Vol. 1, 639 – 649, June 2002

Molecular Cancer Therapeutics

Review
The Role of the Cyclin-dependent Kinase Inhibitor p21
in Apoptosis1
Andrei L. Gartel2 and Angela L. Tyner
Department of Molecular Genetics, University of Illinois College of
Medicine, Chicago, Illinois 60607

Abstract
Cancer develops when the balance between cell
proliferation and cell death is disrupted, and the
ensuing aberrant proliferation leads to tumor growth.
The cyclin-dependent kinase inhibitor p21 is induced
by both p53-dependent and -independent mechanisms
following stress, and induction of p21 may cause cell
cycle arrest. As a proliferation inhibitor, p21 is poised
to play an important role in preventing tumor
development. This notion is supported by data
indicating that p21-null mice are more prone to
spontaneous and induced tumorigenesis, and p21
synergizes with other tumor suppressors to protect
against tumor progression in mice. However, a number
of recent studies have pointed out that in addition to
being an inhibitor of cell proliferation, p21 acts as an
inhibitor of apoptosis in a number of systems, and this
may counteract its tumor-suppressive functions as a
growth inhibitor. In the current review, we discuss the
role of p21 in regulating cell death and the potential
relevance of its expression in cancer.

Introduction
Sequential activation of cyclin/Cdk3 complexes regulates
progression through the cell cycle (reviewed in Refs. 1–3).
Active cyclin/Cdk complexes phosphorylate and inactivate
members of the retinoblastoma protein (Rb) family that are
negative regulators of G1 and S-phase progression, leading
to induction of E2F-regulated gene expression and cell proliferation. CKIs bind and inhibit the activity of cyclin/Cdk
complexes and negatively regulate cell cycle progression
(reviewed in Refs. 4, 5). These proteins play important roles
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regulating proliferation during normal development and differentiation and after genotoxic stress.
p21 (also called WAF1, CAP20, Cip1, and Sdi1; Refs. 6 –9)
is the founding member of the Cip/Kip family of CKIs, which
also includes p27 (10, 11) and p57 (12, 13). These three CKIs
contain a conserved region of sequence at the NH2 terminus
that is required and sufficient for the inhibition of cyclin/Cdk
complexes, whereas the COOH terminal regions are variable
in length and function (12, 14 –16). They can bind and inhibit
a broad range of cyclin/Cdk complexes, with a preference for
those containing Cdk2 (17, 18). p21 plays an essential role in
growth arrest after DNA damage (19 –21), and overexpression leads to G1 and G2 (22) or S-phase (23) arrest.
Although one molecule of p21 is sufficient to inhibit cyclin/
Cdk complexes (22), Cip/Kip CKIs have been detected in
active cyclin D/Cdk4 complexes (24 –27). p21 was shown to
stabilize interactions between Cdk4 and cyclin D and promote the formation of active complexes in a concentrationdependent manner (27). In glioma (28) and in vascular
smooth muscle cells (29), p21 facilitates active cyclin-Cdk
complex formation and induces cell proliferation. Support for
Cip/Kip proteins in promoting Cdk4 activity in vivo came
from studies with p21/p27-deficient MEFs because these
cells contained undetectable levels of cyclin D/Cdk4 complexes (30). However, the p21/p27-deficient cells retained
some sensitivity to the INK4 CKI p16, which specifically
inhibits cyclin D/Cdk4 complexes, suggesting the presence
of some active cyclin D/Cdk4 complexes (30). In addition,
active cyclin D3/Cdk4 complexes were detected in p21/p27deficient MEFs in another study (31), also indicating that
other factors may influence assembly and activation of cyclin
D/Cdk4 complexes in vivo.
Several studies suggest that Cip/Kip CKIs may be sequestered in cyclin D-containing complexes. In cells engineered
to express mitogen-activated protein kinase (MEK1) and cyclin D/Cdk, p27 was recruited into cyclin D1/Cdk4 complexes, and Cdk2-containing complexes were activated (32).
In other studies, Myc was found to activate cyclin E/Cdk2, in
part by inducing expression of cyclin D1 and cyclin D2, which
