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Abstract. Progression through the cell cycle is regulated by cyclins and cyclin- 
dependent kinases (Cdks). The cyclin kinase inhibitor p21 (also known as WAF1, CIP1, 
SDI1, and MDA-6) can induce G1 arrest and block entry into S phase by inactivating 
Cdks or by inhibiting activity of proliferating cell nuclear antigen (PCNA). In normal 
cells, p21 exists in quaternary complexes with cyclin, Cdk, and PCNA. Transcription of 
the p21 gene is activated by p53-dependent and -independent mechanisms. Mice 
deficient in p21 exhibit no apparent phenotype, although p21 function has been dem- 
onstrated to be necessary for p53-mediated G1 arrest following irradiation of p21- 
deficient mouse embryonic fibroblasts. Thus, the function of p21 under normal cir- 
cumstances appears to be redundant. p21 is expressed in terminally differentiating 
cells of a variety of tissues in a p53-independent manner. Overexpression of p21 
results in G1 arrest and has been shown to suppress effectively tumor growth in vitro 
and in vivo. We review the recent literature describing the functional characterization 
of p21. This protein plays a key role in regulating the cell cycle and may have potential 
gene therapy applications. [P.S.E.B.M. 1996, Vol 2131 

egulation of cell cycle plays an important role 
in normal cell growth and differentiation, and 
.in tumor progression. Cell cycle progression is 

controlled by the cyclin-dependent protein kinases 
(Cdks), which are the catalytic partners of the cyclins 
(reviewed in Ref. 1). Each Cdk interacts with a par- 
ticular subset of cyclins, and each mammalian cyclin 
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can interact with multiple Cdks. Cyclin function is pri- 
marily controlled by changes in cyclin levels, while 
Cdks are activated by phosphorylation of a conserved 
threonine residue (2). Regulators of G1 progression in 
mammalian cells include D-type cyclins (Dl, D2, D3) 
and cyclin E (3). D-type cyclins are associated with 
either Cdk4 or Cdk6, while cyclin E is associated with 
Cdk2 (4). These cyclins play important, but probably 
distinct, roles in the regulation of the GI-S phase 
transition (5). 

Substrates of the G1 Cdks include the retinoblas- 
toma protein (pRb) and other pRb-related proteins (6). 
When it is hypophosphorylated, pRb binds and re- 
presses the transcriptional activation by the E2F 
family of transcription factors that are required for 
the activation of a variety of genes needed during 
the G1-S phase transition (7-9). pRb hyperphos- 
phorylation results in the release of E2F, enabling it 
to activate genes important for S phase entry (Fig. 1; 
for review see Ref. 10). Cdk-2 also plays a key role in 
regulating DNA replication during S phase (1 1-15). 
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Figure 1. Mechanisms of p21 action. (A and B) When p21 is absent, or present in a stoichiometry of one molecule per complex, 
Cdk7/cyclin H bind and phosphorylate Cdk2/cyclin E, Cdk4/cyclin D, and CdkG/cyclin D complexes. These complexes then phospho- 
rylate Rb and release E2F for autoactivation and activation of S phase genes. In Panel A, the p9/Cdk/cyclin/p45/pl9 complex 
characteristic of transformed cells, and essential for entry into S phase in normal cells, is shown. In Panel B, the active unimolar p21 
quaternary complex is depicted. (C) When p21 is present in excess, an additional molecule binds the Cdkkyclin complexes, possibly 
blocking activation by Cdk7/cyclin H and preventing phosphorylation of Rb, allowing Rb/E2F complexes to inhibit S phase progres- 
sion. (D) p21 can also inhibit replication by binding to PCNA, dissociating the trimer and causing polymerase 6 to lose processivity. 
Gadd45, another growth-inhibitory protein induced by DNA damage, interacts with p21 and competes with it for PCNA binding. 

Cyclin kinase inhibitors are proteins that bind to 
and inhibit the activity of Cdks. One of the first of 
these to be identified was p21 which binds and inhibits 
GI cyclin/Cdk complexes (16, 17). The p21 cDNA was 
cloned independently by several groups and is also 
known as WAF1 (wild-type p53 activated factor), 
CIPl (Cdk interacting protein), SDIl (senescent cell- 
derived inhibitor), and MDA-6 (melanoma differentia- 
tion associated) (1620). Thus far, seven cyclin kinase 
inhibitors have been identified. p27 (21, 22) and p57 
(23, 24) are similar to p21 at the amino terminus and 
have a broad specificity for Cdks (See Fig. 2). p16 (25, 
26), p15 (27), p18, and p19 (28, 29) are cyclin kinase 
inhibitors that form a second family with a more re- 
stricted Cdk specificity. 

