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Induction of cyclin-dependent kinase inhibitor p21Waf1/Cip1/Sdi1 trig-
gers cell growth arrest associated with senescence and damage
response. Overexpression of p21 from an inducible promoter in a
human cell line induces growth arrest and phenotypic features of
senescence. cDNA array hybridization showed that p21 expression
selectively inhibits a set of genes involved in mitosis, DNA repli-
cation, segregation, and repair. The kinetics of inhibition of these
genes on p21 induction parallels the onset of growth arrest, and
their reexpression on release from p21 precedes the reentry of cells
into cell cycle, indicating that inhibition of cell-cycle progression
genes is a mechanism of p21-induced growth arrest. p21 also
up-regulates multiple genes that have been associated with se-
nescence or implicated in age-related diseases, including athero-
sclerosis, Alzheimer’s disease, amyloidosis, and arthritis. Most of
the tested p21-induced genes were not activated in cells that had
been growth arrested by serum starvation, but some genes were
induced in both forms of growth arrest. Several p21-induced genes
encode secreted proteins with paracrine effects on cell growth and
apoptosis. In agreement with the overexpression of such proteins,
conditioned media from p21-induced cells were found to have
antiapoptotic and mitogenic activity. These results suggest that the
effects of p21 induction on gene expression in senescent cells may
contribute to the pathogenesis of cancer and age-related diseases.

Induction of the cyclin-dependent kinase (CDK) inhibitor
p21Waf1/Cip1/Sdi1 is a common mechanism of growth arrest in

different physiological situations. p21 is transiently induced in
the course of replicative senescence, reversible and irreversible
forms of damage-induced growth arrest, and terminal differen-
tiation of postmitotic cells; its induction is regulated through
p53-dependent and -independent mechanisms (1). Ectopic over-
expression of p21 leads to cell growth arrest in G1 and G2 (2);
this arrest is accompanied by phenotypic markers of senescence
in some or all cells (3–5). Although p21 is not a transcription
factor, it is conceivable that some of its functions may be
mediated by indirect effects of p21 on cellular gene expression.
Thus, CDK inhibition by p21 results in dephosphorylation of Rb
and the inhibition of E2F transcription factors that regulate
many genes involved in DNA replication and cell-cycle progres-
sion (6). Accordingly, p21 was shown to be involved in radiation-
induced inhibition of several E2F-regulated genes (7). Transient
transfection assays showed that p21 can stimulate NFkB-
mediated transcription; this effect of p21 has been explained
through the interaction of Cdk2 with transcriptional cofactor
p300 that augments NFkB and other inducible transcription
factors (8). p21 interactions with proteins other than CDK may
also have a potential effect on gene expression. For example, p21
was reported to bind c-Jun amino-terminal kinases, apoptosis
signal-regulating kinase 1 and Gadd45 (1, 9). Furthermore, the
C-terminal portion of p21, which binds the proliferating cell
nuclear antigen and is not involved in CDK inhibition, is required
for the inhibition of keratinocyte differentiation markers by p21
(10). In the present paper, we report that p21 selectively inhibits
or induces sets of genes with distinct biological functions in cell

division and aging, suggesting a role for p21 in the pathogenesis
of cancer and age-related diseases.

Materials and Methods
Cell Growth and Apoptosis Assays. All cell lines were propagated in
DMEM with 10% FC2 serum (HyClone). Derivation of HT1080
p21–9 cell line that carries p21 in an isopropyl-b-D-
thiogalactoside (IPTG)-inducible retroviral vector has been
previously described (5). This cell line is p16 deficient and
expresses wild-type Rb and p53, as we have shown by PCR
sequencing of all of the exons of p53 in the cell line from which
p21–9 was derived (5). [3H]Thymidine labeling and mitotic index
were measured as previously described (11). Conditioned media
were prepared by plating 106 p21–9 cells per 15-cm plate, adding
50 mM IPTG the next day, and replacing the media 3 days later
with media containing IPTG and 0.5% serum; the conditioned
media were collected 2 days later and stored at 4°C up to 20 days.
Control IPTG-free conditioned media containing 0.5% serum
were collected from untreated cells grown to the same density as
IPTG-treated cells.

HS 15.T cells were from the American Type Culture Collec-
tion. For mitogenic activity assays, HS 15.T cells were plated in
12-well plates at 15,000 cells per well and 2 days later given
different types of media. After 60 h of growth, [3H]-thymidine
(3.13 mCiyml) was added for 24 h, cells were collected, and
[3H]thymidine incorporation determined as described (12). C8
cells were kindly provided by Andrei Gudkov (University of
Illinois at Chicago). For apoptosis assays, 3 3 105 C8 cells were
plated per 6-cm plate and exposed the next day to fresh media
with 0.4% serum or to conditioned media (no fresh serum
added). Floating cells recovered from media supernatant and
attached cells collected by trypsinization were counted. Cells
were analyzed for apoptotic morphology after staining with 5
mgyml 49,6-diamidino-2-phenylindole, and FACS analysis of the
DNA content was carried out as described (13). DNA ladder
formation was analyzed by electrophoresis in 1% agarose gel.
The number of attached surviving cells was determined 48 h
after media change by cell counting or methylene blue staining.

cDNA Array Hybridization and Gene Expression Assays. Poly(A)1
RNA was isolated from untreated p21–9 cells and from cells
treated for 3 days with 50 mM IPTG. cDNA probe synthesis,
hybridization with the Human UniGEM V cDNA microarray,
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and signal analysis were conducted by Genome Systems (St.
Louis), as described at the company’s website, http:yy
www.genomesystems.com. More than 2,500 genes and expressed
sequence tags (ESTs) showed measurable hybridization signals
with both probes. The sequences of clones that showed differ-
ential hybridization were analyzed by BLAST homology search
against all available sequence databases.