associate with and sequester p27 and p21 in proliferating
cells (33, 34). Ectopic expression of the INK4 CKI p16 inhibited Myc-induced dissociation of p27 from cyclin E/Cdk2
(34). Cdk4, Cdk6, and Cdk2 activity was inhibited in U2-OS
cells engineered to overexpress p16 (35). In these cells, p27
was redistributed from Cdk4- to Cdk2-containing complexes
upon induction of p16. Thus, in addition to inhibiting Cdk4
through direct binding, INK4 CKIs may indirectly regulate
Cdk2 activity by displacing sequestered Cip/Kip proteins
from cyclin D-containing complexes. Genetic evidence for
cyclin D/Cdk4 interactions with Cip/Kip inhibitors has also
been obtained from studies in knockout mice (36 –38).
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In addition to binding cyclin/Cdk complexes, p21 contains
a COOH terminal binding site for PCNA and is found in
quaternary complexes containing p21, PCNA, and cyclin/
Cdk in normal cells (8, 18, 39). PCNA plays an essential role
in DNA replication and different types of DNA repair, including nucleotide excision repair, mismatch repair, and base
excision repair (reviewed in Refs. 40, 41). Through its direct
interaction with PCNA, p21 can block DNA synthesis by DNA
polymerase ␦ (42– 44). The functions of p21 in regulating
DNA repair through its interactions with PCNA and associated proteins remain somewhat controversial. Different approaches have led investigators to conclude that p21 is
required (45, 46), unnecessary (47– 49), and inhibitory (50, 51)
for DNA repair, with nucleotide excision repair as the general
focus of these studies. Mismatch repair activity was shown
to be inhibited by p21 or a p21 peptide that bound PCNA,
and this inhibition could be reversed by increasing levels of
PCNA in the reaction (52). Recently, p21 was found to inhibit
PCNA-stimulated long patch base excision repair (53).
p21 expression has been shown to be regulated largely at
the transcriptional level by both p53-dependent and -independent mechanisms (reviewed in Ref. 54). The p21 promoter contains two conserved p53-binding sites, and at least
one of these is required for p53 responsiveness after DNA
damage (55). In addition, a variety of transcription factors
that are induced by a number of different signaling pathways
activate p21 transcription by p53-independent mechanisms,
including Sp1, Sp3, Ap2, STATs, C/EBP␣, C/EBP␤, and the
bHLH proteins BETA2 and MyoD (reviewed in Ref. 54). p21
expression may also be regulated posttranscriptionally by
both ubiquitin-dependent and -independent proteasomemediated degradation (56 –58).
In most tissues examined except the spleen, expression of
p21 is p53 independent (59, 60). Expression of p21 in tissues
of the adult mouse is localized to terminally differentiating
cells, and highest levels of p21 expression are present in
tissues with high turnover rates, such as the skin and linings
of the gastrointestinal tract (60 – 62). p21 expression is induced during the irreversible growth arrest of cellular senescence (9) and appears to be an important regulator of senescence in human fibroblasts (63). Overexpression of p21
led to the induction of a panel of genes expressed in different
age-related diseases (64).
Disruption of the p21 gene in the mouse did not lead to
gross abnormalities, but studies with p21-deficient MEFs
derived from these animals revealed an essential role for p21
in inducing growth arrest after DNA damage (20, 21). In vivo
p21 has been shown to play roles in regulating renewal of
keratinocytes (65) and hematopoietic cells (66). It plays a role
in the control of T-cell proliferation, and female p21-deficient
mice have decreased viability and develop a syndrome similar to human lupus (67). In the kidney, p21 appears to regulate the balance between hyperplasia and hypoplasia, and
its disruption ameliorates progression to chronic renal failure
after partial renal ablation (68). p21 induction was correlated
with differentiation of muscle (59, 69), and embryos lacking
both p21 and p57 have severe defects in the formation of
skeletal muscle and altered lung development, suggesting

