroblasts and immortalize cells in culture 6-8. Finally in 1989, _the 

scientific community realized that the p53 samples used in experiments were in fact 

mutant forms, and that wildtype p53 was neither a tumor antigen nor an oncogene, but 

rather a tumor suppressor protein. This was confirmed through its ability to inhibit, not 
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promote, ras-mediated transformation when reintroduced into p53-null cells 9, 10_ Later, 

studies established a correlation b~twe~n the incidence of cancer and the lack of 

functional p53 expression due to either missense mutations, tumor viruses, the over-

expression ~f Mdm2, or even aberrant splicing of the p53 transcript 4,5, 11-23. Since 

then, p53 has been heralded as a checkpoint protein, a tumor suppressor, and the 

"gatekeeper of the genome" 24_ 

p53 structure andfunctional domains 

The p53 gene consists of 11 exons and is localized to chromosome 17p13.1, a 

region that is frequently mutated in many human cancers including breast and colorectal 

carcinomas (Fig. 1) 1,2,25-29_ The p53 protein consists of 393 amino acids organized 

into several evolutionarily well-conserved domains that enable p53 to function as a 

sequence-specific transcription factor 25. 

At the amino terminus are two tandemly linked transactivation domains (AD), 

ADl and AD2 (Fig. 1). · ADl is located between amino acid residues 1 and 42, while 

AD2 is located between residues 43 and 63 30-35. Data show that the N-terminus binds 

) 

to both the TATA binding protein (TBP) and TAFII3 l, which are subunits of TFIID 

(Fig. 2) 13,36-40_ TFIID is a component of the basal transcription machil).ery that 

assembles at promoters to initiate gene expression. These interactions may enable p53 to 

recruit transcriptional machinery to the promoters of target genes in order to activate or 

repress their expression. This is discussed in more detail below. · 
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Figure 1. Schematic representation of the p53 locus and protein. The p53 gene is 

encoded by 11 exons spread over 19 kilobases (kb) of chromosome 17p13. l. The open 

reading frame (ORF) spans exons 2 through 11 (shaded in ·gray). The p53 protein 

consists of 6 discrete domains. Two activation domains, ADl (red) and AD2 (orange), 

are located at the amino terminus between amino acids 1 and 42, and 43 and 63, 

respectively. A praline rich domain (PRD) is located between amino acids 63 and 90 

(yellow). A DNA binding domain (DBD) is located between amino acids 100 and 300 

(green). The tetramerization domain (TD) is· located between residues 334 and 356 

(blue). The C-terminal basic domain (BD) is located from amino acids 363 to 393 

(purple). 
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Adjacent to the activation domains, within residues 64 and 90, is the praline rich 

domain (PRD) (Fig. 1) 41,42_ The PRD contains five PXXP repeats where P represents 

praline and X represents any amino acid 41,42_ Although dispensable for p53-mediated 

transactivation and cell cycle arrest, the PRD is critical for p53-mediated 

apoptosis 41,43-47_ For example, synthetic p53 mutants that lack the PRD are capable of 

inducing cell cycle arrest, but not apoptosis 43,44_ These mutants are transcriptionally 

competent and can transactivate p21, a mediator of cell cycle arrest, but are unable to 

transactivate pro-apoptotic genes, such as the PIG3 gene 43,44_ The PIG3 protein is 

homologous to the oxidoreductase proteins, and is expressed shortly before the onset of 

apoptosis 48,49_ PIG3 expression coincides with an increased production of reactive 

oxygen species (ROS), which attack and degrade components of the mitochondria 49_ 

These events are central to the process of apoptosis. The inability of PRD mutants to 

induce PIG3 expression or apoptosis suggests that the PXXP domain is necessary for p53 

to induce apoptosis. 

The sequence-specific DNA binding domain (DBD) in p53 is located between 

amino acids I 00 and 3 00 (Fig. I). This domain enables a p53 tetramer to bind 

specifically to two symmetrical 10-base pair half sites on a DNA molecule 

(Fig. 2) 29,50-54_ Studies of crystallized p53 show that p53's DBD contacts both the 

major and minor grooves of DNA using tw_o loops of a beta pleated sheet located within 

each monomer 5 5. The most frequently mutated residues of p53 are also located within 

the DBD and affect either the conformation of p53 ( conformational mutants) or the 
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Figure 2. Schematic representation of modifications to or interactions with the p53 

protein. The p53 protein interacts with many proteins that affect its activity as a 

transcriptional regulator. Through its N-terminus, p53 interacts with members of the 

basal transcriptional machinery, namely TBP and TAFII31,. to stimulate or repress gene 

expression. The N-terminus also binds Mdm2, which negatively regulates the activity of 

p53 by either masking ADl, ubiquitinating p53, relocalizing p53 to the cytoplasm, or 

interfering with p53 acetylation by p300/CBP. The adenovirus ElA protein can disrupt 

interactions between p53 and TBP by interacting with p53 through this region. The DNA 

binding domain (DBD) is important for binding to DNA, and can also bind to the SV40 

Large T Antigen. Proteins that interact with the BD, such as 14-3-3t, stabilize the p53 

protein and enhance its transcriptional activity. The BD also interacts with XPD and 

XPB, which are components of the DNA repair factor TFIIH. The p53 protein is also 

subject to a number of post-translational modifications, including phosphorylation 

(green), dephosphorylation (red), and acetylation (purple). ATM, a protein kinase of the 

PI-3K superfamily, phosphorylates p53 residue Serl5. Other unidentified kinases 

phosphorylate p53 on residues Ser 33, Ser378, and Ser386. These modifications may 

disrupt interactions between p53 and Mdm2, and the DBD and the BD. ATM also 

induces the dephosphorylation of Ser378. When phosphorylated, p53 is bound by 

acetyltransferases, such as the p300/CBP complex, and acetylated on residues Lys320 

andLys382. 
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ability of p53 (contact mutants) to bind DNA 55,56_ Because p53 target genes are 

important mediators of p53-induced cell cycle arrest and apoptosis, the inability to bind 

DNA reduces p53 's efficacy as a tumor suppressor protein. 

p53's tetramerization domain (TD) has been mapped to amino acids 334-356 
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(Fig. 1) 57-59_ Through this domain, four p53 monomers interact to form the active-p53 

tetramer 57-59_ This domain is critical for all known p53-mediated functions 46. While 

this domain is rarely mutated, the tetramerization domain may enable mutant p53 to exert 

a dominant negative effect over wildtype p53 57. The half-life of mutant p53 is longer 

than the half-life ofwildtype p53 60. Thus, when co-expressed, mutant p53 accumulates 

whereas unmodified wildtype p53 does not 60. Under these conditions, stoichiometry 

favors the mutant p53 and the inclusion of at least one mutant p53 monomer in the 

mature p53 tetramer. Where present, a single mutant p53 monomer is sufficient to 

abrogate p53 activity, as each monomer of the p53 tetramer must be functional for p53 to 

be active 58. 

The carboxy-terminal basic domain (BD) stretches from amino acids 363 to 393 

and is rich in basic residues (Fig. 1) 61 . Both in vitro and in vivo data suggest that the 

BD has several functions, including the negative regulation of p53-mediated sequence-

specific transactivation 62. Therefore, like the N-terminus of p53, the BD is subject to 

many post-translational modifications that affect the ability of p53 to activate or repress 

target genes (Fig. 2). These modifications are discussed in more detail below. 
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The BD and N-terminus may also be critical for p53-mediated repression of 

genes, including c-myc and heat shock protein 70 (hsp70) 39,63-65. Several theories 

attempt to explain how p53 may repress gene expression. First, p53 may repress gene 

expression by binding to and sequestering basal transcription machinery at the promoters 

of genes whose expression is dependent on the presence of a TATA box 39,63. For 

example, data show that p53 binds TBP at the c-myc promoter and represses c-myc 

expression, but only when added to unassembled pre-initiation complex proteins 39. · 

When p53 was added to pre-assembled pre-initiation complexes, p53 had no effect on 

c-myc expression, suggesting that TBP-p53 interactions repress gene expression by 

preventing the formation of transcription pre-initiation complexes 39. Similarly, p53 

represses hsp70 expression through interactions with the CAATT binding factor (CBF) 

and TBP at the hsp70 promoter 65,66_ However, hsp70 expression is induced by the 

adenovirus EIA protein, which binds to p53 and disrupts p53-TBP interactions 

(Fig. 2) 65 . Therefore, targets of p53 transrepression may be activated by conditions that 

disrupt interactions between p53 and the basal transcription machinery. 

Alternatively, p53 may repress gene expression by competing with other 

transcription factors for the p300/CREB-binding protein (CBP) complex 67,68_ The 

p300/CBP complex is a histone acetyltransferase (HAT) 69,70_ When acetylated by 

HATs, the overall charge of histones is _reduced and the interactions between histones and 

DNA are weak 71 _ This facilitates gene expression· by making the DNA more 



accessible 71 _ Therefore, gene expression may depend on whether transcription factors 

can access the t~rget DNA For example, p53 may ·repress NFKB-mediated 

transactivation by out-competing NFKB for p3 00/CBP 68. Likewise, NFKB may repress 

p53-mediated transactivation by out-c.ompeting p53 for p300/CBP 68. Thus, whether 

p300/CBP binds to p53 or NFKB may determine which genes are activated or repressed. 

p53 is negatively regulated by Mdm2 and its own BD 

In addition to repressing gene expression, p53 can also transactivate target genes 

that induce either cell cycle arrest or apoptosis. Therefore, the potent effects of p53 on 

cellular proliferation necessitate stringent controls on p53 activity. In a healthy cell, p53 

activity is low due to controls that regulate its activity at the protein level via protein 

stability, subcellular localization, and intramolecular interactions. 

p53 activity is primarily regulated by Mdm2, an oncogene that is over-expressed 

in many types of cancer (Fig. 2) 72-74_ Mdm2 regulates the activity of p53 in four ways. 

First, Mdm2 binds to the amino terminus ofp53 and masks ADI (residues 17-27) (Fig. 2) 

7 4-76. This interaction abrogates the ability of p53 to transactivate target genes ustng 

ADI 74-76_ Second, Mdm2 shuttles p53 into the cytoplasm using Mdm2's own strong 

nuclear export signal (NES) 73. Third, while in the cytoplasm, Mdm2, a p53-specific E3 

ubi_quitin ligase, targets p53 for degradation by the proteosome. Data indicate that in 

order for Mdm2 to target p53 for degradation, Mdm2 must first export p53 out of the 

nucleus 73,77_ Therefore, p53 can be stabilized by blocking the formation of nuclear 



export complexes, which prevents Mdm2 from exporting p53 out of the nucleus 73,77_ 

Finally, recent data show that Mdm2 interferes with p300/CBP-mediated acetylation of 
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p53 78, 79. This will be discussed in more detail later. Therefore, p53 can be stabilized 

by modifications that disrupt the interactions between Mdm2 and p53 (Fig. 2). However, 

to ensure the levels of p53 are carefully regulated, p53 transcriptionally activates 

Mdm2 80. This establishes a negative feedback loop that allows p53 to down-regulate 

its own protein levels and/or activity through the induction ofMdm2 76. 

The transcriptional activity of p53 is 'also regulated by its own BD (Fig. 2). While 

the exact mechanisms remain unclear, the BD may interact with either the DBD or the 

DNA molecule to prevent p53 from binding to its target sequence (Fig. 2) 81 _ Therefore, 

modifications directed against the BD may interfere with the ability of the BD to i~hibit 

the DNA binding ability of the p53 DBD (Fig. 2). 

p53 is induced following DNA damage 

Through the combined efforts ofMdm2 and p53's own BD, the activity of p53 is 

maintained at low levels. However, in response to various cellular stresses, including 

DNA damage and oncogene activation, p53 is activated through modifications and/or 

interactions with other cellular proteins. The specific modifications depend on the type 

and extent of cellular insults present. 