Structure and the Mechanism of Inhibition of 
Cell Cycle Progression by p21 

The human p21 gene consists of three exons of 68, 
450, and 1600 bp. The first ATG codon appears at 
nucleotide 76 in exon 2 and a termination codon ap- 
pears at nucleotide 570 in exon 3 (16, 18). The protein 
sequence shares 79% identity with mouse p21, with 
two regions being highly conserved, human codons 
21-60 (95% identity) and 130-164 (89% identity) (30). 
The first of these regions is cysteine rich and may 
encode a zinc finger, while the second conserved re- 
gion contains several putative nuclear localization 
signals (18, 30). The structure of p21 is depicted in 
Figure 2. 
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Figure 2. Structural features and homol- 
ogies of p21. Black bars indicate mis- 
matches and white regions indicate simi- 
larity at each amino acid position in each 
schematic alignment of human p21 to 
mouse p21 (a), human p27 (b), and hu- 
man p57 (c). The portions of p27 and p57 
depicted are limited to regions with nota- 
ble homology. Sites of p21 interaction 
with PCNA, Gadd45, Cdk2, and cyclin are 
indicated by bars. The boundary between 
the two coding exons, 2 and 3, is indi- 
cated with a triangle. The C-terminal ba- 
sic region is indicated by a bar and the 
putative nuclear localization signals (ba- 
sic amino acids) are indicated by small 
boxes. Interactions of p21 and the retino- 
blastoma related protein p107 with cyclin 
A/Cdk2 or cyclin E/Cdk2 are mutually ex- 
clusive, and pl07 interaction has been 
mapped to a short sequence motif with 
homology to p21 (31). 
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In normal human diploid fibroblasts, p21 exists in 
quaternary complexes that contain cyclin, Cdk, and 
proliferating cell nuclear antigen (PCNA) , a processiv- 
ity factor for DNA polymerase 6 (Fig. 1B) (32). In 
nonvirally transformed cells, the p2 1 quaternary com- 
plexes are replaced by complexes containing Cdk, cy- 
clin, and proteins of 9, 19, and 45 kDa (Fig. 1A) (33, 
34). The disappearance of p21 in many tumors may be 
explained by lack of transcriptional activation of the 
p21 gene due to mutation of the p53 gene (18). 

In the p2 1-containing complexes, cyclin kinases 
may exist in both active and inactive forms (35). The 
transition between active and inactive states occurs 
through changes in p2 1 stoichiometry, particularly 
when multiple p21 molecules as opposed to a single 
p21 molecule bind to these complexes (35, 36). Inhib- 
itory binding by p21 may prevent phosphorylation of 
Cdks by Cdk-activating kinase (CAK, also called 
Cdk7) by making the target inaccessible (37). The af- 
finity of p21 for Cdks is notably increased when the 
Cdk is associated with a cyclin, probably because of 
conformational changes that occurs after formation of 
cyclin/Cdk complexes (36). 

p21 effectively inhibits Cdk2, Cdk3, Cdk4, and 
Cdk6, which have a direct role in the Gl-S transition, 
but it is a poor inhibitor of other known Cdks (36). 
Early events in DNA replication, including phosphor- 
ylation of the single-strand DNA binding protein RP- 
A, are regulated by Cdk2 and can be inhibited by p21 
(1 1-15). p21 can also bind to PCNA and, when present 
in excess stoichiometry, can block its ability to acti- 
vate DNA polymerase 6 (Fig. lD), affecting DNA rep- 
lication through this interaction (3840). 

PCNA is also important for nucleotide excision- 
repair (41), but in vitro data regarding the role of p21 in 
regulating DNA repair have been contradictory. In ex- 
tracts prepared from the RKO human colon carcinoma 
cell line and healthy human lymphoblasts, addition of 
recombinant p21 did not influence repair of an ultra- 
violet (UV)-irradiated plasmid, and in a reconstituted 
system dependent upon purified PCNA, p21 inhibition 
appeared to preferentially inhibit long transcripts (39). 
PCNA-dependent DNA repair also proceeded in Xe- 
nopus egg extracts in the presence of excess p21 (42). 
In contrast, repair of DNA damaged by UV irradiation 
or alkylating agents was inhibited when p21 was added 
to Hela cell extracts in a 2- to 4-fold stoichiometry 
relative to PCNA; PCNA addition reversed this inhi- 
bition (43). In all of the in vitro studies, p21 was an 
efficient inhibitor of the synthesis of long DNA tem- 
plates (39, 40, 43). By using purified proteins, a 10- 
nucleotide elongation was inhibited with a greater than 
40-fold excess of p21 to PCNA (40), leading to the 
suggestion that PCNA clamp loading is inhibited only 
by a large excess of p21, a result which is confirmed by 
in vitro cross-linking studies (44). In fact, low levels of 

p21 appear to stimulate RF-C-mediated PCNA loading 
by up to 50% (44). In addition, in vivo experiments 
have provided evidence for a repair defect in p21-’- 
cells; lower levels of reporter gene expression were 
detected following transfection of damaged constructs 
into ~ 2 1 ~ ’ -  cells when compared with p21+’+ cells 
(Dr. Wafik El-Deiry , personal communication). 

At physiological levels, p21 is likely to inhibit 
elongation by decreasing the association of polymer- 
ase delta with PCNA or by preventing sliding of the 
complex. Podust and coauthors find that the polymer- 
ase delta core and p21 compete directly for binding to 
PCNA, while p21 does not prevent the loss by sliding 
of p21 clamps from linearized DNA (44). These au- 
thors suggest that the distinction between excision and 
replication is simply that long replication requires 
many cycles of reloading of polymerase delta to the 
PCNA clamp, and with each loading, polymerase delta 
must compete with p21. Contradictory results can thus 
be explained by differences in repair length, pausing 
sites, and p21 versus PCNA concentration. This is not 
an “all or none” mechanism for PCNA-dependent 
replication control but instead allows a graded prolon- 
gation of the elongation process. 