redundant functions for p21 and p57 during development
(70).
Aging studies in p21-deficient mice have demonstrated a
role for p21 in tumor suppression, albeit a much weaker one
than p53 (71). Mice deficient for p21 and the INK4 CKI p18
have increased incidence and progression of pituitary tumors, with most animals developing tumors by 1 year of age
(72). Mice lacking p21 have been found to be more susceptible to chemically induced skin carcinoma (65, 73). Loss of
p21 was associated with earlier development of mammary
gland tumors, increased tumor multiplicity, and aggressiveness in MMTV/v-Ha-ras mice (74). p21 was also shown to
synergize with Rb and INK4A/ARF to protect against tumor
progression in mice (75, 76).
Activation of the tumor suppressor p53 generally leads to
growth arrest and/or apoptosis, and its activities play important roles in preventing the development of cancer. Although
p21 plays a critical role in inducing p53-dependent growth
arrest after DNA damage, it is dispensable for p53-dependent apoptosis in the thymus (20) and intestinal crypts (21) of
p21-deficient animals. p21 is also unnecessary for oncogene-induced apoptosis (77). Many recent studies have suggested that p21 is not only unessential but may actually act
as an inhibitor of p53-dependent apoptosis. The effect of p21
expression on the regulation of apoptosis in a variety of systems and its possible ramifications in the treatment of cancer
are discussed below.