In response to DNA damage by ionizing radiation (JR), ataxia telangiecstasia 

mutated (ATM) is needed to activ~te p'53 and arrest the cell cycle (Fig. 3). ATM is a 
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member of the phosphatidylinositol-3-kinase (Pl3K)-related protein kinase superfamily. 

When DNA is damaged by IR, ATM phosphorylates Mdm2, which impairs Mdm2's 

ability to shuttle p53 into the cytoplasm 82, 83. Hence, the ability of Mdm2 to 

ubiquitinate p53 is also impaired by phosphorylation 82,83. This increases and stabilizes 

the levels of p53 in the nucleus. 

ATM also phosphorylates p53 on residue SerlS in response to IR (Fig. 2) 84-88_ 

This modification ensures that Mdm2 can not bind to the N-terminus of p53 84-88. 

Additionally, ATM activates p53 by abrogating the negative effects of its own BD. In 

the absence of ATM, p53 residues Ser376 and Ser378 are phosphorylated (Fig. 2) 89_ 

However, in response to IR, Ser376 is dephosphorylated in an ATM-dependent 

manner 89. This creates a binding site, Ser-X-PhosphoSer, for the family of 14-3-3 

proteins 90, which are highly conserved phosphoserine and phosphothreonine-binding 

proteins capable of regulating the activity of many proteins and enzymes 90_ Using this 

site, 14-3-3t binds to the BD of p53, which stabilizes the p53 protein and enhances p53's 

transcriptional activity (Fig. 2) 90. 

To arrest the cell cycle, ATM phosphorylates and activates Chk.2, another protein 

kinase (Fig. 3) 91 . Chk.2 phosphorylates residue S~rlS of Cdc25A, a phosphatase needed 

for the activation. of cyclin dependent kinases (CD Ks) 92. When phosphorylated, 

Cdc25A is rapidly degraded 92_ Thus, in the absence of Cdc25A, the CDKs are 

inactivated and the cell is arrested 92_ 
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Figure 3. Activation of p53 and induction of p53 target genes that mediate cell cycle 

arrest or apoptosis. The p53 protein is activated in response to DNA damage and 

oncogenes. In response to ionizing radiation (IR), the ATM kinase phosphorylates 

Mdm2, which relieves the inhibition of p53. ATM also phosphorylates and activates 

both p53 and Chk2. Chk2 is a protein kinase that phosphorylates Cdc25A, an activator 

of CDKs. When phosphorylated, Cdc25A is ·'inhibited and the cell cycle is arrested. 

Other types of DNA damage, including ultraviolet ·radiation (UV), activate p53 and 

inhibit Mdmi'>through phosphorylation. Once phosphorylated, p53 is acetylated by the 

p300/CBP ac~tyltransferase. In response to oncogene activation, the E2F transcription 

factors upregulate p14ARF.expression. p14ARF interacts with Mdm2 to relieve its inhibition 

. of p53, hence indirect! y stabilizing the p53 protein ( dashed arrow). Once activated 

through either pathway, p53 can regulate the expression of target genes, including Mdm2, 

Gadd45, MCG-10, p21, Bax, and Fas. The activation of Mdm2 establishes a negative 

feedback loop to regulate the activity of p53. Activation of Gadd45 and p21 both result 

in cell cycle arrest. Activation of Bax induces apoptosis through the mitochondrial 
.t\ 

pathway, while activation of Fas induces apoptosis throug_h the death receptor pathway. 
•' 

A new class ~f genes, such as MCG-10, is activated by p5;3 and can mediate both cell 

cycle arrest and apoptosis. 
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Like IR, ultraviolet radiation (UV) induces the phosphorylation of p53 on residue 

Serl 5, which prevents Mdm2 from binding to the N-terminus of p53 (Fig. 2) 88,93. At its 

C-terminus, p53 is phosphorylated on residues Ser382 and Ser392 in response to UV 93. 

These modifications may abrogate the ability of the BD to inhibit sequence-specific DNA 

binding by p53. As of yet, the protein kinase responsible for phosphorylating p53 

following UV radiation has not been identified 94. 

In response to DNA damage, p53 is further stabilized by the p300/CBP HAT, 

which acetylates p53 on residues Lys382 and Lys320 (Fig. 2) 95 . When acetylated, the 

p53 's BD is unable to negatively regulate the sequence-specific DNA binding ability of 

p53 95. Moreover, p53 is rendered resistant to Mdm2-mediated degradation when 

acetylated by p300/CBP 79_ Interestingly, phosphorylated p53 appears to be a better 

substrate for p300/CBP than non-phosphorylated p53, suggesting that p53 activation may 

occur in a stepwise fashion 96,97_ 

p5 3 is induced by oncogene activation 

In response to viral and cellular oncogene activation, p53 is stabilized through an 

alternate pathway (Fig. 3) 75_. Oncogene activation drives the cells rapidly, and perhaps 

prematurely, through the first growth period (Gl) of the cell cycle, and into DNA 

replication (S phase). This activates the E2F transcription factors. E2F 1 transactivates 

p14ARF, which stabilizes p53 through mechanism(s) that remain unclear. One theory 

suggests that p14ARF may bind to Mdm2 and sequester Mdm2 in the nucleolus 98-100_ 
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When bound by p14ARF, Mdm2 may be unable to ubiquitinate p53 101 _ Alternatively, 

p14ARF may stabilize p53 by dislodgingMdm2 from the activation domains of p53 101-

105_ In fact, in vivo data show that p14ARF can form trimeric complexes with Mdm2 and 

p53 101-105_ In any case, p14ARF is necessary to activate p53 in response to oncogene 

activation. 

p53 regulates the GJ/S transition 

In mammals, p53 functions as a checkpoint protein to ensure the integrity of the 

cell cycle. Therefore, p53 slows cell cycle progression in order to monitor the 

completion and accuracy of each cell cycle phase. The effects of p53 are 

counterbalanced by CDKs and proto-oncogenes, which promote progression through the 

cell cycle. Hence, progression through the cell cycle is carefully regulated by both 

growth-promoting and growth-restraining signaling molecules. 

The cell cycle begins when growth-promoting stimuli, such as growth factors or 

proto-oncogenes, nudge the cell into G 1 (Fig. 4). During this phase, the cell secures 

enough materials to sustain the ensuing period of DNA replication. A checkpoint 

protein, such as p53, then evaluates the cell at a restriction point, and if conditions are 

favorable, the cell progresses out of G 1 and into the S phase. These steps are collectively 

referred to as the Gl/S transition (Fig. 4). Arguably, p53 is the most important regulator 

of the G 1/S transition, and can induce cell cycle arrest or apoptosis in response to a 

number of cellular insults. Hence for most cancers to form, a single cell must neutralize 

p53, and/or the controls regulating the Gl/S transition (Fig. 4). In fact, the most frequent 
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Figure 4. Regulation of the G 1/S transition in mammalian cells. In response to 

mitogenic stimuli, the MAPK pathway activates Ras, which induces cyclin D expression. 

Cyclin D binds to CDK4 and/or CDK6 with the assistance of p21 monomers. 

CDK4/cyclin D and CDK6/cyclin D complexes are activated by CAK. CDKs drive the 

cell into the S-phase by phosphorylating the pRb protein. When hypo-phosphorylated, 

pRb inhibits the E2F family of transcription factors. However, phosphorylated pRb is 

unable to bind E2Fs. E2F transcription factors activate the expression of genes such as 

cyclin A, CDK2, TK, DHFR, DNA Pol a., and cyclin E. Cyclin E binds to and activates 

CDK2, that in turn phosphorylates pRb. The GI-specific CDK/cyclin complexes, that is 

CDK4/cyclin D, CDK6/cyclin D and CDK2/cyclin E, are inhibited by cyclin dependent 

kinase inhibitors (CKI) , such as p21, p27, and p161
NK

4
\ and Weel mediated 

phosphorylation. Therefore, p21 plays a complex role in regulating the G 1/S transition, 

such that p21 enhances progression when expressed at low concentrations, but at hight 

concentrations, p21 inhibits the CDKs to halt the cell cycle. Most human cancers 

abrogate the controls regulating the Gl/S transition. Commonly, the tumor suppressors 

p53, pRb, and pl6INK4
A (shown in red) are inactivated by mutations. Conversely, some 

cancers may activate the oncogenes, cyclin D, Ras, E2F, or members of the MAPK 

pathway (shown in green). 
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alterations in human cancers affect the integrity of the G 1/S transition, including 

mutations that inactivate the p53, pRb, or pl61
NK

4
A tumor suppressors. Alternatively, 

cancers may negate the Gl/S controls by activating the cyclin D, E2Fl or Mdm2 

oncogenes. Therefore, to understand the importance of p53 expression, and how 

tumorigenesis might occur, requires an appreciation for the meticulous regulation 

transpiring at the G 1/S transition. 

CDKs promote cell cycle progression 
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The G 1/S transition is positively regulated through the combined efforts of CDK4 

and CDK6. Both molecules are members of the CDK family of protein kinases that are 

fairly similar in size (35-40 Kda) and conserved in amino acid sequence (>40%) 106_ 

Throughout the cell cycle, the levels of CDKs remain fairly constant, and yet a CDK is 

only active under certain conditions (Fig. 4) 106_ First, a CDK must bind to its 

regulatory partner, a cyclin 106. In contrast to CD Ks, the levels of cyclins oscillate 

during the cell cycle, and each CDK interacts with only a subset of cyclins indicating a 

temporal relationship between CDK activity and the phase of the cell cycle 106. Second, 

each CDK/cyclin complex must migrate into the nucleus and be phosphorylated on 

Thrl61 by CDK-activating kinase (CAK) IO?_ Finally, each CDK must be 

dephosphorylated on Thrl4 and Tyrl5 by Cdc25Aphosphatasel08_ When these 

conditions are met, the CDK/cyclin complex is fully active. The GI-specific CDKs are 

CDK4, CDK6 and CDK2, which bind to the D- and E-type cyclins 106_ 
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Early in G 1, the levels of cyclin D are increased by mitogen-induced activation of 

the mitogen activated protein kinase (MAPK) pathway (Fig. 4) 109-114_ Cydin D binds 

to CDK4 and/or CDK6. Studies indicate that glycogen synthase kinase-3p (GSK-3p) 

may inhibit CDK/cyclin D assembly by phosphorylating cyclin Dl on Thr286 115, 116_ 

When phosphorylated on Thr286, cyclin Dl is unable to bind CDK4 115, 116_ Moreover, 

phosphorylated cyclin D 1 is exported from the nucleus 115,116. Therefore to promote 

CDK/cyclin D assembly, the MAPK pathway must first increase the levels of cyclin Dl, 

and then prevent cyclin D phosphorylation by GSK-3p 115, 116_ This is accomplished by 

the MAPK-mediated activation of phosphatidylinositol 3-kinase (PI3K) and Akt, which 

phosphorylate and inhibit GSK-3 p. Thus, the MAPK pathway increa_ses and stabilizes 

nuclear cyclin Dl levels 116_ 

To stabilize the GI-specific CDK/cyclin complexes, p21WAF1/Cipl binds to both 

CDK4 and cyclinDl (Fig. 4) 117,118_ p 21WAF1/CIP is a member of the Cip/Kip family of 

CKis 119_ While seemingly counterintuitive, low levels ofp21WAF1/Cipl reinforce 

CDK/cyclin D activity in several ways. First, when bound to p21 WAFI/Cip, the half-life of 

the short-lived cyclin D protein is increased 117, 118_ Second, p21 WAFl/Cipl acts as a 

bridge to ensure that cyclin D and CDK4 unite 117, 118_ Furthermore, p21 WAFl/Cipl 

targets the newly assembled CDK/cyclin D/p21 complex to the nucleus where its activity 

is essential for G 1 progression 118,120. 
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CD Ks activate E2F transcription factors by phosphorylating the pRb protein 