The Cdk and PCNA inhibitory activities of p21 
have been mapped to different domains of the protein 
(Fig. 2) (45-50). The amino terminus of p21 binds Cdks 
(17, 46, 47, 51) and cyclins (17, 45, 47, 52). This region 
plays an important role in suppression of tumor cell 
growth (45, 46, 50). Amino acids 49-71 of p21 share 
sequence similarity with residues 60-76 of the cyclin 
kinase inhibitor p27, and bind Cdk2 (53). Amino acids 
21-26 of p21 are also conserved in the related cyclin 
kinase inhibitors p27 and p57, and were shown to be 
involved in cyclin D1 and cyclin E binding (45). Mu- 
tation of residues 21 and 24 resulted in a lack of bind- 
ing to cyclin D-Cdk2 and cyclin E-Cdk2 complexes in 
vitro and this mutant p21 protein also failed to sup- 
press growth of tumor cell lines (45). 

The carboxy terminus of p21 contains the PCNA 
binding and inhibitory activity (Fig. 2) (46, 49). Ex- 
pression of this domain alone in cells has an inhibitory 
effect on DNA synthesis (47). The binding site for 
PCNA was localized to eight residues, which when 
contained within a 20-amino acid peptide retained the 
ability to bind PCNA and inhibit SV40 DNA replica- 
tion in vitro (48). 

Recently, p21 was also shown to interact with 
Gadd45 (54). Gadd45 (growth arrest and DNA dam- 
age) has several features in common with p21. Its ex- 
pression is induced in response to UV irradiation in a 
p53-dependent manner (59 ,  and it interacts with 
PCNA and can compete with p21 for binding to PCNA 
(56).  In an ELISA-based pepscan assay, peptides 
spanning amino acids 1-20, 141-160, and 144-164 of 
human p21 interact with Gadd45 (54). The carboxy- 
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terminal region of p21 that binds Gadd45 overlaps 
with, but is probably distinct from, the region of p21 
that interacts with PCNA (48). In a yeast two-hybrid 
system, Gadd45 also interacted with the amino- 
terminus of p21 (54). It is possible that Gadd45 may 
regulate the availability of p21 and modulate its ability 
to interact with PCNA. 

Expression of p21 during Development and Cell 
Differentiation In Vivo 

Examination of the patterns of p21 expression in 
the developing mouse embryo using in situ hybridiza- 
tion provided evidence that induction of p21 expres- 
sion is correlated with cell cycle arrest that precedes 
terminal differentiation in a variety of tissues (57, 58). 
The correlation of p21 induction with terminal differ- 
entiation and the cessation of proliferation has also 
been demonstrated in a variety of in vitro systems (57, 
59-63). p21 transcripts were first detected in the Day 
8.5 post coitum (P.c.) embryo in the midline of the 
neural tube and hindgut. p21 transcripts were later de- 
tected in post-mitotic muscle cells in the myotome by 
Day 10 P.c., and in a variety of terminally differenti- 
ating epithelia between Day 13 and 15 p.c. Although 
expression of p53 was detected in all cells of the 8.5 to 
10.5 p.c. embryo (64), p21 expression was more re- 
stricted and detected only in differentiating cells, dem- 
onstrating that p53 alone is not sufficient for induction 
of p21. Expression of p21 appeared normal in embry- 
onic tissues of mice lacking a functional p53 gene 
(p53 -’-), indicating that induction of p21 transcription 
during development of most tissues does not require 
p53 (58). 

Expression of p21 in tissues of the adult mouse 
was also localized to terminally differentiating cells. In 
most tissues examined except the spleen, expression 
of p21 is p53 independent (58, 65). Highest levels of 
p21 expression were found in tissues with high turn- 

over rates, such as the skin and linings of the gastro- 
intestinal tract (30, 57, 64). The intestinal epithelium 
continuously regenerates, requiring rapid proliferation 
of large numbers of cells in the intestinal crypts. Dif- 
ferentiation of the four principal intestinal lineages is 
accompanied by cell cycle arrest and induction of high 
levels of p2 1 transcription. p21 transcripts and protein 
have been localized to differentiated cells of the small 
intestinal villus epithelium and upper crypt epithelium 
in the colon (Fig. 3) (57, 58, 66). This striking com- 
partmentalization of p2 1 to the nonproliferating cells 
becomes disorganized early during the development of 
benign adenomas (66). 

The intestinal epithelium was used as a model for 
examining the role of p21 in regulating differentiation 
and cell proliferation in vivo. Chimaeric mice com- 
posed of p21-’- and p21+’+ cells were generated and 
intestinal development and differentiation were stud- 
ied (67). No changes in morphogenesis, differentia- 
tion, or cell proliferation could be detected in p21-’- 
epithelial cells. Mice deficient in p21 in all tissues were 
also found to develop normally up to 7 months of age 
(68). Thus, although p21 appears to play an important 
role in regulating cell cycle progression, its activity 
may be functionally redundant in the animal. 