p21 Is a Negative Regulator of p53-dependent
Apoptosis
In response to radiation and chemotherapy, p53 protein is
stabilized and mediates apoptosis and cell cycle arrest.
Whereas the mechanisms of p53-dependent apoptosis are
not well understood, p53-dependent cycle arrest is primarily
mediated by the CDK inhibitor p21. There is a mounting
evidence that p21 is a major inhibitor of p53-dependent
apoptosis (Fig. 1). It is not entirely clear how a cell chooses
between apoptosis and p21-dependent cell cycle arrest after
DNA damage and stabilization of p53, but often high levels of
p21 expression mediate cell cycle arrest and protect from
p53-dependent apoptosis.
Defects in p53-dependent induction of p21, repression of
p53-dependent induction of p21 transcription, or caspasemediated cleavage of p21 (Fig. 2) usually result in increased
p53-dependent apoptosis. For example, human cancer cell
lines treated with DNA-damaging agents undergo cell cycle
arrest mediated by p21, followed by apoptosis after caspase
3-mediated cleavage of p21 (Ref. 78; Fig. 2B). Similarly, p53
point mutants that cannot transactivate the p21 gene were
more potent inducers of apoptosis than wild-type p53 (79 –
81). A431 cells expressing mutant p53 that cannot induce
p21 undergo apoptosis after exposure to ␥ or UV radiation,
but induction of p21 by mimosine protects the same cells
from apoptosis (82).
Triptolide, an immunosuppressive agent extracted from
the Chinese herb Tripterygium wilfordii, enhanced apoptosis
induced by the DNA-damaging drug Adriamycin (doxorubicin) by increasing expression of p53 protein and repressing
p21 transcription (Fig. 1; Ref. 83). The recently discovered
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Fig. 1. p21 is a major inhibitor of p53dependent and p53-independent apoptosis. DNA damage and oxidative stress
(H2O2) activate two pathways, one involving p53-dependent apoptosis and the
other involving p53-dependent activation
of p21 that protects cells from apoptosis.
Repression or elimination of p21 expression by E1A, triptolide, apoptosis-stimulating protein of p53 (ASPP), or c-Jun
improves the apoptotic effect of p53,
whereas induction of p21 by interleukin 3
(IL-3) suppresses p53-dependent apoptosis. TGF-␤, TNF-␣, histone deacetylase inhibitors, IFN-␥, and interleukin 6 (IL-6) induce p53-independent activation of p21
via different transcription factors. p53independent induction of p21 protects
cells against p53-independent apoptosis.

Fig. 2. Potential mechanisms for inhibition of apoptosis by p21. A, p21
may block apoptosis by interacting with proapoptotic molecules such as
procaspase-3, caspase-8, and the kinase apoptosis signal-regulating kinase 1 (ASK1) or by inducing cell cycle arrest after binding to cyclin
E/Cdk2 complexes or by binding to cyclin A/Cdk2 complexes. B, apoptosis in human endothelial cells after growth factor deprivation, hypoxiainduced apoptosis in cardiomyocytes, and apoptosis induced by zinc
depletion in human epithelial lines is mediated by caspase-3-dependent
cleavage of p21 and up-regulation of cyclin A/Cdk2 activity. Apoptosis
induced by butyrate in colorectal cancer cells is mediated by DEVDcaspase-dependent cleavage of p21. Caspase-3- and DEVD-caspasedependent cleavage of p21 results in the appearance of a p15 product
and reduction of p21 activity.

family of apoptosis-stimulating protein of p53 proteins interacts with p53 and stimulates p53-dependent apoptosis.
They enhance the binding and transactivation activities of
p53 on the promoters of the proapoptotic genes Bax and
PIG-3 but not p21 (Fig. 1; Ref. 84). Likewise, c-Jun negatively
regulates the association of p53 with the p21 promoter and
cells lacking c-Jun undergo prolonged p21-dependent cell
cycle arrest in response to UV, whereas cells that express
c-Jun undergo p53-dependent apoptosis (Fig. 1; Ref. 85).
Adriamycin induces apoptosis by p53-dependent and
p53-independent mechanisms, and p53-dependent and
p53-independent expression of p21 protects cells from
Adriamycin-induced apoptosis (86). The HCT116 human
colon carcinoma cell line undergoes cell cycle arrest after