Inside the nucleus, the retinoblastoma tumor suppressor protein (pRb) is the best-

characterized target of the GI-specific CDKs (Fig. 4) 121 _ When hypo-phosphorylated, 

pRb binds to the E2F family of transcription factors through a region adjacent to the 

transactivation domains located at their C-terminus 121. When bound by pRb, E2Fs are 

transcriptionally inactive 121_ However, inmid-Gl the CDK4/cyclin D complex 

phosphorylates pRb, which reduces the affinity of pRb for E2F proteins and thereby 

relieves the inhibition on E2F members 121 _ pRb is then maintained in a hyper

phosphoryiated state by additional CDK/cyclin complexes until mitosis is complete, 

wherein pRb is returned to a hypo-phosphorylated state 121 _ 

E2F proteins transactivate genes that promote the S phase 

The E2F transcription factors consist of one E2F subunit complexed to one 

member of the DP family 121 _ Both the E2F and DP proteins share highly conserved 

dimerization domains that enable them to form heterodimeric complexes 121 _ When free 

of pRb, the E2Fs function as transcription factors via highly conserved DNA binding 

domains 121 _ While it is still not clear whether E2F-mediated transcription is absolutely 

required for entry into S-phase, studies demonstrate that E2F over-expression drives cells 

into S phase, and inhibition of E2F reduces entry into S-phase 121 _ Therefore, E2Fs may 

mediate the rate-limiting restriction point late in G 1 and prior to S-phase. 
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The E2F transcription factors transactivate two classes of target genes (Fig. 4) 

122 The first class promotes progression into and through S phase. This group includes 

cyclin E, which binds to and activates Cdk2 late in Gl 106_ Active Cdk2/cyclin E 

complexes phosphorylate three ·proteins, which enables the cell to proceed into S 

phase 123. First, Cdk2/cyclin E phosphorylates pRb 121 _ This creates a positive 

feedback loop that maintains E2Fs in the active state by inhibiting pRb. Cdk2/cyclin E 

complexes also phosphorylate members of the forkhead family of transcription factors 

123, which mediate the expression of many genes, including p27Km, a CKI of the 

Cip/Kip family 79_ When phosphorylated, forkhead proteins are shuttled into the 

cytoplasm, and p27KIPl expression is silenced 123. However, in the absence of p27KIPl ,

CDK/cyclin complexes are active. Finally, Cdk2/cyclin E complexes phosphorylate 

p27KIPl that promotes its degradation by the proteosome 123 . 

To maintain Cdk2/cyclin E in the active state, E2Fs transactivate Cdc25A, a 

protein phosphatase (Fig. 4) 123. Cdc25A directly opposes the activity ofWeel 124_ 

Wee 1 is a protein kinase that phosphorylates CDKs residues 14 and 15, and hence 

inactivates the activity of CDKs 125,126. Therefore, Cdc25A removes the inhibitory 

phosphates in order to activate the CDKs and promote cell cycle progression. 

The second class of E2F's target include genes whose expressions are critical for 

DNA replication (Fig. 4). For example, E2Fs transactivate the genes for dihydrofolate 

reductase (DHFR), thymidine kinase (TK), and thymidine synthase (TS), which are 
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involved in nucleotide metabolism, and DNA polymerase 6, and proliferating cell nuclear 

antigen (PCNA), which are localized to the replication fork during DNA synthesis 121 _ 

Therefore, E2Fs encourage entry into S phase by activating the GI- and S-phase specific 

CDK/cyclins complexes, by abrogating the inhibitors of the G 1/S transition, and by 

ensuring the expression of enzymes needed for the precise replication of DNA. Once 

DNA replication is complete, the cell will enter a second period of growth (G2) and then 

the ensuing nuclear and cytoplasmic divisions that conclude the mammalian cell cycle. 

p53 transactivates the p21WAFJ/Cipl gene 

Throughout the cell cycle, p53 and other checkpoint proteins monitor the 

accuracy and progression of cell cycle events. As such, p53 guards the G 1/S transition to 

ensure that DNA has been accurately and completely replicated. If the cell fails to meet 

these conditions, or if there is damaged DNA present, p53 transactivates a number of 

target genes that determine whether the cell will undergo arrest or apoptosis (Fig. 3). 

Therefore, it should not be surprising that p53 is the most frequently mutated gene in all 

of human cancers 1,2. Moreover, the majority of these mutations are localized to the 

DNA binding domain, which effectively abrogate p53's transcriptional activity. Without 

functional p53, the cell is more likely to undergo tumorigenesis. Thus, p53' s ability to 

regulate gene expression is critical for p53-mediated tumor suppression. Studies indicate 

that the decision between cell cycle arrest and apoptosis is primarily dictated through the 

choice of genes that are repressed or transactivated by p53. As such, one of the most well 

characterized and potent mediators of p53 enforced tumor suppression is the p21 w AFl/Cipl 

CKI 127_ 



Cyclin dependent kinase inhibitors regulate the activity ofCDKs 

p21 is now recognized as the founding member of a diverse family of CKis . 

Members of the CKI family share the ability to bind to and inhibit the activities of the 

CDK/cyclin complexes 119. -Seven CKis have been identified and are categorized into 

either the INK4 family or the Cip/Kip family. Members of the INK.4 family, that is 

pl6INK4
\ p15INK4

B' pl8INK4c, and p19INK4
D, possess four tandem ankyrin repeal motifs 

and preferentially inhibit CDK4 or CDK6 128. The INK4 family members bind to 

CDK4 and CDK6 within their catalytic cleft at a site adjacent to the ATP-binding site 

129_ This location is juxtaposed to the cyclin binding site 129_ Therefore, INK4 

members can inhibit the assembly of CDK4 or CDK6/cyclin complexes through steric 
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interference with the incoming cyclin subunit 129_ Conversely, INK4A members can 

inhibit the activity of assembled CDK/cyclin complexes by preventing an incoming ATP 

from binding to the CDK 129_ Hence, INK4 family members inhibit the GI-specific 

CDK/cyclin complexes. 

In contrast to the INK.4 family, members of the Cip/Kip family, that is 

p21 Cipl/Wan, p27KIP1, and p57K1
P2, share a conserved CDK binding/inhibitory domain at 

their amino termini 119. In vitro data show that when expressed at low concentrations, 

p21, p27, and p57 can each bind to and exist as part of an active CDK/cyclin complex 

118_ Indeed, p21 does co-immunoprecipitate with active CDK/cyclin complexes 

117,118_ However, all three members of the Cip/Kip family inhibit the activity of CDKs 

when bound as multimers to a CDK/cyclin complex 119_ Therefore, the Cip/Kip family 



members inhibit CDK activity by stochiometrically overwhelming the CDK/cyclin 

complexes. 

p21 mediates p53-induced GI arrest through complex interactions 

25 

Of the known CKis, only p21 can mediate and is necessary for p53-induced arrest 

in G 1 127,130. p53 upregulates p2 l in response to DNA damage and oncogene 

activation through either of the two well-conserved p53 response elements present in the 

· p21 promoter 53,131 _ In Gl, p21 is simultaneously bound to a cyclin, a CDK and 

PCNA through discrete domains within the p:21 protein (Fig. 5) 117, 132-134_ PCNA acts 

as a molecular clamp for DNA polymerase 6, which facilitates the processes of both 

DNA replication and DNA repair 133, 134_ The CDK-binding domain of p21 is located 

between amino acids 53 and 58, while residues 141 to 160 are needed for binding to 

PCNA (Fig. 5) 135-138_ Finally, amino acids 17 to 24 are critical for binding to either 

cyclin Dor E 137_ Interestingly, a second cyclin binding domain overlaps the PCNA

binding domain, but the ensuing implications are not yet understood (Fig. 5) 139_ 

The formation of a quaternaric complex of p21, CDK4 or_6, cyclin Dor E, and 

PCNA has several implications. First, when multiple p2 l-monomers are present, the 

activity of the CDK/cyclin complex is inhibited and cells are arrested in late Gl 140_ 

Similarly, the presence of several p21 monomers impairs the ability of PCNA to 

participate in DNA replication 133, 134_ Interestingly, the ability of PCNA to participate 
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Figure 5. Schematic representation of the p21 protein. The p21 protein interacts with 

several proteins through discrete domains within its 169 amino acids. Residues 17 

through 24 are important for interacting with cyclins (green), while amino acids 53 

through 58 are critical for binding cyclin d~pendent kinases (CDK) (purple). P21 binds 

to proliferating cell nuclear antigen (PCNA) through residues 141 to 160 (blue). A 

second cyclin domain (green) is found overlapping the PCNA-binding domain at the C

terminus of p2 l. 
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in DNA repair processes is unperturbed 133,134. Thus, p53, via p21, may coordinate the 

activities of cell cycle arrest with the repair of DNA damage prior to S phase. 

p2 l expression protects cells from undergoing apoptosis 

In response to cellular insults, p53 can also induce apoptosis. The apoptotic 

process consists of three discrete phases: initiation, execution, and degradation. 

Apoptosis is initiated when stimuli cause the cleavage and activation of caspase 8 and/or 

caspase 9 141 _ Caspase 8 and caspase 9 in turn activate a number of other caspases, or 

executioners, which include caspase-3, -6, and -i 141 _ All caspases belong to a family 

of cysteine proteases that ultimately mediate the activities of apoptosis by preferentially . 

cleav~ng key targets of the cell machinery 142_ Therefore, to inhibit apoptosis, 

molecules may directly interfere with 'the activation of caspases, or with the clea~age of . 

preferred substrates. 

Emerging lines of data suggest that p21 may inhibit apoptosis. For example, 

mouse embryo fibroblasts (JVIEF) of genetically engineered p21-null mice fail to undergo 

GI arrest in response to radiation and DNA damage_l43, 144_ In response to the same 

stimuli, these MEFs undergo apoptosis, implying that p21 is not necessary for apoptosis 

143,144_ In fact; restoring p21 expression to p21-null 1VlEFs impaired p53-mediated and 

prostaglandin A2-mediated apoptosis 145,146. _ Similarly, cells that expressed the 

transcriptionally incompetent p53 (R273H), were unable to activate p21 and were 

sensitive to IR-induced apoptosis 147_ However, if the need for p53 was bypassed with 

other agents that could induce p21, the apoptotic response was abrogated and cells 



arrested in Gl in re~ponse to the same stimuli 147_ Finally, Hl299 cells that were 

generated to inducibly express p53 underwent apoptosis whereas H1299 cells that 
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inducibly expressed p2 l undeiwent cell cycle arrest 148. Collectively, these data suggest 

that p2 l inhibits apoptosis. The mechanism(s) by which p2 l does this are not clearly · 

understood. 

Some data suggest that p2 l may inhibit cell death th~otigh interactions with 

cytoplasmic molecules. In peripheral blood monocytes (PBMs) and in U937 cells 

treated with the differentiating agent vitamin D3, p21 is induced and accumulates in the 

nucleus. This coincided with GI arresfand the induction of monocytic differentiation 

149_ Later, cytoplasmic p21 expression was detected concomitant with apoptotic 

resistance 149. This suggests that cytoplasmic p2 l may confer apoptotic resistance. 

Indeed, expression of a mutant p21, which lacked anuclear localization signal (NLS) and 

could not induce cell cycle arrest or differentiation, could still inhibit apoptosis through 

interactions with apoptosis signal kinase l (ASKl), an inhibitor of the stress-activated 

MAPK pathway 149_ Additionally, p21 has also been shown to bind to and inhibit the 

activation of caspase 3, suggesting p2 l may prevent apoptosis through cytoplasmic 

protein-protein interactions 150. 