Reverse transcription–PCR (RT-PCR) analysis was carried
out essentially as described (14); sequences of RT-PCR primers
and PCR conditions will be provided on request. Northern
hybridization was carried out by using inserts of sequence-
verified cDNA clones (from Genome Systems) as probes. For
immunoblotting, protein concentrations in all samples were
equalized after measurement with the Bio-Rad protein assay kit.
The following primary antibodies were used: mouse monoclonal
antibodies against Cdc2 (Santa Cruz Biotechnology), cyclin A
(NeoMarkers, Fremont, CA), Plk1 (polo-like kinase) (Zymed),
Rb (PharMingen), and fibronectin (Transduction Laboratories,
Lexington, KY); rabbit polyclonal antibodies against Mad2
(BabCo, Richmond, CA), p107 (Santa Cruz), connective tissue
growth factor (CTGF) (a gift of L. Lau, University of Illinois at
Chicago), Prc1 (a gift of W. Jiang and T. Hunter, The Salk
Institute), topoisomerase IIa (Ab-284; a gift of W. T. Beck,
University of Illinois at Chicago) and serum amyloid (SAA) (a
gift of B. M. Schreiber, Boston University) and sheep polyclonal
antibody against SOD2 (Calbiochem). Horseradish peroxidase-
conjugated secondary antibodies were goat anti-mouse and goat
anti-rabbit IgG (Santa Cruz) and rabbit anti-sheep IgG (Kirke-
gaard & Perry Laboratories).

Results and Discussion
cDNA Array Analysis of p21 Effects on Cellular Gene Expression. Cell
line p21–9 is a derivative of HT1080 human fibrosarcoma cells,
where p21 expression can be turned on or off by using a
physiologically neutral agent IPTG (5). p21 is rapidly induced in
p21–9 cells after the addition of 50 mM IPTG (Fig. 1A), and this
induction is accompanied by rapid (within 14 h) cessation of
DNA replication (Fig. 1B) and mitosis (Fig. 1C), with approx-
imately equal numbers of cells arresting in G1 and G2 (11). All
IPTG-treated p21–9 cells develop morphological and enzymatic
markers of senescence, including enlarged and flattened mor-
phology and senescence-associated b-galactosidase activity (5).
The senescent phenotype develops subsequently to cell growth
arrest, starting at about 48 h after the addition of IPTG. p21
induction is also accompanied by the loss of clonogenicity, a
process that correlates with the duration and level of p21
induction and is associated with endoreduplication and abnor-
mal mitosis after release from IPTG (11).

To analyze the effects of p21 on gene expression, cDNA
probes were generated from the RNA of untreated p21–9 cells
and cells treated with IPTG for 3 days, a period that allows for
full development of the senescent phenotype. These probes were
used for differential hybridization with the Human UniGEM V
cDNA microarray (Genome Systems), which contains over 4,000
sequence-verified known human genes and 3,000 ESTs. Genes
that were down-regulated with balanced differential expression
$2.5 or up-regulated with balanced differential expression $2.0
are listed in the supplemental data, Tables 1 and 2 (www.
pnas.org). Expression of 69 genes was individually tested by
RT-PCR or Northern hybridization (see examples in Fig. 2) by
using RNA preparations from independent experiments, and the
predicted changes were confirmed for 38y39 down-regulated
and 27y30 up-regulated genes. The observed signal differences
in Northern hybridization or RT-PCR for most of the tested
genes appeared to be higher than the values of balanced differ-
ential expression determined from the cDNA array, suggesting
that cDNA array hybridization tends to underestimate the
magnitude of changes in gene expression. Changes in the expres-

sion of six down-regulated and six up-regulated genes were also
tested at the protein level (see examples in Fig. 2 A and B) and
confirmed in all cases.

p21 Selectively Inhibits Genes Involved in Cell-Cycle Progression and
DNA Repair. Sixty-nine genes and three ESTs were identified by
the cDNA array as down-regulated in p21-induced cells, with
balanced differential expression of 2.5–12.6; five additional
genes were found to be down-regulated by separate RT-PCR
assays. As expected, some p21-inhibited genes (e.g., CDC2,
ORC1, dihydrofolate reductase) contained E2F sites in their
promoters. On the other hand, no E2F sites could be found in
the promoters of other p21-inhibited genes (e.g., cyclin B1), and
some E2F-dependent genes (e.g., cyclin E) were unaffected by
p21, suggesting that the inhibitory effects of p21 are not medi-
ated entirely through E2F. Most of the down-regulated genes
identified by the cDNA array (43 of 69) have been associated
with cell-cycle progression and DNA repair, indicating a highly
selective nature of p21-mediated inhibition of gene expression.
To the best of our knowledge, such biological selectivity is
unprecedented in large-scale expression profiling studies. A
corollary to this observation is that differential cloning of
p21-inhibited genes is likely to yield novel genes that play a role
in cell-cycle progression. Indeed, six p21-inhibited genes were
originally listed in the cDNA array as ESTs or genes with
unknown function, but database search has linked three of their
products to cell division or DNA repair.