The function of p21 during differentiation was also 
studied in the Drosophila eye (69). Human p21 was 
expressed posterior to the morphogenetic furrow in 
the eye imaginal disc, and this inhibited a second wave 
of mitosis that gives rise to precursors of photorecep- 
tor cells R1, R6, and R7, the cone cells, the pigment 
cells, and precursors of the sensory bristles. Cell types 
that were determined early following the second mito- 
sis (Rl, R6, R7 cells, cone cells, primary pigment cells) 
were still present in flies expressing p21, while cell 
types that were determined later (secondary and ter- 
tiary pigment cells, bristle cells) were severely under- 
represented (69). Thus, the decrease in the number of 
precursor cells available as a result of p21 inhibition of 
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Figure 3. p21 expression patterns in re- 
generating epithelial tissues. Within epi- 
thelia of intestine, hair follicle, and skin, 
differentiation stages are schematically 
represented according to the legend at 
right. In each case, p21 RNA expression 
(bracketed) corresponds to a population 
of cells that has begun the process of ter- 
minal differentiation and ceased to di- 
vide. 
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mitosis resulted in the absence of some cell types, al- 
though ectopic p21 expression did not itself determine 
cell fate. 

p21 Induction following DNA Damage Is Usually 
p53-Dependent and Responsible for 
Growth Arrest 

The p53 tumor suppressor protein is a transcrip- 
tion factor required for the transactivation of a number 
of genes involved in growth control (70, 71). Inactiva- 
tion of wild-type p53 function can lead to a growth 
advantage and tumor progression. p2 1 was identified 
in a screen for genes activated by p53 (18). It has been 
demonstrated that DNA damage (irradiation) activates 
p21 transcription in a p53-dependent manner in human 
diploid fibroblasts (72) and human thyroid epithelial 
cells (73), leading to cell cycle arrest. Following expo- 
sure of mice to ionizing radiation, induction of p21 was 
also found to be p53 dependent in most tissues, with 
the exception of the intestine where high levels of p21 
are constitutively expressed (65). 

Several examples of p53-independent induction of 
p21 following DNA damage have also been reported. 
Irradiation of KG- 1 human myeloblastic leukemia cells 
that contain mutant p53 leads to induction of p21, but 
in this case induction is mediated by tumor necrosis 
factor-a (TNF-a) (74). It has also been shown that p53 
can inhibit cell cycle progression without induction of 
p2 1 expression. A temperature-sensitive mutant of hu- 
man p53 (Val 138) is capable of arresting the growth of 
rat embryo fibroblasts (REF) at the permissive tem- 
perature without induction of p2 1 expression (75). 
Thus, p21 may arrest cell cycle progression following 
p53-independent activation, and at the same time p53 
may promote cell cycle arrest by activation of genes 
other than p21. 

The redundancy of different pathways that lead to 
cell cycle arrest following DNA damage was also dem- 
onstrated in mice, following targeted deletion of the 
p21 gene (67, 68). The same number of cells died in 
intestinal crypts derived from both p21-’- and p21+’+ 
cells, following irradiation of chimaeric mice (67). In 
addition there was a similar decrease in proliferation in 
crypts regardless of the p21 status. These data indi- 
cated that p21 is not required for DNA damage in- 
duced cell death and cell cycle arrest in the mouse 
intestine, although p53 appears to play a role in normal 
response to radiation in this tissue (76, 77). p21 was 
also found not to be required for p53-dependent apop- 
tosis of y-irradiated thymocytes (68). 

In contrast, cultured ~ 2 1 ~ ’ -  mouse embryonic fi- 
broblasts were significantly deficient in their ability to 
undergo G1 arrest in response to DNA damage (67, 
68). p21-’- cells had a phenotype intermediate be- 
tween ~ 5 3 ~ ’ -  and wild-type cells, suggesting the pos- 

sibility that p53 induces an additional gene that partic- 
ipates in cell growth arrest. Homozygous deletion of 
p21 in the human colon carcinoma cell line HCTll6 
completely abrogated the G 1 checkpoint following 
y-irradiation (66), suggesting that p2 1 is solely respon- 
sible for GI arrest in these cells. The absolute require- 
ment of p21 for GI exit as a result of y-irradiation in 
human cells, versus the partial requirement for it in 
murine embryonic fibroblasts, may be explained by 
differences in species and cell types. 