Finally, during the early stages of apoptosis, p2 l is cleaved to yield a protein that 

lacks a portion of the C-terminus, including the NLS and PCNA- and second cyclin-

binding domains 15 I, 152. The truncated p21 protein accumulates in the cytoplasm 



30 

151,152. However, mutant caspase-resistant p21, or caspase inhibitors, which prevented 

p21 cleavage, were all effective at blocking the execution of apoptosis 151-153. 

Some CKJs und~rgo alternative splicing or: expression from an alternate promoter 

Primarily, p21 is expressed as a 21 kDa polypeptide in cells. However, a faster

migrating p21 protein has been detected through SDS-PAGE and Western blot analyses 

during conditions that do not necessarily correlate with the induction of apoptosis 

154,155_ While no alternatively spliced transcripts of the p21 gene have been identified, 

it is possible that the p21 _gene does undergo alternative splicing. In fact, of the CKI 

family members, several have been shown to undergo alternative splicing or expression 

from an alternate promoter. For example, two. mRNA species are transcribed from the 

p57KIP2 locus 156, 157_ The first, a 1.5-kb transcript, is expressed in placental tissues, 

while the second, a 7-kb transcript is expressed in skeletal muscle and heart 156,157_ 

While it is not yet known, these transcripts may differ in their coding potential. Like 

p57KIPz, the p15INK4
B gene also utilizes alternative splicing to encode a smaller protein, 

pl 0, whose function is not yet known 156-158_ 

The pl6INK4A/p.14ARF locus consists of four exons: exon la., exon 1~, exon2 and 

exon 3 159_ Using alternate promoters, two-discrete mRNA species are transcribed 

within the pl6INK4A/p14ARF locus (Fig. 6) 159_ The ·pl6INK4A gene is produced by joining 

exons 1 a., 2 and 3. The p 14 ARF gene is produced by joining exons 1 ~' 2 and 3. While 

the two transcripts may share similar nucleotide sequences, the two species are translated 

using non-overlappitJ.g ORFs. In effect, these tran~cripts encode two distinct proteins that 
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Figure 6. Schematic representation of the pl61
NK

4A/p14ARF locus. The pl6INK4A/pl4ARF 

locus contains four exons: exon la, exon lB, exon 2, and exon 3, and encodes two 

proteins, pl6INK4A and pl4ARF_ The pl6INK4A transcript is produced by splicing exons la, 2 

and 3. The open reading frame (ORF) spans exons la, 2 and 3(green), and encodes the 

pl6INK4A protein, which inhibits cyclin dependent kinases (CDK) 4 and 6. The pl4ARF 

transcript is produced by splicing exons lB, 2, and 3. The ORF spans exons 1B and 2 

(purple), and encodes the pl4ARF protein, which inhibits Mdm2-mediated inhibition of 

p53. Each transcript is regulated by a discrete promoter. 
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share no similarity at the amino acid level. However, both proteins participate in cell 

cycle regulation, particularly at the G 1/S transition. Specifically, pl 6INK4A inhibits the · 

GI-specific CDK/cyclin complexes while pl4ARF stabilizes p53, and hence triggers p21 

expression. 

Scope of the problem 

Because alternative splicing and expression from an alternate promoter have been 

shown.to regulate gene expression for the plSINK4
B_' pl6INK4

\ and p57K1
P

2 loci, we 

hypothesized that the p21 genomic locus was regulated by alternate splicing or 

expression from an alternate promoter. This hypothesis was supported by several lines of 

data. First, multiple p21 transcripts were detected by Northern blot arialyses. Second, a 

slower-migrating p2 l-specific protein was detected in several cell lines by Western blot 

analyses. Unlike published reports, these findings are not explainable by proteolytic 

cleavage of the p21 protein. Third, the species detected by Northern and Western blot 

analyses were specifically induc·ed by both DNA.damage· and p53. Therefore, we 

hypothesized that p53 could mediate the expression of alternatively splicedtransctipts of 

the p21 genomic· locus. Herein we report the identification of two variants of the p21 

gene, p21B and p21C, and show that like the pl6INK4A/pl4ARFlocus, the p21 locus 

expresses two distinct, hut functionally related proteins. 
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MATERIALS AND METHODS 

Plasmids 

pGEM-T, pGEM-T Easy, pcDNA3, pCMV, pRL-CMV, pGL2-basic · were 

purchased from Promega. Madison, WI. pTet-off and pTRE were purchased from 

Clontech, Palo Alto, GA The pcDNA3 vector was purchased from Invitrogen (Carlsbad, 

CA). The pBluescript-SK vector was. purchased from Stratagene ~a Jolla, CA). 

Cell culture and cell lines 

MCF-7, Hl299, HCTl 16, HCTl 16 p53-/-, and 80S14 cells were grown in 

DMEM medium supplemented with 10% fetal bovine serum, penicillin (100 units/ml), 

and streptomycin (100 µg/ml). HCTl 16 p53-/- is an HCTl 16 derivative in which the-.· 

p53 gene is deleted by somatic gene targeting 160_ 80S14 is an HCTl 16 derivative in 

which the p21 gene is deleted by somatic gene targeting 130_ Hl299 and MCF-7 cell 

lines were generated to contain the pTet-off vector that expresses tTA for the generation 

of tetracycline inducible cell lines 161. p53-7 is a SAOS-2 derivative that inducibly 

expresses p53 148_ 
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M7-p73B-38 is an MCF-7 derivative that inducibly expresses p73B from the pTRE vector 

161_ H24-p21B-2 is an Hl299 derivative that inducibly expresses p21B. M7-p21B-A is 

an MCF-7 derivative that inducibly expresses p21B. p53-7, M7-p7313-38, H24-p21B-2, 

and M7-p21B-A ceils were grown in DJ\1EM medium supplemented with 10% fetal 

bovine serum, penicillin (I 00 units/ml), streptomycin (100 µg/ml), and tetracycline (2 

µg/ml) to.repress expression of p53, p73B, p21B, and p21B, respectively. p53-7, M7-

p73B-38, H24-p21B-2, and M7-p21B-2 cells were induced to express p53, p7313, or 

p21B, respectively by washi_ng cells twice with DMEM medium culturing overnight in 

DMEM medium supplemented with 10% FBS. To induce DNA damage, MCF-7, 

HCTl 16, p53-/-, and 80S14 cells were treated with 300 nM camptothecin or 0.5 µg/ml 

doxorubicin for 24 hours. 

Generation of hemagglutinin tagged p21B 

The full-length cDNA for p21B was isolated from a cDNA library made from 

mRNA purified-from p53-7 cells 148_· Polymerase chain reaction (PCR) was used to 

generate an influenza hemagglutinin (HA) tagged p21B using the following primers: 

foiward primer 5'- GAT CGG ATC CAC CAT GGG CTA CCC ATA CGA TGT TCC. 

AGA TTA CGC TAG GAAACT GAG ACC T-3', and reverse primer 5'-GAT CGG 

ATC CCT ATT GCA AGA GCA A -3'. The ·pcR product was cloned into the pGEM-T 

vector to generate pGEM-T/HA-p21B,.and was sequenced using an automated DNA 

sequencer (ABI Prism 377 DNA Sequencer) by the core facility. ·HA-p21B was removed 

from pGEM-T by restriction digest and cloned into pTRE at the Bam HI site. 
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RT-PCR analysis of p21 and p21B expression in human cDNA samples 

· cDNAs generated from-16 different human tissues (Clontech, Palo Alto, CA) 

were rsubj ected to PCR amplification. The primers used to amplify GAPDH were: 

forward primer 5' - TGA AGG TCG GAG TCA ACG GAT TTG GT -3 ', and reverse 

primer 5' - CAT GTG GGC CAT GAG GTC CCC AC -3'. The primers used to amplify 

p21 were: forward primer (Exon I-F) 5'-AGG CAC CGA GGC ACT CAG AG-3', and. 

reverse primer (Exon III-R) 5' - AAG CCG GCC CAC CCA ACC TC -3'. The primers 

used to amplify p21B were: forward primer (Exon IB-F) 5'- GTG GGG TTC AAT ACT 

ACA GCA CAG -3', and reverse primer (Exon IIB-R) 5 ' - TGG TCC TAG CTC TGC 

CAG TTA CT A C -3'. The cycles used to detect GAPDH, p2 l, and p21B were 25, 3·0 

and 35, respectively. Amplified cDNAs were separated by 1 % agarose gel and visualized 

by ethidium bromide staining. 

Total RNA purification and RT-PCR 

Total RNA was isolated by Trizol reagent (Life Technologies, Inc., Gaithersburg, 

l\ID) from MCF-7 and 80S14 cells that were untreated or treated with 300 nM 

camptothecin for 24 hours. 5 µg of total RNA was digested with DNase I for 30 minutes, 

which was then inactivated according to manufacturer's instructions (Life Technologies, 

Grand Island, NY). First strand cDNAwas synthesized with Superscript reverse 

transcriptase (Life Technologies, Grand Island, NY) according to the manufacturer's 

instructions. Linear PCR amplification was established by controlling the concentration 

- of template and number of cycles. One-tenth of the PCR products were separated in a 
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1. 0% · agarose gel and stained with ethidium bromide. The primers used to amplify p2 l 

were Exon 1-F and Exon 111-R. The primers used to amplify p21B were Exon IB-F and 

Exon IIB-R. The primers used to amplify p21B and p21C were: forward primer (Exon 

IB-F) and.reverse primer (Exon 11-R) 5 ' - TGA CAG GTC CAC ATG GTC TTC C -3'. 

The primers used to detect p21-neo were: forward primer (Exon 1-F) and reverse primer 

(Neo) 5'- GAT GTT TCG CTT GGT GGT CG-3'. The cycles used to detect GAPDH, 

p21, and p21B in MCF-7 cells were 25, 30 and 35, respectively. The cycles used to 

amplify p21B and p21-neomycin (p21-neo) were 35 and 28, respectively. Amplified 

cDNAs were separated by 1 % agarose gel and visualized by ethidium bromide staining. 

Luciferase assay 

A 432-bp fragment containing a potential p53 response element and the minimal 

pronioter from the p21B gene was cloned upstream of a firefly luciferase reporter gene 

(pGL2-basic) and the resulting construct was designated pGL2/wt. Similarly, a 258-bp 

fragment containing only the minimal p21B promoter was cloned into pGL2-basic and 

the resulting construct designated pGL2/del. 1. µg of each construct was co-transfected 

into Hl299 cells with 1 µg ofpCMV control vector or a pCMV vector that expresses p53 

or mutant p53(Rl 75H). To determine whether the potential p53 response element is 

responsive to p73 and p63, 1 µg of each construct was co-transfected into Hl299 cells 

with 1 µg of pcDNA3 control vector _or a pcDNA3 vector that expresses p7313, p7313292, 

p63a, or p63y. 50 ng of renilla luciferase assay vector·pRL-CMV (Promega, Madison, 

WI) was also co-transfected as an internal control. Dual luciferase assay was performed 

according to the manufacturer's instructions (Promega, Madison, WI). The fold increase 
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in relative luciferase activity is a product of the luciferase activity induced by p53, 

p53(Rl 75H), p7313, p7313292, p63a, or p63y divided by that induced by an empty pCMV 

vector. 