treatment with Adriamycin, but p21-null HCT116 cells undergo
apoptosis after the same treatment (86, 87). Likewise, when
HCT116 cells were infected with a recombinant adenovirus
expressing wild-type p53, cells with intact p21 and 14-3-3
genes underwent cell cycle arrest. In contrast, cells lacking
either p21 or 14-3-3 underwent cell death, and double knockout cells died substantially more quickly than cells lacking only
one of the two genes (87). Direct binding and inactivation of p21
by E1A leads to increased Cdk2 activity in DNA-damaged cells
and results in induction of apoptosis after DNA damage
in HCT116 cells (Fig. 1; Ref. 88). Interestingly, Adriamycininduced apoptosis was inhibited by p21 with Cdk-inhibitory
activity but not with p21 lacking this activity in the human p21
null colorectal cancer cell line (89).
Etoposide, a topoisomerase II inhibitor, is a cytotoxic drug
that is commonly used for cancer chemotherapy. Exposure
of human osteosarcoma cells with wild-type p53 to p21
overexpression before and during etoposide therapyprotected cells against etoposide-induced cell death (90).
Irradiation of Baf-3 murine hematopoietic cells with wild-type
p53 in the presence of interleukin 3 induces p21 and G1
arrest (Fig. 1), whereas radiation in the absence of interleukin
3 results in much weaker induction of p21 and in apoptotic
cell death (91). Furthermore, radiation therapy of xenograft
tumors with intact p21 genes was ineffective, whereas
18 –38% of xenograft tumors from p21-deficient cells were
cured (92), and p21 antisense therapy radiosensitized human
colon cancer cells to apoptosis (93).
Similarly, oxidative stress (H2O2) activates two pathways:
one involving p53-dependent apoptosis, and the other involving p53-dependent and -independent activation of p21
that protects cells from apoptosis (Ref. 94; Fig. 1). In macrophages, nitric oxide induces p53-dependent up-regulation of
p21 and cell cycle arrest. Antisense p21 down-regulates p21
expression, abrogates G1 arrest, and sensitize these cells
toward apoptosis (95). In vascular smooth muscle cells, nitric
oxide induces activation of p42/p44 mitogen-activated protein, p53-independent transactivation of p21, and cell cycle
arrest (96). Hyperoxia leads to p53-dependent induction of
p21 and cell cycle arrest in HCT116 colon carcinoma cell line
(97) and to p53-dependent and -independent induction of
p21 in lung cells (97). Hyperoxia in the absence of p21 or p53
led to apoptosis in HCT116 cells (97), suggesting that p53-
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dependent induction of p21 after hyperoxia protects these
cells against oxygen-induced toxicity (97). Survival of p21deficient mice decreased 40% after hyperoxic lung injury,
suggesting that p21 protects lung from oxidative stress (97).
Two types of colorectal cancer cell lines were identified
with different responses to overexpression of exogenous
p53. In response to p53, type A cell lines were found to
undergo growth arrest, whereas type D cell lines underwent
apoptosis (98). Inactivation of p21 by homologous recombination in A-type cells converted them to D-type cells, suggesting that p21 protects A-type cells from apoptosis. p53
overexpression has been found to be highly toxic for p21deficient MEFs, but ectopic expression of exogenous p21
protects these cells from p53-induced apoptosis (99). These
data suggest that p53-dependent induction of p21 negate
apoptotic effect of p53. Repression or elimination of p21
expression by antisense p21, E1A, triptolide, or expression of
p53 protein deficient in p21 transactivation improves apoptotic effect of p53, whereas overexpression of exogenous
p21 or induction of endogenous p21 suppresses p53dependent apoptosis (Fig. 1). Because p21 is one of the
major direct targets of transactivation by p53, it acts as a
major inhibitor of p53-dependent apoptosis.

p21 Is a Negative Regulator of p53-independent
Apoptosis
A number of different signals such as TGF-␤, TNF-␣, histone
deacetylase inhibitors, IFN-␥, and others may simultaneously
induce p53-independent apoptosis and p53-independent
transactivation of p21 (reviewed in Ref. 54; Fig. 1). In these
cases, p21 protects cells against p53-independent apoptosis that is induced by these signals. TGF-␤ inhibits cellular
proliferation by cell cycle arrest of apoptosis. Induction of cell
cycle arrest by TGF-␤ is partly mediated via p53-independent transactivation of Cdk inhibitors p15, p21 (Fig. 1) and
p27. Human gastric cells were initially arrested in G1 by
TGF-␤ and then driven to apoptosis after caspase-3-induced
cleavage of p21 (Fig. 2B) and p27 that led to aberrant activation of Cdk2 (100). In retinal endothelial cells, induction of
p21 correlated with resistance to TGF-␤-mediated apoptosis
(101), suggesting that up-regulation of p21 inhibits TGF-␤induced apoptosis.
TNF-␣ and CD95 ligand are members of family of cytokines
that are toxic to certain cancer cells. They interact with one or
several cell surface receptors to trigger caspase activation and
cytochrome c release. TNF-␣ induces apoptosis and p21
expression in highly malignant Ewing tumor cells by a p53independent pathway (Fig. 1). Induction of p21 by TNF-␣ in
these cells was NF-B dependent, and inhibition of NF-B
activation led to sensitization of these cells to TNF-␣-induced
apoptosis. Because overexpression of p21 in Ewing tumor cells
protects them from TNF-␣-mediated apoptosis, authors of this
work identified p21 as a mediator of the antiapoptotic effect of
TNF-␣-induced NF-B in Ewing tumor cells (102). Similarly,
TNF-␣ induces apoptosis and p21 expression in MCF-7 breast
carcinoma cells (Fig. 1), and antisense p21 cDNA sensitizes
these cells to TNF-␣-induced apoptosis (103). Differentiationinduced apoptosis of monocytes was found to be dependent
on TNF-␣, and NF-B protects from TNF-␣-induced apoptosis