In addition to mediating growth arrest, the p53 
protein participates in apoptosis following DNA dam- 
age (70, 71) and p21 is also induced in cells undergoing 
p53-dependent apoptosis (78). Although adenoviral 
vector directed expression of p53 in tumor cell lines 
induced apoptosis, expression of p21 did not, indicat- 
ing that p21 expression alone is not sufficient for in- 
ducing apoptosis (79). Several studies suggest that cy- 
tokines can block p53-mediated apoptosis and drive 
cells toward G1 arrest ( 5 5 ,  80). Addition of interleu- 
kin-3 (IL-3) to the Baf-3 nonmalignant murine lym- 
phoid cell line while the cells were irradiated resulted 
in cell cycle arrest (55).  When these cells were de- 
prived of IL-3 during irradiation, they underwent 
apoptotic cell death (55) .  The p21 gene was induced in 
both cases, but at higher levels in IL-3-treated cells. 
p53-dependent apoptosis does not require new RNA 
or protein synthesis (81), indicating that p21 is not nec- 
essary for inducing apoptosis. Still, the levels of p21 
that are induced may influence the decision as to 
whether the cells undergo GI arrest or apoptotic cell 
death, and the p21 gene can be induced by a variety of 
growth factors in a p53-independent manner (62). The 
bcl-2 gene, which usually prevents apoptosis, sup- 
pressed p53-dependent activation of p21 in the MCF 
10A breast epithelial cell line, but not mitogen- 
medicated induction (82). Since bcl-2 can sequester 
p53 in the cytoplasm during GI,  this is not unexpected 
(83). 

It has also been demonstrated that wild-type p53 is 
required for Myc mediated apoptosis, but no new syn- 
thesis of downstream targets of p53 is needed (84). The 
Cdk2 inhibition caused by p21 during p53-induced G1 
arrest in mouse fibroblasts can be reversed by Myc 
activity (85). Hermeking and colleagues showed that 
this is mediated by a heat-labile factor present in cells 
with Myc activity, which restores Cdk2 activity to the 
level seen without functional p53 in the cell. On the 
other hand, rescue by B-myb of GM cells from p21- 
mediated p53-induced G1 arrest is not associated with 
a restoration of cyclin E/Cdk2 activity (86). 

Levels of p21 were found to increase 10- to 20-fold 
in senescent human diploid fibroblasts when compared 
with young cells (19). The increase in p21 levels in 
senescent cells appears independent of p53 status (87, 
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88). Nevertheless, p53 seems to play a critical role in 
growth arrest during cellular senescence (88). Expres- 
sion of mutant p53 in human diploid fibroblasts grown 
to near senescence extended the lifespan of the cells 
over 15 population doublings (88). 

Bae and colleagues have suggested that stability of 
p21 protein is an important factor in determining the 
duration of GI arrest in human lymphoma cells (89). 
Levels of p21 protein were shown to remain elevated 
after p53 protein and p21 transcripts returned to basal 
levels in irradiated MCF-7 cells. It was determined 
that the increased levels of p21 protein were not due to 
increased p21 stability, but probably to an increase in 
the rate of p21 translation (90). The correlation be- 
tween p21 RNA and protein levels and expression of 
wild-type p53 was examined in breast epithelial cells 
transfected with a human papilloma virus E6 protein 
expression construct (90). The E6 protein binds p53 
and induces its degradation through an ubiquitin- 
dependent pathway (91). Decreased levels of both p53 
and p21 protein were detected in E6 protein expressing 
clones, although in some cases p21 RNA levels re- 
mained high (90). While p21 RNA levels increased 
only 2- to 3-fold following differentiation of murine 
erythroid leukemia cells, protein levels increased ap- 
proximately 10-fold (65). Thus, expression of p21 ap- 
pears to be regulated by a variety of posttranscrip- 
tional and transcriptional mechanisms (see below). 

p53-Independent Induction of p21 during 
Cell Differentiation 

Transcription of the p21 gene can be activated by 
p53 and by several p53-independent mechanisms 
(summarized in Fig. 4). Sequence comparison of 4.5 
kb of upstream sequence of the rat, mouse, and human 
genes revealed conservation of two p53 recognition 
sequences and one region that could possibly bind 
MyoD (66). At least one of the p53 sites was required 
for p53 responsiveness (66). A putative ETS-binding 

site overlaps the proximal p53-binding site in the 
mouse p21 promoter, and it was speculated may play a 
role in serum induction of the p21 gene (65). 

In differentiating muscle cells, the basic helix- 
loop-helix transcription factor MyoD activates p21 
transcription during the process of muscle cell differ- 
entiation. Expression of p21 RNA and protein was in- 
duced during differentiation of C2 muscle cells, but not 
in 10T1/2 fibroblasts (59, 60). Stable introduction of 
MyoD into 10T1/2 cells converts these cells to myo- 
blasts and leads to p21 induction (58, 59). Although 
high levels of p21 expression could be detected in wild- 
type embryonic fibroblasts when they were grown in 
both high and low serum media, expression of p21 in 
p53-deficient fibroblasts could be detected only when 
cells were infected with a retroviral MyoD expression 
construct and grown in low serum differentiation pro- 
moting conditions. In this case, p21 induction ap- 
peared MyoD dependent and did not require p53 (59). 
Interestingly, a role for p2 1 in promoting differentia- 
tion by regulating Cdk activity has also been sug- 
gested. Forced expression of cyclin Dl  inhibits MyoD 
mediated transactivation of muscle specific genes, but 
this can be overcome by overexpression of p21 (90). 