Northern blot analysis 

Poly(A)+ RNA was isolated from MCF-7, HCTl 16, and HCTl 16 p53-/- cells 

that were untre~ted or treated overnight with 300 nM CPT, or p53-7 and M7-p7313-38 

cells.grown in the presence or absence of tetracycline (2 µg/ml), using an mRNA 

purification kit (Pharmacia, Piscataway, NJ). Northern blots were prepared using 4 µg 

poly(A)+ mRNA. The probe cDNAs for p21, p21B, and GAPDH were PCR-amplified 

from human spleen cDNAs (Cfontech, Palo Ali~, CA) and confirmed by sequencing to be 

derived from the p21, p21B, and GAPDH genes. The fold increase by p53 and p73 was 

calculated by densitometry after normalizing to GAPDH. 

Western blot analysis 

Cells were washed twice in PBS, collected from culture plates in PBS, 

resuspended in 2x SDS-PAGE sample buffer, and boiled for 10 min. Western blot 

analysis was performed as previously described 35 . Anti-actin was purchased from 

Sigma (St. Louis, MO). Anti-HA antibody 12CA5 was purchased from Boehringer 

Mannheim Biochemicals (Germany). 



Grow th rate analysis 

To determine the rate of cell growth, cells were seeded at approximately 9 x 104 

cells/ 60-mm plate in the presence or absence of tetracycline (2 µg/ml) to regulate 

expression of p21B. The medium was replaced every 72 h. At times indicated, two 

plates were rinsed with PB_S twice to remove dead cells and debris. Live cells on the : 

plates were trypsinized and collected separately. Cells from each plate were counted · 

three times using the Coulter cell counter. The average number of cells from two plates 

was used for growth rat~ determination. 

1:r 
DNA histogram analysis and annexin V staining assay 

. 5 . . 
Cells were seeded at 2 x 10 per 90-mm plate in the presence or absence _of 

tetracycline (2 µg/ml}. For DNA histogram analysis, both floating and dead cells in the 

medium and live cells ·on the plate were collected and fixed with 2 ml of 70% ethane~ for 
' • ' '• ; ' I 

! 
. ' 

2 hours and then centrifuged and resuspended in 1 ml of PBS solution containing 50: 
. . ! 

µg/ml each of RNase A (Sigma) and propidium iodide (Sigma). The stained cells w~re 
• I 

I 

analyzed in a fluorescence-activated cell sorter (F ACS) within 4 hours. The percentige 
I 

of cells in sub-G 1, G0-G 1, S, and G2-M phases was determined using the ModFit / 
i 

i 

program. For annexin V staining assay, both dead cells and live cells were collectedj 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, stained, and analyzed according to the manufacturer's 

instructions (Boehringer Mannheim, Germany). 
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Trypan blue dye exclusion assay 

Cells were seeded at approximately 6 x 104 cells/ 60-rnm plate in the presence or 

absence of tetracycline (2 µg/ml) for three days. Both live and dead cells from each plate 

were collected separately and stained-with trypan blue dye for 15 minutes. Two plates 

per treatment were counted, and each plate was counted twice. 

Mitochondrial integrity assay _ 

Cells were seeded at 9 x 104 seeds per 60 mm plate and grown over~ight in the 

presence of tetracycline (2 µg/ml). One day after plating, cells were washed twice with 

DJ\1EM media and grown in the presence or absence of tetracycline (2 µg/ml) for three 

days. Both live and dead cells from each plate were collected separately.and stained with 

ApoAlert Mitochondrial Membrane Sensor reagents according to the manufacturer's 

instructions (Clontech, Palo Alto, CA). Stained cells were analyzed by FACS. 

Fluorescent microscopy and chromatin condensation assay 

Cells were seeded on 8-well chamber slides and grown overnight in the absence 

or presence of tetracycline (2 µg/ml). Cells were washed with PBS, fixed with 10% 

formalin, and permeabilized with 1 % NP-40. The cells were then blocked with 15% goat 

serum and incubated with rabbit anti-HA antibody (Sigma, St. Louis, MO), and where 

indicated mouse anti ... p58 monoclonal antibody (Sigma, St. Louis, MO), or mouse anti

APl monoclonal antibody (Sigma, St. Louis, MO), followed by Texas Red-conjugated 

goat anti-rabbit (Jackson ImmunoResearch Laboratories, Inc., W_est Grove, PA) or FITC

conjugated goat anti-mouse antibody (Jackson IrrimunoResearch Laboratories, Inc., West 
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Grove, ·PA) for 30 minutes at room -~emperature. · When specified, nuclei were visualized 

by labeling with 41
, 6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Inc., Eugene, 

OR). For all experiments, coverslips were mounted with Prolong (Molecular Probes, 

Inc., Eugene, OR), and analyzed by fluorescent microscopy, two photon confocal 

microscopy, or laser _scanning confocal microscopy. For the chromatin condensation 

assay, the number of cells with condensed chromatin from a minimum-of 200 control 

cells or MCF7 cells that express p53 or p21B were counted in four separate experiments. 
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RESULTS 

Identification of p21B. 

Alternative splicing and expression from an alternate promoter have been shown 

to regulate gene expression for the p 15™K4
B, pl 6INK4

\ and p57KIP2 loci 157, 158,162-165. 

To determine whether these m_echanisms regulate the p21 locus, we screened a cDNA 

library m'!lde from mRNA isolated·from induced p53-7 cells, which inducibly express 

p53 under the control of a tetracycline-regulat~d promot~r 148. Using a probe 

corresponding to the p21 gene, we identified several p21 cDNAs and one novel cDNA. 

The novel transcr~p~ was __ designated p21B. 

The p21B transcript is 4,180 nucleotides and contains two exons (Fig. 7). The 

first exon, exon 1B (111 nucleotides in size), is located downstream of the p21 exon I at 

_ nucleotides 3,370 to 3,481. Exon IB is spliced to exon IIB (4,067 nucleotides in size), 

which starts at nucleotide 4,555. The cDNA contains a poly(A) tail and an upstream 

polyadenylation signal. The p21B transcript contains an open reading frame (ORF) that 

encodes a protein of 123 amino acids and shows no homology to any known proteins in 

GenBank. 
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Figure 7. Schematic representation of the p21 locus. The position of the first 

nucleotide of the p21 transcript (GenBank Accession# Z85996) in the genomic DNA is 

assigned as the start site of the p21 locus. The transcript for p21 is produced by splicing 

exons I, II and III to yield a 2.1 kilobase (kb) mRNA with an ORF (green) that encodes 

the 164 amino acid p21 protein. An alternative first exon, exon IB, is spliced to exon IIB, 

yielding a 4.1 kb transcript with an ORF (purple) that encodes the 123 amino acid p21B 

protein. The transcript for p21C is produced by splicing exon IC, II and III. This yields a 

2.7 kb mRNA with-an ORF identical to that in the p21 transcript. 



ZZ98-

1voL-

zzov-
18v£-

Ol££-

68-

1-



45 

Identification of p21C. 
' ' 

In an alternative approach, we performed RT-PCR u~ing pri~ers Exon IB-F and 

Exon II-R (Fig. 8). Total RNA was purified from MCF-7 cells that were treated with 

camptothecin to induce endogenous wild type p53, or from p53-7 cells that were induced 

to express wild type p53. In this manner, we identified p21 C. 

The p21C transcript is 2.7 kb in length and is produced by splicing exon IC, exon 

II and exon III (Fig. 7). Exon IC (652 nucleotides in size) is at;i extended form of the 

p21B exon IB. Although exon IC of p21C is much larger than exon I of p21, the ORF in 

the p21 C transcript is identical to that in p2 l. No other putative ORF has been identified. 

Hence we believe the p21C transcript also encodes the p21 protein. 
\ 

j 

p2JB is ubiquitously expressed in normal human tissues. 

To study the expression pattern of p21B, cDNAs generated from 16 different 

human tissues (Clontech, Palo Alto, CA) were subjected to PCR amplification using 

primers specific for p21B (Exon IB-F and Exon IIB-R) arid p21 (Exon I-F and Exon III

R) (Figure 8). We found that both p21B and p21 were ubiquitously expressed in all 

human tissues tested (Fig. 9). To confirm the identity and sequence of the PCR products, 

we cloned and sequenced the amplified p21B and p21 cDNAs from spleen, testis, lung, 

and pancreas, and found that they were derived from the p21B and p21 transcripts, 

respectively. Typically, 30 PCR cycles were needed to detect p21 whereas 35 PCR 

cycles for p21B, suggesting that p21B is expressed less abundantly than p2 l. However, 
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Figure 8. Schematic representation of the p21 locus and location of the primers 

used to detect p21, pi°lB, and p21C. Exon IB-F and Exon IIB-R primers were used to 

detect a 338-bp fragment of.p21B. Exon IB-F and Exon II-R primers were used to detect 

a 1,267-bp fragment of p21B and 975-bp fragment of p21C. Exon I-F and Exon III-R 

primers were used to detect an 837-bp fragment of p21. 
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Figure 9. PCR amplification of p21B, p21, and GAPDH cDNAs in human tissues. 

The primers used to amplify p21B were Exon IB-F and Exon IIB-R. The primers used to 

detect p21 were Exon I-F and Exon III-R. The cycles used to detect GAPDH, p21, and 

p21B were 25, 30 and 35, respectively. Amplified cDNAs were separated by 1 % agarose 

gel and visualized by ethidium bromide staining. As a negative control, we performed 

PCR in the absence of any template. 
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there do appear to be minor differences in the expression patterns of p21B in various 

tissue samples. For example, p21B expression appears to be higher in lung and small.· 

intestine than in pancreas and placenta. Thus, there may be differences in the expression 

levels of p21B in v~rious tissues. 

p21, p21B, and p2JC are induced by DNA damage. 

In response to cellular stresses -such as DNA damage, p53 is activated,_ which 

induces p21 expression .. To determine whether p21B and p21C are also induced by DNA 

damage, we isolated total RNA from MCF-7 cells that were untreated or treated with· 

. . 

camptothecin and performed semi-quantitative RT-PCR anitlysis. Camptothecin is a 

topoisomerase I inhibitor that can induce single strand DNA nicks 166. To detect p21, 

p21B, or p21B and p21C, we used the primers shown in figure 8. We found that the 

levels of p21B and p21C, like p21, were induced by DNA damage (Fig. 10) .. · Again, 30 

PCR. cycles were needed to detect p21, whereas 3 5 PCR cycles were needed to detect 

either p21B or p21B and p21C. 

p21 and p2JB are induced by p53. 

To further confirm these results, we performed Northern blot analyses using 

poly(A)+ RNA purified from MCF-7, HCTl 16, and HCTJ 16.p53-/- cells that were 

untreated or treated with 300 nM camptothecin or 0.5 µg/ml doxorubicin. Doxorubicin is 

a topoisomerase II inhibitor that can induce double strand DNA breaks 167. 1-ICT 116 

cells express a wild type p53 gene whereas in HCTl 16 p53-/- cells, the p53 genes is 
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Figure 10. p21B and p21 are induced by DNA damage. RT-PCR amplification of 

p21, p21B, and p21C transcripts in MCF7 cells that were untreated(-) or treated(+) with. 

300 nM camptothecin (CPT) for 24 h. The primers used to detect p21 were Exon I-F and 

Exon III-R. The primers used to detect p21B were Exon IB-F and Exon IIB-R. The 

primers used to amplify p21B and p21C were Exon IB-F and Exon II-R. A control PCR 

reaction was performed with cDNA tempiate synthesized without reverse transcriptase (

RT). The cycles used to amplify p21B, both p21B and p21C,-.p21?. and GAPDH Were 35, 

35, 25, and 25, respectively. 
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deleted by somatic gene targeting 160_ We found that p21B, like p21, was induced in 

MCF7 and HCTl 16 cells but not in HCTl 16 p53-/- cells following DNA damag·e (Fig. 

11). These results suggest that the DNA damage induction of p21B is p53-dependent. 

p21B is regulated by DNA damage in p21-null cells. 