during macrophage differentiation by up-regulation of p21
(104). In contrast, p21 proteolysis in ME-180 cells made them
sensitive to TNF-␣-induced apoptosis (105). p21 antisense
oligonucleotides sensitized human glioma cell lines to CD95
ligand-induced apoptosis (106) and sensitized the human
promonocytic cell line to phorbol myristate acetate-induced
(TNF-␣-dependent) apoptosis (104).
IFN-␥ induces p21 by a STAT1-dependent, p53-independent
mechanism (Fig. 1; reviewed in Ref. 54), and p21 protects
human colon adenocarcinoma cells from IFN-␥-induced apoptosis (107). IFN-␥ and decorin also activates macrophages
and protects them from apoptosis by inducing p21 and cell
cycle arrest at the G1-S boundary (108, 109). Interleukin 6-type
cytokines also induce the p21 promoter by a STAT-dependent
mechanism, and p21 expression protects human osteoblastic
cells from apoptosis (Fig. 1; Ref. 110).
Histone deacetylase inhibitors induce p53-independent
expression of p21 via Sp1 binding sites in the p21 promoter
(reviewed in Ref. 54) and p53-independent apoptosis and
cell cycle arrest (Fig. 1). Trichostatin A induces p21, cell cycle
arrest, and apoptosis in human gastric and oral carcinoma
cell lines (111). Butyrate induces p21 and apoptosis in human
colon tumor cell lines (112, 113), and the absence of p21
drastically augments butyrate-induced apoptosis in HCT116
colon carcinoma cell line (113). p21 was cleaved by DEVDcaspase in LIM1215 colorectal cancer cells that underwent
butyrate-induced apoptosis (Fig. 2B; Ref. 112). A selected
LIM1215 subclone that was resistant to butyrate-induced
apoptosis lacked DEVD-caspase activity and characterized
by failure of p21 cleavage. These cells showed enhanced
p21 expression, suggesting that p21 protects them from
butyrate-induced cell death (112). The hybrid polar compound and histone deacetylase inhibitor SAHA induced apoptosis in myelomonocytic leukemia cells and expression of
p21 by the p53-independent pathway. Expression of antisense p21 increased SAHA-related lethality, indicating a protective role of p21 against SAHA-induced apoptosis (114).
Similarly, histone deacetylase inhibitor azelaic bishydroxamic acid induces apoptosis and may up-regulate p21,
which may reduce its cytotoxicity (115).
Levels of p21 often determine the cellular response to
different drugs. For example, RKO human colorectal carcinoma cells normally undergo apoptosis in response to prostaglandin A2, and these cells express low levels of p21 (116).
In contrast, NIH 3T3 cells (117) and MCF-7 cells express high
levels of p21 and undergo G1 arrest in response to prostaglandin A2 (116). Likewise, p53-independent up-regulation of
p21 and G1 arrest have been observed after treatment of
MCF-7 cells with phenylacetate (118). In both cases, reduction of endogenous p21 expression in MCF-7 cells by antisense p21 RNA overexpression attenuates the growth arrest
and promotes cell death. Inducible expression of exogenous
p21 renders glioblastoma cells resistant to the chemotherapy agents BCNU and cisplatin (119) and provided protection against cytotoxic effects of Adriamycin and irradiation in
p53-null lung cancer cell line H1299 (120). Inactivation of p53
sensitizes astrocytic U87MG glioma cells to BCNU by failure
of p21 induction. In contrast, these cells with intact p53
function were resistant to BCNU and showed up-regulation
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of p53, prolonged induction of p21, and S-phase arrest,
suggesting that p53-dependent induction of p21 protects
these cells from p53-independent apoptosis induced by
BCNU (121). Soybean isoflavonoid genistein may induce
apoptosis and possesses anticancer activity. However, in the
presence of galectin-3, genistein induces p21 expression
and G2 arrest instead of apoptosis (122). p21 antisenseexpressing human myelomonocytic leukemia U937 cells become susceptible to 1-␤-D-arabinofuranosylcytosine-mediated mitochondrial dysfunction and apoptosis (123), and
up-regulation of p21 blocks oxidative stress-induced apoptosis in human myeloma U266 cells that were originally
apoptosis resistant (100).
Ataxia-telangiectasia is an autosomal recessive disorder
linked to mutation of the ATM gene. Induction of p53 is
impaired in ataxia-telangiecstasia cells, and cytotoxicity after
ionizing radiation is p53 independent in ATM-deficient cells.
Loss of p21 in the context of an ATM-deficient mouse leads
to a delay in thymic lymphomagenesis and an increase in
radiation sensitivity in vivo, suggesting again that p21 may
act as an oncogene in these conditions (124). It has been
suggested that normal function of p21 is to protect thymic
tumor cells against apoptosis, and loss of p21 potentiates
the apoptotic response (124). Similarly, p53-independent induction of B-lymphoma cell apoptosis by membrane IgM
engagement is suppressed by simultaneous p53-independent induction of p21. Reduction of induced p21 protein levels
in these cells by p21 antisense expression results in diminished G1 arrest and increased apoptosis (125). Interestingly,
loss of p21 also sensitizes solid tumors to radiation by an
apoptosis-independent mechanism (126).
The gene encoding HER-2/neu, a Mr 185,000 transmembrane receptor tyrosine kinase, was amplified or overexpressed in up to 30% of human breast carcinomas (127).
Overexpression of the HER-2/neu gene correlated with poor
prognosis and lower overall survival rate. HER-2/neu overexpression confers increased resistance of breast cancer
cells to Taxol-induced apoptosis (128). Taxol is a highly
effective antineoplastic agent for the treatment of metastatic
breast cancers. It induces tubulin polymerization, microtubule formation (129), and apoptosis (130). p21-null cells were
more sensitive to Taxol-induced cell death (131), and Taxolinduced apoptosis is inhibited by p21 (132, 133), probably,
because of p21-dependent G2 arrest (133). Overexpression
of HER-2/neu in breast tumors induced transcriptional activation of the Cdk inhibitor p21 and activation of Akt kinase
(128, 134). Akt physically associates with p21 and phosphorylates it at threonine 145, resulting in cytoplasmic localization of p21 (134). Cytoplasmic localization of p21 results in
resistance of tumor cells to Taxol-induced apoptosis. Similar
antiapoptotic activity of cytoplasmic p21 was observed in
monocytic differentiation (135). Expression of antisense p21
in breast cancer cells with HER-2/neu overexpression sensitizes these cells to Taxol-induced apoptosis, and overexpression of HER-2/neu did not inhibit Taxol-induced apoptosis in p21⫺/⫺ MEFs (136). These data suggested that
overexpression of HER-2/neu in breast cancer cells prevents
Taxol-induced apoptosis by transcriptional up-regulation,
Akt-induced phosphorylation and translocation of p21 to