Caco-2 cells were derived from a human colon ad- 
enocarcinoma and differentiate in the absence of in- 
ducers after reaching confluence (93). As these cells 
are maintained in culture, they polarize, form mi- 
crovilli, and express increasing levels of brush border 
enzymes characteristic of differentiated intestinal epi- 
thelial cells. During the process of Caco-2 cell differ- 
entiation, p21 and p53 mRNA and protein levels also 
increase (57). In both undifferentiated and differenti- 
ated Caco-2 cells, p53 protein was not inducible by 
DNA-damaging agents. This suggests the absence of 
functionally wild-type p53 protein and a p53- 
independent mechanism of p2 1 induction during dif- 
ferentiation of this intestinal cell line. 

In p53-negative hematopoietic and hepatoma 
cells, p21 was induced during the process of differen- 
tiation after these cell lines were exposed to butyrate 
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Figure 4. Activation of p21 gene transcription. Ac- 
tivation of the p21 promoter can occur via p53, 
MyoD, and STAT transcription factors, a vitamin D- 
responsive element, or through Spl  sites in the 
proximal promoter that mediate TGF-P, PMA, and 
okadaic acid induction. A TNF-a-mediated p53- 
independent pathway for irradiation-induced 
growth inhibition via p21 also exists. See text for 
references. 
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or other differentiation agents (61). p53-independent 
induction of p21 expression at the transcriptional level 
has been observed as an immediate early response to a 
variety of physiological and chemical inducers of dif- 
ferentiation. In quiescent embryonic p53-deficient fi- 
broblasts, p21 is induced as an immediate early gene 
by serum or a variety of purified growth factors includ- 
ing PDGF, FGF, and EGF (62). It has been proposed 
that p21 acts as an internal timing mechanism in nor- 
mal cells, controlling the passage of cells past the re- 
striction check point into S phase (16). Interestingly, 
the growth of A431 cells, which contain high amounts 
of the EGF receptor, is paradoxically inhibited by 
EGF, and this growth inhibition is mediated through 
induction of p21 (94). 

Significant insight into the activation of p21 by 
growth factors and cytokines has been gained through 
the identification of three STAT transcription factor- 
binding sites in the p21 promoter (95). Proteins in nu- 
clear extracts from EGF treated A431 cells expressing 
high levels of STATl and STAT3 bandshift and super- 
shift probes for these sites in a manner consistent with 
STATl homodimer binding at the 5’ sites, and binding 
of STATl/STAT3 heterodimer or either homodimer at 
the 3’ site (Fig. 4). Likewise, y-interferon (IFN-y) 
stimulation of three cell types results in STATl induc- 
tion and STAT1 complex formation at all three sites. 
In each of these cases, p21 is induced and replication 
is inhibited. Signaling through many cytokine recep- 
tors involves the JAK-STAT pathway (reviewed in 
Ref. 96). The question remains, however, as to wheth- 
er this induction will normally represent a growth in- 
hibition, since the STAT pathway is normally associ- 
ated with induction of immediate early genes and stim- 
ulation of replication. A possible resolution might be 
that normal levels of activated EGFR or similar recep- 
tors that stimulate growth might lead to lower induc- 
tion of p21 protein, to the appropriate unimolar level 
for the normal quaternary complex seen in active 
replication. 

Several additional factors have been demonstrated 
to induce p21 expression. Nerve growth factor inhibi- 
tion of growth of NIH 3T3 cells expressing TrkA cor- 
related with induction of p21 protein expression and a 
10- to 20-fold increase in levels of p21 complexed with 
Cdk2 and Cdk4 (97). The treatment of p53-null human 
leukemia cells by okadaic acid or IFN-y caused cell 
growth arrest and monocytelmacrophage differentia- 
tion and concomitant induction of p21 (98). The pro- 
tein kinase inhibitors and antimitogenic agents H7 and 
staurosporine induced p2 1 expression in the mammary 
epithelial MCF-7 cell line, and induction of p21 by 
staurosporine was p53 independent (99). In the 
MCFlOA breast epithelial cell line, p21 could be acti- 
vated by p53 or mitogens (82). Treatment of TE85 0s- 

teosarcoma and MDAH04 1 Li-Fraumeni patient de- 
rived cell lines, containing no functional p53, with 
hydroxyurea or hydrogen peroxide leads to tran- 
scriptional activation of p21 and growth arrest (100). 
Administration of a novel synthetic retinoid AHPN to 
the human breast cell line MDA-MB-23 1 that contains 
mutant p53, also induces GO/Gl arrest and simulta- 
neous upregulation of p21 (101). Addition of IFN-p 
and antileukemic compound mezerin to HO-1 human 
melanoma cells induces growth arrest and differentia- 
tion. This is accompanied by induction of p21 at 
mRNA and protein level, while a decrease in levels of 
p53 protein are observed (20). 

Diethylmaleate (DEM)-induced oxidative stress 
diminished the ability of p53 to bind DNA and activate 
transcription. At the same time, DEM-induced p21 
but not Gadd45 in p53-independent way. Addition of 
DEM to Saos-2 and T98G cells that do not have func- 
tional p53 leads to induction of p21 and cell cycle 
arrest (102). 

Addition of calcium to cultured keratinocytes trig- 
gers terminal differentiation and p53-independent ac- 
tivation of p21 (60). In these cells, induction of p21 
during differentiation was abolished by expression of 
the adenovirus ElA oncoprotein. Overexpression of a 
novel nuclear phosphoprotein p300 suppressed the 
E1A effect, independent of its binding to ElA. In the 
absence of ElA, exogenous p300 could not signifi- 
cantly activate p21 expression (60). 