Because p21B is transcribed from the p2 l locus, we wanted to analyze the 

53 

expression of p21B in the p21-null 8OS14 cell line 130_ 8OS14 i~ an HCTl 16 derivative 

in which the p2 l coding region was substituted with the neomycin gene in one allele and 

with the hygromycin gene in the other allele using somatic gen~ targeting 130_ Total 

RNA was purified from 8OS14 cells that were untreated or treated with 300 nM 

camptothecin. Semi-quantitative RT-PCR was performed with primers Exon lB-F and 

Exon IIB-R to detect p21B, and primers Exon ·1-F and Neo to detect p21-neomycin 

transcript (Fig. 12A). We found that p21-neomycin wc1:s induced by DNA damage (Fig. 

12B), suggesting that the p21 promoter is still responsive to DNA damage in p21-null 

8OS14 cells. Furthermore, we found that p21B, like p21-neomycin, was also induced by 

DNA damage (Fig. 12B). 

p21B is induced by the p53 family member p73. 

The p53 tumor suppressor belongs to a famtly of transcription factors that include· 

p73 and p63 25. These family members share significant similarity between their DNA 

binding domains and activation domains (Fig. 13). Moreover, we and ·ot~ers have 
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Figure 11. p21B is induced by DNA damage and p53. Northern blots were prepared 

using 4 µg poly(A)+ RNA purified from MCF7 (lanes 1-3), HCTl 16 (lanes 4 and 5), and 

HCTl 16 p53-/- cells (lanes 6 and 7), which were untreated or treated with 300 nM 

camptothecin or 0.5 µglml dox~rubicin for 24 h. The probe cDNAs for p21, p21B, and 

GAPDH were PCR-amplified from human spleen cDNAs (ClonTech, Palo Alto, CA) and 

confirmed by sequencing to be derived from the p21, p21B, and GAPDH genes. The 

blots were probed with p21B and then reprobed with p21 and GADPH, respectively. 
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Figure 12. p21-neomycin and p21B are induced by DNA damage in p21-null 80S14 
-, 

cells. (A) Representation of the p21 locus in p21-null 80S14 cells and the location of 

primers used to detect p21B and p21-neomycin. The p21 ORF is substituted with the 

neomycin gene in one allele and with the hygromycin gene in other allele. (B) Total 

RNA was purified from 80S14 cells that were untreated or treated with 300 nM 

camptothecin for 24 h, and semi-quantitative RT-PCR was performed as described 

previously. The primers used to amplify p21-neomycin in 80S14 _cells were Exon 1-F 

and Neo. The cycles used to amplify p21B and p21-neomycin (p21-neo) were 35 and 28, 

respectively .. 
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Figure 13. Homology of the p53 family. p53 is the founding member of the p53 

family of transcriptional regulators that also includes p63 and p73. These proteins share 

considerable similarity within the N-terminal activation domains (AD), DNA binding 

domains (DBD), and oligomerization domains (Oligo). p53 and p73a also share 

similarity within their C-terminal basic domains (BD). Becaus·e of the similarity between 

these domains,-p63 and p73 are also able to transactivate many of the same target genes 

as p53. 
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'recently shown that p73 can regulate some of p53 's target genes, including p2 l 3 5, 168-

170 _ Therefore we hypothesized that p73 might also regulate transcription of p21B. To 

determine whether p73 can regula~e p21B; we examined the expression of p21B in 

MCF-7 cells that inducibly express p73~ by Northern blot analysis. We found that like 

p53, p73~ also activated expression of p21B and p21 (Fig. 14). 

Identification ~fa potential p53 response element in the.p21B/p2JC promoter. 

The results above indicate that like p2 l, p21B can be induced by DNA damage, · 

p53, and p73~. Previous studies have shown that the p21 locus contains two p53 

response elements located upstream of the p21 promoter at nucleotides -1,395 and -2,281 

(Fig. 15) 53,131,171 _ While it is possible that these may regulate the alternate promoter 

for p21B and p2 l C, we wanted to determine whether p21B and p2 l C are regulated by a 

more proximal p53 response element in their own promoter. We searched for such an 

element in the genomic DNA sequence that contains the p2 l locus (GenBank Accession 

#Z85996), and found a potential p53 response element that is located upstream of the 

p21B and p21C transcription start site at nucleotide -138. This sequence, 

CAGCTAGTTG ccc AGGCTAGTCT, contains two mismatches (in bold italics) in the 

non-critical positions ofthe p53-binding site 53,131,171 _ It should be mentioned that the 

two previously identified p53 response elements also contain two mismatches in both 

critical and non-critical positions of the p53-binding site 53, 131, 171 _ 
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Figure 14. p21B is induced by p73~. A Northern blot was performed using mRNA 

purified from M7-p73p-38 cells that were uninduced (-) or induced(+) to express p73~. 

The probe cDNAs for p21, p21B, and GAPDH were PCR-amplified fro~ human sple~n 

cDNAs (ClonTech, Palo Alto, CA) a7:1d confirmed by sequencing to be derived from the 

p21, p21B, and GAPDH genes. The blot_ was probed with p21B and then reprobed with 

p21 and GADPH, respectively. 
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Figure 15. Identification of a p53 response element in the p21B and p21 C promoter. 

The two previously identified p53 response elements are located upstream of the p2t' 

.transcriptional start site at nucleotides -5, 669 and -4, 783. An additional p53 response 

element is located upstream of the p21B/p21 C transcriptional start site at nucleotide -138. 

The consensus p53 response element is. sho'wn for comparison where W indicates an A or 

T, Y indicates a pyrimidine, and R indicates a purine. The nucleotides in bold italics 

indicate mismatches. A 432-base pair (bp) fragment from -272 to+ 160, which contains 

the potential p53 response element and a TAT A box, upstream of· a promoterless 

luciferase reporter·· construct is designated pGL2/wt. A 258-bp fragment from -98 to 

+160, which contains the TATA box but not the potential p53 response elem~nt, 

upstream of a promoterless luciferase construct is designated pGL2/del. 
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The putative response element is responsive to p53. 

To determine whether this binding site in the p21B/p21C promoter is responsive 

to p53, we used luciferase as a reporter for gene activation. We cloned a 432 base pair 

(bp) fragment from -272 to+ 160, which contains the potential p53 response element and 

a TATA box, upstream of a promoterless lµciferase reporter construct, and the resulting 

plasmid was.designated pGL2/wt (Fig. 15). Similarly, we cloned a 258 hp fragment from · 

-98 to +160, which contains the TATA box but not the potential p53 response element, 

upstream of a promoterless luciferase construct and the resulting plasmid was designated 

pGL2/del (Fig.15). Each of the reporter vectors was co-transfected into Hl299 cells with 

either a pCMV control vector, or a pCMV vector that expresses either wild type p53 or 

mutant p53(Rl 75H). The renilla luciferase assay vector,pRL-CMV was also co

transfected as an internal control. We found that the·luciferase activity for pGL2/wt was 

increased approximately 5-fold by wild type p53, but not by mutant p53 (Fig. 16). 

However, neither wild type p53 nor mutant p53(Rl 75H) was capable of significantly 

increasing the luciferase activity for pGL2/del. 

The putative response element is responsive to p63y and p73{3. 

p73 and p63, two p53-related proteins, are homologous to p53, especially in their 

DNA binding domains 25,172. Both proteins exist in several spliced forms, and each can 

induce numerous p53 targets l 6S-l 70, 173-1 75 . To determine whether p73 and p63 can 

also regulate the p21B/p21C promoter via this response element, pGL2/wt or pGL2/del 

~as co-transfected into Hl299 cells with a pcDNA3 control vector, or a pcDNA3 vect~r 

that expresses either p73B, mutant p73B292, p63a, or p63y. We found that the luciferase 
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Figure 16. The potential p53-binding site in the p21B and p21C promoter is 

responsive to p53, p73f3, and p63y, but not to p53(R175H), p73f3292, and p63a. 1.0 

µg of either pGL2/wt or pGL2/del was co-transfected into H1299 cells with 1.0 µg of 

p.CMV control vector or a pCMV vector that expresses wild type p53 ·or mutant 

p53(Rl 75H). To determine whe~her the potential p53-binding site is responsive to p73 

and p63, 1.0 µg of each construct was co-transfected into H1299 cells with 1.0 µg of 

pcDNA3 control vector or a pcDNA3 vector that expresses p73f3, p73f3292, p63a, or 

p63y. 50 ng of renilla luciferase assay vector pRL-CMV (Promega, Madison, WI) were 

also co-transfected as an internal control. Dual luciferase assay was performed in 

triplicate according to the manufacturer's instructions (Promega, Madison, WI). The fold 

increase in relative luciferase activity is a product of the h~c_iferase activity induced by 

p53, p53(Rl 75H), p73f3, p73f3292, ·p63a, or p63y divided by that induced by an empty 

pCMV vector. 
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activity for pGL2/wt was significantly increased by p73P (20-fold) and p63y (13-fold), 

but not by p73P292 and p63a (Fig. 16). The luciferase activity for pGL2/del was not 

significantly increased by p73f3, p73f3292, p63a, and p63y. These results are consistent 

· with previous reports demonstrating that p73p and p63y, but not p73f3292 and p63a, ate 

capable of regulating several p53 targets (Fig. 16) 169,174,175_ Together, these data 

-

suggest that like p21, p21B is also a target of the p53 tumor suppressor family. 

Generation of cell lines that inducibly express p21B 

Activation of p53 typically results in at least two well-characterized cellular 

responses: cell cycle arrest and apoptosis. To analyze the effects of p21B expression, we 

established several cell lines that inducibly express the p21B protein using the 

tetracycline (tet) system established by Gos.sen arid Bujard (Fig. 17} 176_ In this system, 
l 

the activation domain of the herpesvirus VP16 protein has been fused to the tet repressor 

(TetR) from E. coli to yield the transactivator tTA 177_ The tTA protein binds to the tet 

operator (tetO) DNA sequences upstream of target genes to activate their transcription 

177. However, in the presence of tetracycline or its structural analog doxocycline, the 

DNA binding activity of tT A is abolished and gene expression is silenced 177. 

Therefore, one can control the expression of a target gene through administration or 

removal of tetracycline. 

Because p21B is a novel protein with no homology to p21 or any known protein, 

we lacked an antibody to detect the p21B protein. Thu~, we generated a hemagglutinin 

(HA) tagged form of p21B (HA-p21B) using PCR (Fig. 17). This enabled us to detect 
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Figure 17. Strategy for the generation of stable cell lines that inducibly express HA- · 
. " 

p21B. Step 1: To· generate stable cell lines that inducibly express a protein of interest, 

cells are transfected with the 15-1-neo vector that express the tet activator (tTA) under 

the control of the CMV prom~ter. Positive colonies are selected by neomycin (neo) 

resistance. Step 2: PCR is used to generate a p21B cDNA with the 10-amino acid 

hemagglutinin epitope (HA) at the N-tenninus of the p21B open reading frame (ORF). 

HA-p21B is cloned downstream of the tet operator (tetO) in the pTRE vector. Cells from 

step 1 are trans_fected with pTRE/HA-p21B and another vector, pBABE, which confers 

puromycin (puro) resistance. Step 3: Puromycin resistant colonies are screened for HA

p21B expression in the presence ( +) or . absence (-) of tetracycline expression.· 

Tetracycline (Tet) binds to tT A and prevents expression from the tetO. However, in the 

absence of Tet, tTA binds to and initiates transcription from tetO. HA-p21B expression 

is detected through Western blot analysis using the 12CA5 monoclonal mouse antibody, 

which was generated against the HA epitope. 



Fig. 17 
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HA-p21B using the mouse monoclonal 12CA5 antibody, which was generated against the 

HA epitope. HA-p21B was cloned into the pTRE vector (also referred to as 10-3), 

downstream of the tetO response element to generate 10-3/HA-p21B (Fig. 18). 