cytoplasm (134). Akt also may phosphorylate p21 at serine
146 and increase its stability. It has been shown that glioblastoma cell lines with activated Akt display enhanced p21
stability and resistance to Taxol-mediated apoptosis (137).
p21 also inhibits apoptosis during cell differentiation. For
example, insulin-like growth factor I promotes muscle cell
survival as an early event in differentiation through a pathway
that involves Akt-dependent induction of p21 (138). Growth
factor withdrawal from murine C2C12 myoblasts induces
differentiation and extensive cell death. During differentiation, the appearance of an apoptosis-resistant phenotype
correlates with expression of p21, and forced expression of
p21 blocks apoptosis during myocyte differentiation (138,
139). Antisense oligonucleotides against p21 block cell cycle
withdrawal and enhance myocyte cell death (138, 140). Similarly, the treatment of differentiating neuroblastoma cells
with p21 antisense oligonucleotides leads to a decrease of
both expression of p21 protein and cell survival (141).

Potential Mechanisms Leading to the Inhibition of
Apoptosis by p21
The mechanisms by which p21 can prevent cells from undergoing apoptosis are not well understood. One mechanism is assumed to involve p21-dependent cell cycle arrest
(often at G2-M) that would permit repair or prevent DNA
damage (Fig. 2A). For example, adeno-associated virus selectively induces apoptosis in cells that lack p53 or p21. Cells
with intact p53 and p21 activities are not killed but undergo
arrest at the G2 phase of the cell cycle, which is characterized by an increase in p53 activity and p21 levels (142). Cells
with normal p53 and p21 pause at G2 to eliminate the adenoassociated virus genome and then start cell division again.
Cells without p53/p21 could not maintain their G2 phase
arrest and began catastrophic nuclear division that led to cell
death (143). In this case, the ability of p21 to mediate p53dependent G2 arrest after DNA damage protects cells from
apoptosis. Similarly, galectin-3-mediated, genistein-induced
G2 arrest was associated with up-regulation of p21 and
inhibition of genistein-stimulated apoptosis (122). In accordance with the same mechanism, protection from paclitaxelor cisplatin-induced apoptosis by overexpression of p21 was
based on functional Rb status and ability of p21 to induce
cell cycle arrest (144).
Another distinct mechanism is linked to the ability of p21 to
bind and inactivate cyclin A/Cdk2 complexes (Fig. 2A). It has
been shown that caspase-3-mediated cleavage of p21 is an
important mechanism for death-associated cyclin A/Cdk2
activation in different cell types (Fig. 2B; Refs. 145–148).
Apoptosis in human endothelial cells after growth factor
deprivation (145), hypoxia-induced apoptosis in cardiomyocytes (148), apoptosis induced by zinc depletion in human
epithelial lines (112), and apoptosis induced by other stimuli
(146, 147) were mediated by caspase-3 cleavage of p21 and
subsequent up-regulation of cyclin A/Cdk 2 activity.
Caspase-dependent Cdk2 activity is a requisite effector of
apoptotic death, and it may be necessary for death-associated chromatin condensation, cell shrinking, and loss of
adhesion to substrate (149). Interestingly, p21 was overexpressed and associated with cyclin A/Cdk2 complexes in
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human T-cell lymphotropic virus-1-infected cells that were
resistant to DNA damage-induced apoptosis (150). It remains to be seen whether cyclin A/Cdk2 activity is a general
requirement for the execution of cell death and whether p21
generally inhibits this activity.
Recent data also point to more direct mechanisms by
which p21 may inhibit cell death. These include inhibition of
initiator caspase cleavage by p21 (Fig. 2A; Ref. 151), p21
interaction with procaspase 3 leading to resistance to Fasmediated cell death (Fig. 2A; Ref. 152), and stabilization of
the apoptotic inhibitor protein c-IAP1 (153). Overexpression
of p21 completely blocked DR4 TRAIL receptor cytoplasmic
domain (CD) induced cleavage of caspase-8 and DR4-CDinduced apoptosis, and this activity resides within 91 amino
acids of the NH2 terminus of p21 protein (Fig. 2A; Ref. 151).
p21 interacts with procaspase-3 through the NH2 terminus
and suppresses its activation by the masking the serine
proteinase-cleaving site (Fig. 2A; Refs. 152, 154). Procaspase-3-p21 complex formation occurred in mitochondria
and required phosphorylation of p21 by protein kinase A
(155). Alternatively, phosphorylation of p21 at threonine 145
by Akt may cause p21 relocalization to the cytoplasm (134),
where it may form a complex with apoptosis signal-regulating kinase 1 (Fig. 2A; Ref. 135) and inhibit stress-activated
mitogen-activated protein kinase cascade and cell death
induced by TNF-␣ and other stimuli.

Conundrum: p21 Induces Apoptosis
A variety of types of cellular stress lead to induction of p21
expression by both p53-dependent and -independent mechanisms. As discussed above, p21-induced growth arrest can
protect cells and inhibit apoptosis. However, a number of
reports also suggest that p21 possesses proapoptotic functions under certain conditions in specific systems. Overexpression of p21 in thymocytes led to hypersensitivity to p53dependent cell death in response to ionizing radiation and
UV but not to dexamethasone in transgenic animals (156).
Overexpression of p21 in C3 (1) SV40 T-antigen mammary
tumor cells deficient for p53 activity increased apoptosis
(157). Overexpression of p21 has been shown to enhance the
apoptotic response to the chemotherapeutic agent cisplatin
in glioma (158) and ovarian carcinoma (159) cell lines. Cisplatin induces p53-dependent apoptosis of U87-MG glioma
cells and p53-independent apoptosis of GB-1 glioma cells.
Overexpression of p21 in U87-MG cells led to growth arrest
and an apparent apoptotic morphology, and clonal U87-MG
p21-overexpressing cell lines were not obtained. However,
clones of GB-1 cells overexpressing p21 were derived, and
these clones displayed increased sensitivity to cisplatin
(158). Overexpression of p21 in the p53-deficient human
ovarian carcinoma cell lines SKOV3 and OVCAR3 also led to
increased apoptosis in response to cisplatin treatment (159).
Overexpression of p21 also promoted C6-ceramideinduced apoptosis in the p53-deficient Hep3B human hepatoma cell line. In these cells, overexpression of p21 resulted
in induction of the proapoptotic protein Bax modulating the
molecular ratio of Bcl-2:Bax in these cells (160). Similarly,
p21 and Bax were up-regulated in Hep3B cells undergoing
retinoic acid-induced apoptosis, and antisense oligonucleo-