Transforming growth factor+ (TGF-p) inhibits 
proliferation of many cell types, including epithelial 
cells (103). This is in part due to its ability to regulate 
the cyclin kinase inhibitors p21, p27, and p15 (104). 
p21 expression is induced by TGF-p by p53- 
independent pathways in a human keratinocyte cell 
line (105) and ovarian cancer cell lines (106). The re- 
gion responsible for the induction in keratinocytes is 
between - 71 and - 86 basepairs of the p21 promoter, 
and is sufficient for TGF-p-induced transcription 
(107). Gel shift assays demonstrated that several 
transcription factors, including Spl and Sp3 bind this 
element in vitro (107). This element is the third of five 
Spl sites between - 119 bp and the TATA box at 
- 48 bp. Deletion of bases - 54 to - 63, which include 
an adjacent Spl site, reduces TGF-p induction by 
half. 

Spl also appears to be necessary for basal, phor- 
bol myristate acetate (PMA)-induced and okadaic 
acid-induced p2 1 transcription (108). Basal transcrip- 
tion and induction in response to PMA and okadaic 
acid are all dramatically decreased by deletion of a 
promoter construct to - 100 bp compared with - 117 
bp, which eliminates the two upstream Spl sites (108). 
Okadaic acid mediated induction is decreased by a de- 
letion of - 62 to - 81 bp, which includes the third Spl 
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site, and is also decreased 50% by deletion to - 117 bp 
compared with - 131 bp. 

Induction of CCAAT/enhancer-binding protein-a 
(C/EBPa) expression in the HT1080 human fibrosar- 
coma cell line results in inhibition of cell proliferation 
and a 12- to 20-fold increase in levels of p21 protein 
(109). This transcription factor appears to regulate p2 1 
levels at the transcriptional and posttranslational lev- 
els. The dramatic induction of p21 protein was shown 
to be due to a transient 3-fold increase in p21 mRNA 
levels, followed by stabilization of p2 1 protein. 

In the myelomonocytic cell line U937, the hor- 
monal form of vitamin D (1,25-dihydroxyvitamin D,) 
activates the p21 promoter in a vitamin D, receptor- 
dependent manner (110). This activation is p53 inde- 
pendent and a functional vitamin D,-responsive ele- 
ment has been identified, centered at -771 of the p21 
promoter (Fig. 4). Addition of 1,25-dihydroxyvitamin 
D, to U937 also leads to the expression of terminal 
differentiation markers, Transient overexpression of 
p21 and/or p27 in these cells in absence of 1,25- 
dihydroxyvitamin D, also resulted in induction of ter- 
minal differentiation (1 10). These data suggest that ec- 
topic overexpression of cyclin kinase inhibitors in 
some cell types is sufficient for induction of terminal 
differentiation. An important area of research includes 
the identification of additional cis-acting elements and 
trans-acting factors responsible for induction of p2 1 
transcription under diverse conditions. 

The Status of p21 in Tumor Cells 
Since p21 has properties of a tumor suppressor 

protein, it was hypothesized that it may be mutated in 
human cancers. Analysis of the status of p21 in a num- 
ber of tumor cell lines and tumors of different origin 
revealed polymorphisms in the p21 gene (1 11-1 15). A 
frequent polymorphism is a single base change of C to 
A at codon 31 that converts a serine to an arginine. 
This mutation was not associated with the loss of the 
tumor suppressor activity of p21 (112) and was not 
associated with a predisposition to developing colorec- 
tal cancer ( 1  13). Shiohara et al. examined the status of 
p21 in 351 DNA samples from 14 different kinds of 
human malignancies and 36 human transformed cell 
lines using single-strand conformation polymorphism 
analysis of PCR-amplified regions of these DNAs, and 
no somatic mutations were found (1 1 1). 

Recently, a phenylalanine to leucine mutation at 
codon 63 was identified in the Burkitt’s lymphoma cell 
line DH978. This mutation was shown to affect the 
growth inhibitory properties of p2 1 in transfection ex- 
periments (89). Gao and co-authors examined the sta- 
tus of p21 in 18 prostate cancer patients with wild-type 
p53, and they found four mutations in the p21 gene in 
three patients. Two of these mutations were single 

base insertions which would produce a frame shift and 
protein truncation at codon 35 (116). This truncated 
p21 protein would not be able to inhibit either PCNA 
or Cdks. The other two mutations were silent mutation 
in codon 39 and substitution of glutamine for proline in 
codon 4 (116). 

Although the p21 gene is activated by p53, it does 
not appear that p21 plays a primary role in the tumor 
suppressor function of p53. The p53 gene is mutated in 
a wide variety of human cancers (117), and mice lack- 
ing a functional p53 gene develop spontaneous tumors 
at an early age (1 18-120). In contrast, mutations in the 
p21 gene are rare and mice lacking a functional p21 
gene do not have a propensity for developing tumors 
(67, 68). The data suggest that other targets of the p53 
gene may be responsible for its tumor suppression. 