Previously, we have generated MCF-7 and Hl299 cell .lines that express steady-state 

levels of the tT A protein 3 5, l 4S. Therefore, we created cell lines that inducibly express 

HA-p21B in MCF-7 and Hl299 cells. 

MCF-7 and Hl299 cells were transfected with 10-3/HA-p21B and pBabe, a 

vector that confers puromycin resistance for clonal selection. Positive ·cell clones that 

inducibly expressed HA-p21B were identified through Western blotting with the 12CA5 

antibody. Of_the five MCF-7 clones chosen, three were positive for p21B expression. Of 

the ninety-eight Hl299 clones chosen, nine were positive for p21B expression. 

Representative clones from these lines were chosen for further experiments. 

p21B inhibits cell proliferation. 

Since p21B is activated in response to DNA damage and is responsive to both p53 

and p73, we determined whether p21B affects cell proliferation. A representative clone, 

MCF-7-A, was used to measure the rate of cell growth in the absence and presence of 

p21B protein (Fig .. 19).· We found that p21B expression moderately suppressed the 

proliferation of MCF-7 cells (Fig. 19). 
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Figure 18. Schematic representation of the pTRE tetracycline regulated expression 

vector. pTRE (also known as 10-3) is a mammalian expression vector regulated by the 

tetracycline response element (TRE). pTRE contains the minimal immediate early 

promoter of CMV and 7 direct repeats of the tetO sequence. In the absence of tetracycline 

(Tet), tTA binds to and induces expression of a gene placed downstream of the TRE in 

the multiple cloning site (MCS). Hemagglutinin-tagged p21B was cloned into the 

BamHI site within the MCS to generate 10-3/HA-p21B. • 
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Figure 19. Overexpression of p21B inhibits cell growth. (A) Generation of stable 

MCF-7 · cell lines (MCF-7-A) that inducibly express p21B under the control of a 

tetracycline-regulated promoter. Levels of p21B and actin were assayed by Western blot 

analysis. The blots were probed with the mouse monoclonal anti-HA antibody 12CA5 

(upper panel), and anti-actin antibody (lower panel), respectively. (B, C) Growth rates of 

MCF-7-A in the absence (open square) or presence (filled diamond) of p21B. 
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p21B induces DNAfragmentation 

The negative effect of p21B upon cell proliferation may be indi\cative of either 

cell cycle arrest or apoptosis. To distinguish between these two events, we performed 

DNA histogram analysis. This assay was designed to measure the DNA content of cells 

grown in the presence or absence of p21B expression. As such, if p21B expression 

induced cell cycle arrest, we would anticipate an increase in the percentage of cells in 

either Gl or G2-M. However, if p21B induced apoptosis, we would anticipate an 

increase in the percentage of cells exhibiting sub-G 1 DNA content, since chromatin 

undergoes condensation,and is cleaved at discrete sites between nucleosomes during 

apoptosis: We found that MCF-7-A cells grown in the absence of p21B protein displayed 

a normal cell cycle phase DNA profile (Fig. 20). The percentage of cells in each phase 

were: 47% in Gl,23% in S, 30% in G2-M and only 7% exhibiting sub-GI DNA content 

(Fig. 20). However, in the presence of p21B, the number of cells that exhibited a sub-G 1 

DNA content increased from 7% to 15%, suggesting that p21B induces apoptosis. 

Moreover, p21B induction did not appear to induce cell cycle arrest since the percentage 

of cells in each phase was similar to that under the control conditions(Fig. 20). 

p21B promotes membrane lipid rearrangements. 

To examine this further, we performed additional assays to detect other features 

of apoptosis, including the redistribution of phosphatidylserine (PS) at the plasma 

membrane. In a healthy cell, PS is localized to the inner leaflet of the plasma membrane. 

However, during apoptosis, PS is redistributed to the outer leaflet 178_ There, external 

PS signals the attention of circulating phagocytic macroph~ges, which remove dead or 
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Figure 20. p21B induces DNA · fragmentation. DNA content was quantified by 

fluorescent activated cell sorting analysis with propidium iodide staining of fixed MCF-

7-A cells that were grown in the absence or presence of p21B for three days .. 
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dying cells l 78. Thus, the presence of PS on the outer leaflet of the plasma membrane is 

an indicator of apoptosis. Annexin Vis a protein that preferentially binds to PS. When 

Annexin V is conjugated to a fluorochrome, such as FITC, apoptotic cells can be 

separated and quantified using fluorescence activated cell sorting (F ACS) 179. 

During apoptosis, the plasma membrane is permeable to DNA-specific dyes, such 

as propidium iodide (PI). Therefore, apoptosis can be detected through the presence or . 

absence of PI-staining. We measured apoptosis using an annexiri V/PI staining assay and 

FACS. We found that in the absence ofp21B expression, 7% ofMCF-7-A cells (sum of 

the upper and lower r~ght quadrants) were annexin V/PI positive (Fig. 21). Howeve;, 

upon p21B expression, the percentage of annexin V/PI positive cells increased from 7% 

to 22%. 

p21B induces membrane permeability. 

To' confirm the findings of the previous experiment, we performed trypan blue 

dye exclusion assays. Like PI, trypan blue is a DNA-specific dye that can permeate the 

membrane of dead cells. In the absence of p21B expression, the percent of apoptotic 

cells was 7% (Fig. 22). However, in the presence of p21B, the number of cells 

undergoing apoptosis increased to 13%. 

p21B disrupts mitochondrial membrane potential. 

Apoptosis can be initiated through either the death receptor pathway or the 

mitochondrial pathway. The latter pathway involves stimuli that induce the release of 
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Figure 21. p21B induces lipid redistribution and increases plasma membrane 

permeability. Apoptotic cells were quantified by propidium iodide-annexin V staining 

of MCF-7-A cells that were grown in the absence or presence of p21B for three days. 
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Figure 22. p21B increases plasma membrane permeability. Apoptotic MCF-7-A cells 

were measured by trypan blue dye exclusion assay in the absence or presence of p21B for 

three days. 
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cytochrome c from the mitochondria and the dissolution of mitochondrial membrane 

integrity 180_ To determine whether p21B expression can alter mitochondrial membrane 

integrity, we stained cells with Mitosensor, a mitochondrial-specific cationic dye 

(ClonTech, Palo Alto, CA). In healthy cells, the Mitosensor dye aggregates inside the 

mitochondria and fluoresces red, which can be measured by FACS. Ho~ever, in 

apoptotic cells, the mitochondrial membrane is disrupted such that the Mitosensor dye 

cannot aggregate inside the mitochondria, and there is a reduction in the relative mean 

fluorescence. As a positive control, we analyzed cells that inducibly express p53. 

Previous studies have shown that p53 promotes.t.he release of cytochrome c, and disrupts 
~ . / , ' . 

mitochondrial membrane integrity 18 (··we found that ~pon p53 or p21B expression, the 

relative mean fluorescence decreased, suggesting that p21B can induce apoptosis via the . . 

mitochondrial pathway (Fig. 23). 

p21B induces DNA condensation.•· 

During apoptosis, DNA undergoes condensation and is subsequently cleaved. To 

analyze whether p21B expression could induce DNA condensation, we analyzed cells 

that inducibly express HA-p21B. As a positive control, we analyzed cells that inducibly 

express HA-p53. Cells were analyzed for protein expression by indirect 

immunofluorescence and cell nuclei were counterstained with the DNA specific dye 

DAPI. Using this technique, we noted that many cells that expressed p53 or p21B also 

exhibited DNA condensation, a characteristic hallmark of apoptosis (Fig. 24A-F). To 

determine if there was a relationship between chromatin condensation and p53 or p21B 

expression, we counted the number of cells that expressed either p53 or p21B, and also 
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Figure 23. p21B disrupts mitochondrial membrane potential. The mitochondrial 

membrane integrity was assayed in MCF-7-A and M7-p53-24 cells that were uninduced 

or induced to express p21B and p53, respectively. 
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Figure 24. p21B induces chromatin condensation. (A-F) Expression of p53 or p21B 

induces chromatin condensation. MCF7 cells that inducibly express HA-tagged p53 or 

HA-tagged p21B were double-stained with DAPI (blue) and anti-HA antibody (red) and 

were analyzed by fluorescent microscopy. The number of cells with condensed 

chromatin from a minimum of 200 control cells or MCF7 cells that express p53 or p21B 

were counted in four.separate experiments. The average percentage of cells with 

condensed chromatin is shown in the bar graph. 
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exhibited condensed chromatin. As a negative control, we analyzed the nuclei ofMCF7 

cells in the absence of either p53 or p21B expression, and found that approximately 5% 

of control cells exhibited condensed chromatin (Fig. 24G). In contrast, we found that 

31.1 ± 1 % and 18 ± 2% of cells that expressed p53 and p21B, respectively, exhibited · 

condensed nuclei. 

p21B is localized to dperinuclear region of the cell. 

Recent studies have shown that apoptosis can be initiated in distinct subcellular 
. . 

domains 142,182_ To determine the subcellular localization ofp21B, we performed 
. . 

indirect immunofluorescence analysis using H1299 cells that inducibly express either 

p21B·or p53 un,der the conirol of a tetracycline-regulated promoter. We found that cells 

expressing p21B displayed a distinct punctate perinuclear pattern (Fig. 25 and 26). In 

contrast, cells expressing p53 display~d a nuclear pattern as ex:pected. 

p2JB is localized to the Golgi·apparatus. 

Our data indicate that p21B expression is restricted to a region juxtaposed to the 

nucleus. Similar staining patterns have been seen with proteins that localize to the Golgi 

apparatus 183, 184_ To determine whether p21B expression was localized to the Golgi 

apparatus,. we performed indirect immunofluorescence analysis using Hl299 cells that 

inducibly express p21B. To identify the nuclei and Golgi apparatus, cells were 

counterstained with DAPI or fluorochrome conjugated antibodies directed against API 

and p58, respectiveli, APl and p58 are two well-known Golgi markers 183,184_ We 
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Figure 25. p2JB is expressed in a. perinuclear region of th~ cell~ H1299 cells stably 
. . . 

expressing HA-p2iB (upper panels) or HA~p53 (lower panels) were doubly stained with 

DAPI (blue) and anti-HA (red), and analyzed by fluorescent microscopy. 
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Figure 26. p21B is expressed in a perinuclear region of the cell. H1299 cells stably 

expressing HA-p21B (upper panels) or HA-p53 (lower panels) were doubly stained with 

DAPI (blue) and anti-HA (red), and analyzed by two-photon confocal microscopy. 
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found that p21B co-localized with API and p58 (Fig. 27 and 28). Collectively, these 

data indicate that p21B mediates p53-induced apoptosis through the Golgi apparatus. 

94 
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Figure 27. p21B is expressed in the Golgi apparatus. Cells stably expressing p21B 

were ttiply stained with DAPI (blue), anti-F.A (red), and anti-APl (gteen) (upper panels), 

or anti-p58 (green) (lower panels). The stained cells w_ere analyzed by fluorescent 

microscopy. 



Fig. 27 

Nucleus p21B Golgi Merged 



98 

Figure 28._ p21B is _expressed in the Golgi apparatus. Cells stably expressing p21B 

were stained with anti-BA (red), and anti-APl (green) (upper panels), or anti-p58 (green) 

(lower panels). The stained cells were analyzed by laser scanning confocal microscopy. 
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DISCUSSION 

We have identified two novel transcripts of the p21 gene, p2 IB and p21 C, both of 

which appear to be expressed from an alternate promoter in the p21 locus. p2 IB contains 

. two unique exons and encodes a protein with rto similarity to p21 or any other known 

proteins. p21C uses an extended version of the p21B exon I, but is spliced to the second 

and third exons of p21. We believe that p21 C encodes the p21 protein. We have 

demonstrated that both p21B and p21C can be regulated by DNA damage, p53, and p73, 

possibly via the proximal p53 response element found in their own promoter. We also 

found that over-expression of p21B inhibits ceff growth and induces apoptosis. These 
. . 

data indicate that the p21 locus expresses two distinct proteins, both of which may 

contribute to cell cycle regulation. 