tides complementary to p21 mRNA significantly rescued retinoic acid-induced apoptosis (161). A protein tyrosine kinase
inhibitor, the isoflavonoid genistein, induced p53-independent induction of p21 and Bax and apoptosis in the breast
cancer cell line MDA-MB-231 that contains mutant p53 (162).
In these cases, p21 expression correlated with induction of
the proapoptotic Bax protein.
Introduction of a p21-expressing adenovirus into a panel
of p53-deficient cervical cancer cell lines resulted in both
growth inhibition and apoptosis. Apoptosis was induced in
experimental cervical tumors established with these cell lines
in nude mice after injection of an adenovirus expressing a
p21 sense RNA but not p21 antisense RNA (163). In these
experiments, overexpression of the antiapoptotic protein
Bcl-2 was unable to overcome apoptosis induced by p21.
Introduction of adenovirally transduced p21 also lead to
apoptosis in esophageal cancer cells (164). It remains to be
seen whether there is cell type specificity in the apoptotic
response to p21 overexpression, because no apoptosis was
observed when an p21 adenovirus was introduced into melanoma cells (165).
p21 may play an active role in apoptosis induced by activation of members of the TNF family of death receptors.
p53-independent induction of p21 expression and apoptosis
was observed after ligation of CD95/FAS on T lymphocytes.
A reduction in Fas-dependent apoptosis was seen in thymocytes deficient for p21 when compared with wild-type control thymocytes (166). The peroxisome proliferator-activated
receptor-␥ agonist pioglitazone enhanced the sensitivity of
NCI-H727 cells to apoptosis induced by the TRAIL ligand.
Pioglitazone treatment also led to induction of p21, and
adenovirus-mediated overexpression of p21 in these cells
significantly enhanced the level of TRAIL-induced apoptosis
(167).
Overexpression of human RAD50, a DNA recombination
repair gene, causes cell death. Introduction of hRAD50 into
HCT116 colon carcinoma cells lacking p21 caused no cytotoxicity, whereas there was a significant decrease in cell
survival in the parental HCT16 cells transfected with the
hRAD50 construct (168). Treatment of HCT116 cells with the
antioxidants PDTC and vitamin E led to apoptosis and increased sensitivity of HCT116-derived xenograft tumors to
the chemotherapeutic agent 5-FU and p53-independent induction of p21. A significant decrease in apoptosis was
detected in xenograft tumors derived from HCT116 cells
lacking p21 in response to PDTC and 5-FU (169). In this
model, p21 appears important for antioxidant-mediated toxicity. However, although PDTC enhanced the apoptotic effects of 5-FU in the HCT116 colon carcinoma cell line, it
appeared to protect cells from 5-FU-induced apoptosis in
the normal mouse colon in vivo (170). The antioxidant resveratrol induced p21 in a p53-independent manner and apoptosis in the A431 cell line (171).
In most of the studies described above, data are presented
that show that targeted overexpression of p21 increases
apoptosis, or disruption of p21 function leads to a decrease
in apoptosis. In most cases, the systems used lack functional
p53. The mechanisms by which p21 may promote apoptosis
are not currently understood but could be related to its ability
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to interact with and possibly regulate components of the
DNA repair machinery. Overall, the number of reports indicating an antiapoptotic role for p21 far outnumbers those
suggesting it has apoptosis-promoting abilities.

8. Xiong, Y., Hannon, G., Zhang, H., Casso, D., Kobayashi, R., and Beach,
D. p21 is a universal inhibitor of cyclin kinases. Nature (Lond.), 366:
701–704, 1993.

Conclusions

10. Polyak, K., Kato, J. Y., Solomon, M. J., Sherr, C. J., Massagué, J.,
Roberts, J. M., and Koff, A. p27Kip1, a cyclin-Cdk inhibitor, links transforming growth factor-␤ and contact inhibition to cell cycle arrest. Genes
Dev., 8: 9 –22, 1994.

The Cdk inhibitor p21 is often responsible for stress-induced
p53-dependent and p53-independent cell cycle arrest. Cell
cycle arrest permits cells to pause and to repair damage and
then to continue cell division. On one hand, the function of
p21 to inhibit cell proliferation may contribute to its ability to
act as tumor suppressor. On the other hand, the capacity of
p21 to induce cell cycle arrest after stress can protect cells
from stress-induced apoptosis. Antiapoptotic activity of p21
may contribute to its potential to act as an oncogene. Similar
to the growth-promoting oncoproteins Myc and E2F1 that
have an “antagonistic duality” because they possess the
ability to promote apoptosis (anticancer) to counter to their
proliferative activity (procancer; Ref. 172), the growth-arresting protein p21 has an “antagonistic duality” in that it often
inhibits apoptosis (procancer) to counter to its antiproliferative effects (anticancer). Six years ago when we addressed
the role of p21 in cancer in our previous review (173), p21
was perceived mainly as an anticancer protein because of its
antiproliferative effects. Now its role in human cancer has
become more controversial because it may also possess
antiapoptotic (procancer) capabilities.
Anticancer drugs kill cancer cells by inducing p53dependent and p53-independent apoptosis, and p21 protects cells from anticancer drug-induced apoptosis. Because
loss of p21 usually increases sensitivity of tumor cells to
apoptosis induced by different chemotherapeutic agents,
small molecules that eliminate p21 expression may improve
the action of anticancer drugs. Therefore, functional p21 may
suppress tumor growth in the organism, but at the same time
elimination of p21 may be beneficial during chemotherapy.
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