Somewhat paradoxical results were reported by 
Jung and co-authors (121). They found that p21 ex- 
pression was low in normal and reactive non- 
neoplastic brain tissue. In contrast, the majority of 
gliomas of all malignancy grades with either wild-type 
or mutant p53 expressed increased levels of p21 (121). 
It was not determined whether the p21 gene is mutated 
in gliomas. Although the Cdk inhibitor p16 was found 
frequently deleted in gliomas, no deletion or rear- 
rangement of p21 was seen in 13 primary brain tumors. 
The authors proposed that expression of high levels of 
p21 in gliomas may be the result of a feedback mech- 
anism designed to halt proliferation, and this may ac- 
count for the slow proliferative rate of gliomas (121). 
Single-strand polymorphism analysis and direct se- 
quencing of the p21 gene in 158 brain tumors also did 
not reveal any mutation, although multiple polymor- 
phisms were detected (122). 

p21 Suppresses Tumor Cell Growth in Vitro and 
in Vivo 

p21 acts as a tumor suppressor in vitro and in vivo. 
Introduction of p21 expression constructs into normal 
(16) and tumor cell lines (18) results in cell cycle arrest 
in G1 (36). Expression of p21 antisense RNA in growth 
arrested cells resulted in entry into S phase, demon- 
strating the importance of p21 for maintaining of cells 
in GO and GI (123). Transfection of p21 into the SW480 
colon carcinoma cell line in an expression vector con- 
ferring hygromycin resistance, resulted in strong 
growth suppression as demonstrated by a 10- to 20- 
fold decrease in the number of hygromycin-resistant 
colonies (18). Overexpression of p21 in a malignant 
melanoma cell line resulted in accumulation of cells in 
GO/G 1 phase of cell cycle and cell differentiation (1 24). 
Infection of lung and breast normal and tumor cell 
lines with recombinant adenovirus expressing p2 1 led 
to a decline in the percentage of cells in S phase, and 
an accumulation of cells in G1 phase (79). p21 was 
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overexpressed in colon and prostate carcinoma cell 
lines using tetracycline-inducible expression system in 
which transfected gene is expressed in absence of tet- 
racycline, and overexpression of p21 led to suppres- 
sion of tumor cell proliferation and anchorage- 
independent cell growth (125). Viral introduction of 
p21 into a mouse prostate cancer cell line resulted in 
growth suppression (1 26). 

Several cases illustrate the ability of p21 to inhibit 
tumor growth in vivo (124-126). Following introduc- 
tion of a viral p21 expression construct into murine 
renal carcinoma cells, growth of tumors was sup- 
pressed when these cells were inoculated into mice 
(124). Injection of p21 expressing adenoviral vectors 
into tumor nodules in mice also resulted in striking 
tumor regression (124). Inducible expression of p21 in 
colon and prostate carcinoma cell lines resulted in a 
significant decrease in tumor formation when these 
cells were injected into nude mice (125). 

When p53 or p21 genes were introduced in recom- 
binant adenoviral vector into p53-deficient mouse 
prostate cancer cells, introduction of p21 was much 
more effective for growth inhibition in vivo and in vitro 
than introduction of wild-type p53 (126). Apparently 
these two inhibitors do not necessarily behave identi- 
cally and p21 may be the more powerful proliferation 
inhibitor in some cell types. Since p21 has recently 
been demonstrated to be potentially useful in gene 
therapy strategies directed at cancer treatment, it will 
be important to understand how this the p21 gene is 
normally regulated in vivo, and what factors regulate 
its induction. 

Conclusion 
p21 regulates the cell cycle through a number of 

independent mechanisms. When multiple p21 mole- 
cules bind and inactivate Cdk-cyclin complexes, acti- 
vation of the E2F family of transcription factors and 
DNA replication by polymerase 01 are inhibited. p21 
can also compete with the essential replication factor 
p45 (Skp2) and the target gene p107 for Cdk-cyclin 
complex binding. p2 1 can regulate PCNA-related in- 
teractions such as elongation by polymerase 6, by 
binding and dissociating PCNA, which may inhibit 
replication. It may also bind the GI growth-inhibitory 
gene Gadd45 and compete with Gadd45 for PCNA 
binding. 

Thus far, the major nonredundant function identi- 
fied for p21 in vivo appears to be in regulating p53- 
mediated growth arrest following DNA damage. Nev- 
ertheless, p53-independent induction of p2 1 transcrip- 
tion has been observed in many different types of 
differentiating cells, both in vitro and in vivo. Thus, it 
is possible that a variety of differentiation programs 
will include activators of p21 or another cyclin kinase 
inhibitor, because differentiation requires exit from 
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cell cycle. In addition to being regulated at the tran- 
scriptional level, p2 1 is also regulated posttranscrip- 
tionally by diverse mechanisms. 

Clearly p21 occupies a central role in the control of 
the cell cycle. While many questions remain to be an- 
swered, the practical uses of this protein as a potential 
tumor suppressor gene and a tool for nontoxic gene 
therapy to prevent tumors or other tissues from repli- 
cating are being investigated. 

We would like to thank Dr. Wafik El-Deiry for helpful discus- 
sions and comments. 
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