Why would one locus encode two genes? Perhaps thi~ is an economic way to 

maximize the coding potential of the genome. For example, two distinct mRNA species 

are generated by the pl6INK4A/pl4ARF locus. Each mRNA species is regulated by specific 

promoters located upstream of their respective first exons. The a-transcript initiates 

transcription at exon la and is spliced to exon 2 and exon 3. The ~-transcript initiates 
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transcription at exon 1~ and is then spliced to exon 2 and exon 3. Despite sharing some 

sequences in common, the two transcripts utilize two different non-overlapping open 

·reading frames that initiate from within their respective first exons. As such, the 

pl 6INI<4A/p 14 ARF locus not only encodes two distinct mRNA species, but two entirely 

different proteins. 

Like the pl6INK4A/p14ARF locus, the p21 WAF1/CIP/p21B locus encodes two different 

mRNA species. As such, the p21 WAFl/CIP gene initiates at exon I, which is then spliced to 

exon II and exon III. Alternatively, the p21B gene initiates at exon IB, which is then. 

spliced to exon IIB. Although the two transcripts share similar sequences, the two utilize 

distinct, non-overlapping ORFs that encode two entirely different proteins. Additionally, 

we believe that each transcript may be regulated through discrete promoters located 

upstream of each gene's respective first exon. 

This discovery, while exciting, does not sufficiently explain the need to place two 

distinct genes within the same locus. Therefore, the fact that one locus encodes two 

proteins can not be a simple matter of nucleotide conservation. Instead, localizing two 

genes to a single locus may ensure the expression of both proteins, perhaps because these 

proteins have similar or overlapping functions. Indeed, the p 161NK4A/p 14 ARF locus 

encodes two distinct proteins, but each makes significant contributions to cell cycle 

regulation. In GI pl 6INK4A functions as a CKI to inhibit progression into and through S 

phase, whereas p 14 ARF induces G 1 arrest through the stabilization of p53, which activates 

the p21 CKI. p21B and p21 are similar to p 16 and p 14 in that p21 is the primary 
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mediator of p53-induced cell cycle regulation, whereas p21B contributes to cell cycle 

regulation, namely via apoptosis. This suggests that one locus may encode proteins with 

partially redundant functions as a mechanism of ensuring a particular outcome. We have 

identified _a second genomic locus that encodes two discrete proteins, each of which 

participates in cell cycle regulation. 

Interestingly, the gene products of the p21 WAFI/Cip /p21B locus are involved in 

different p53-mediated activities. p21 mediates p53-induced cell cycle arrest and may 

protect cells from undergoing apoptosis. Conversely, p21B mediates p53-induced 

apoptosis, and is notinvolved in cell cycle arrest. However, our data indicate that p21 

and p21B are simultaneously expressed in response to DNA damage, p53 and p73, albeit 

at different levels. Hence, p21 expression may be an unavoidable consequence of p53 

expression. This may produce cell cycle arrest, which affords the cell time to repair the 

damaged DNA or abrogate oncogene activation. After arrest, the cell may re-enter the 

cell cycle, continue to arrest, or undergo apoptosis. Therefore, p21 expression would 

actually occur before, and perhaps during, p21B expression. 

This type of redundancy may also be critical to maintaining cell cycle control in 

response to a wide array of cellular or environmental stresses. For example, oncogenic 

Ras induces theupregulation of both pl6INK4A and p14ARF 185,186_ However, loss of 

pRb activity induces pl 6INK4A whereas DNA damage and BRCAI expression induce 

pl4ARF. Likewise, DNA damage, p53, and p73 can induce the expression of p21 and 

p2 IB. In addition, both p2 l and p2 IB may be similarly regulated by a number of other 
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transcription factors. For instance, the promoters for both p21 and p21B/p21 C contain 

many common putative response elements for transcription factors including p53, E2F, 

C/EBP~, STAT_l, STAT3, and AP2 187. Therefore, in response to certain stimuli such as 

DNA damage, p21 and p21B can be expressed from both promoters, leading to cell cycle 

arrest and apoptosis. Alternatively, the p21 promoter also contains several response 

elements known to induce p21, i.e., STATS, BRCAl, SMAD3; and SMAD4 187_ 

However, these elements are absent from the p21B/p21C promoter. Conversely, the 

p21B/p21 C promoter contains several putative response elements for transcription factors 

that may not be present in the p21 promoter, for example APl, NFKB, and the serum 

response factor. Therefor~, in response to a particular stimulus, it is possible that p21, 

but not p21B, is induced, and vice versa. 

Under what conditions does p21B induce apoptosis? First, we know that p21B 

expression correlates. well with the presence of several apoptotic features, namely DNA 

condensation and fragmentation, the loss of mitochondrial membrane integrity, and 

redistribution of plasma membrane lipids. Therefore, we-.believe p21B is an early 

mediator of apoptosis. For example, DNA fragmentation has been shown to occur in the 

late stages of apoptosis 188. Hence, we believe that p21B participates in the induction of 

apoptosis at an earlier stage than DNA fragmentation since p21B expression precedes this 

event. Moreover, we see loss of mitochondrial membrane integrity when p21B is 

forcibly expressed, suggesting that p21B mediates apoptosis through the mitochondrial 
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pathway prior to the execution stage. Finally, we show that p21B expression induces the 

redistribution of ph_osphatidylserine within the plasma membrane, a hallmark of early 

apoptosis .. 

How can p21B mediate ~poptosis from within the Golgi apparatus? Hist9rically, 

th~. Golgi las been associated with the modi~cation and trafficking of p~oteins traveling 

along ~-e secretory pathway. However, r.ecent repo~s. ?ave implicated the _Golgi as an 

·e~ergi_~g key mediator of apoptotic events. For exampJe,- the activation of p53 correlates 
. . ' . 

. . . . 

well with the induction and redistributi<:m of Pas, a member of the death receptor famiiy, 

froni the Golgi to the plasma mertibrane (PM). 189:: This sensitizes cells to Fas-.induced 

apoptosis 190. However, this effe~t ·is abrogated in cells where the Golgi apparatus has 

been disrupted 190. Moreover, Fas-mediated apoptosis can occur in the absence of de 

nova protein synthesis, suggesting that an integral part of p53-mediated apoptosis-~ay be. 

the redistribution· of these pro-apoptotic receptors 1_90_ 

The tumor necrosis factor receptor 1 (TNF-Rl) and TNF-Rl-associated death 

domain protein TRADD proteins are also localized to the trans-Golgi and cis- or medial-

Golgi, respectively 191_· In the presence of tumor necrosis factor (TNFa), TNF-Rl and 

TRADD are recruited to the PM. TNF-Rl, another member of the death receptor family, 

binds TNFa at the PM and recruits TRADD, a cytoplasmic protein that binds to an 

intracellular domain of TNF-Rl 192_ As a heterodimer, TNF-Rl and TRADD induce 

cell death through the sequential recrui_tment and activation of caspase-8 190,192,193. 
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Other studies have localized procaspase-2, another mediator of apoptosis, to the 

Golgi apparatus 182. During apopto.sis, caspase-2 is proteolytically activated and cleaves 

golgin-160 182. The golgins are a family of proteins with a putative role in maintaining 

the integrity of the Golgi 182. Therefore, during apoptosis, caspase-2 may dismantle the 

secretory pathway after certain molecules, such as Fas, TNF-Rl, and TRADD, have been 

relocalized to other destinations._ The Golgi is disassembled in a caspase-dependent 

manner during apoptosis 194. 

Because the Golgi apparatus is essential for protein modification and vesicle 

trafficking, it may function as a conduit for receiving and amplifying apoptotic stimuli. 

For example, Bcl-2 is a pro-survival protein that resides within the inner mitochondrial 

membrane and the endoplasmic reticulum (ER) 195. Along the secretory pathway, the 

Golgi receives materials from the ER, which are then routed by the Golgi to their final 

destinations. When the secretory pathway is inhibited through the use of the drugs such 

as brefeldin A (BF A), which disrupts the ER and Golgi, cytochrome c is released from 

the mitochondria into the cytoplasm where it binds to Apaf, ATP and ·procaspase 9 

195,196_ This association activates caspase 9 196_ However, the release of 

cyctochrome c, and subsequent activation of caspase 9 can be inhibited by wildtype Bcl-2 

and a Bcl-2 variant (Bcl-2/cb5) that only localizes to the ER 195. Interestingly, Bcl-2 can 

be inhibited by Bax, a pro-apoptotic member of the Bcl-2 family 197_ After 

administration of camptothecin, a topoisomerase I inhibitor, Bax expression is 

redistributed from the cytoplasm to the nucleus, mitochondria, ER and Golgi apparatus 

concomitant with the induction of apoptosis 198. Therefore, protein interactions along 
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the secretory pathway, and hence within the Golgi apparatus, may mediate apoptosis. As 

such, w~ have found that p21B is expressed in the Golgi apparatus and mitochondrial 

membrane integrity is altered during p21B-mediated apoptosis. Therefore, p21B my 

mediate apoptotic cross-talk between the Golgi apparatus and mitochondria. 

Of all the functions identified for p53, perhaps the best characterized are cell 

cycle arrest and apoptosis. However, it is still uncertain what molecular cues signal p53 

to induce apoptosis as opposed to cell cycle arrest. Interestingly, we found that a single 

locus can mediate cell cycle arrest by p2 l and apoptosis by p21B. Moreover, DNA 

damage, p53 and p73B can induce both p21 and p21B. Perhaps this allows the cell to 

respond to negative stimuli through the activation of genes from a single genomic locus. 

Thus, the p21 WAFl/CIP locus may be critical in the determination between p53-mediated 

cell cycle arrest or apoptosis. 
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SUMMARY. 

The p53 tumor suppressor is arguably one of the most important proteins involved 

in regulating the mammalian cell cycle. p53 functions as a sequence-specific 

.transcription factor and regulates the expression of genes that mediate c~ll cycle arrest 

and apopto'sis. 

p21 WAFI/Cipl is well-characterized p53 target that is necessary for p53-induced GI 

arrest. Herein, we report the identification of two variants of the p2 l gene, p21B and 

p21C. While both p21 and p21C encode the p21 protein, p21B encodes a protein with no 

similarity to any known proteins. Both p21 and p21B transcripts are ubiquitously 

expressed in normal human tissues, and like p21, both p21B and p21C are induced by 

DNA damage. We show that p21B is activated by p53 and p73P, and may be regulated 

by a p53 binding site in the p21B/C promoter that is responsive to p53, p63y, and p73p. 

To study the function of p21B, we have generated cell lines that inducibly express 

p21B. We show that while p21 mediates p53-induced cell cycle arrest, p21B induction 

correlates with DNA condensation and fragmentation, lipid ·rearrangements at the plasma 
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inembrane, increased plasma membrane permeability, and dissipation of the 

mitochondrial membrane potential. Because these events are hallmarks of apoptosis, we 

conclude that p21B is involved in p53-mediated apoptosis. Furthermore, we have 

analyzed p21B .expression and determined that p21B is in the Gol~i apparatus. Hence, 

we also conclude that p21B mediates apoptosis from the Golgi apparatus. This study 

identifies for the first time, two.distinct gene products, p21 and p21B, that are regulated 

by the p53 tumor suppressor from a single genomic locus, and which mediate p53-

induced cell cycle arrest and p53-induced apopt9sis, respectively. 
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