Eighteen p21-inhibited genes are involved in DNA replication,
segregation, and chromatin assembly. Some of these genes encode
enzymes involved in nucleotide biosynthesis (e.g., thymidine kinase,

Fig. 1. (A) Time course of p21 induction after the addition of 50 mM IPTG. p21
levels (in arbitrary units) were determined by ELISA by using WAF1 ELISA kit
(Oncogene Science). (B) Time course of changes in [3H]thymidine labeling
index (determined by autoradiography) after the addition of 50 mM IPTG. (C)
Time course of changes in mitotic index (determined microscopically after
49,6-diamidino-2-phenylindole staining) after the addition of 50 mM IPTG.
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dihydrofolate reductase, ribonucleotide reductase). Other proteins
are involved in DNA replication (e.g., origin recognition complex
protein Orc1, DNA polymerase a, DNA ligase I, replication
licensing factor components Mcm7 and Mcm4), segregation (to-
poisomerase IIa), and chromatin formation (e.g., p60 subunit of
chromatin assembly factor-I and high-mobility group proteins 1 and
2). Products of 20 other p21-down-regulated genes function in
mitosis. Some of these proteins are Cdc2 and cyclin B1 that initiate
mitosis, Plk1 involved in several different mitotic stages, Cdc2-
interacting protein CKsHs1, centrosome-associated Aik1 kinase,
spindle checkpoint-control proteins Mad2, BubR1, and Chl1, mi-
totic centromere-associated kinesin, and cytokinesis proteins Prc1
and citron kinase.

To determine whether inhibition of cell-cycle progression
genes was a cause or consequence of p21-induced cell growth

arrest, we have investigated the kinetics of changes in the RNA
levels of p21-inhibited genes after the addition and removal of
IPTG. We have also used immunoblotting to follow the time
course of p21-induced changes in Rb phosphorylation and in the
cellular levels of Rb and several p21-inhibited gene products
(Fig. 2 A). Rb became dephosphorylated (as indicated by in-
creased electrophoretic mobility) as early as 6 h after the
addition of IPTG, and Rb protein levels decreased sharply
between 12–24 h (Fig. 2 A), although no significant changes were
detected in RB mRNA (not shown). All of the tested p21-
inhibited genes showed a rapid response to p21 induction and
release. Five genes showed significant inhibition at both RNA
and protein levels between 4 and 8 h after the addition of IPTG,
concurrently with the onset of cell growth arrest (Fig. 1 B and C)
and Rb dephosphorylation (Fig. 2 A). Some other genes showed

Fig. 2. (A) RT-PCR and immunoblotting analysis of the time course of changes in the expression of p21-inhibited genes on IPTG addition and release.
b2-microglobulin (b2-M) was used as a normalization control for RT-PCR. A nonspecific 110-kDa band that crossreacts with the Plk1 antibody (ns) is shown as
a normalization control for Western blots. (B) RT-PCR and Northern hybridization analysis of the time course of changes in the expression of p21-induced genes
on IPTG addition and immunoblotting assays for IPTG-induced gene products. Control untreated p21–9 cells; I, cells treated for 3 days with 50 mM IPTG. S14
ribosomal protein gene was used as a normalization control for Northern hybridization. (C) RT-PCR analysis of changes in gene expression in IPTG-treated (I) and
serum-starved (S) cells relative to exponentially growing control (C) cells. b2-M was used as a normalization control.
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a slower response, with a major decrease in mRNA levels
detectable only 12 h after the addition of IPTG. All p21-
inhibited genes, however, resumed their expression 12–16 h after
the removal of IPTG (Fig. 2 A), which precedes the resumption
of DNA replication (20–24 h) and mitosis (30–36 h) (11).
Considering the role of p21-inhibited genes in cell-cycle pro-
gression, this time course suggests strongly that regulation of
such genes by p21 plays a causal role in p21-induced cell cycle
arrest and is not a consequence of p21-mediated cell growth
arrest and recovery. In addition, we have observed that p21-
inhibited mitosis-control proteins were resynthesized asynchro-
nously after release from IPTG, providing the likely cause for
mitotic abnormalities in the released cells (11).

Several p21-inhibited genes are associated with DNA repair,
including XRCC9, which may play a role in cell-cycle checkpoint
control, Rad54 recombination repair protein, exonuclease
Hex1yRad2, a homolog of Rad21 repair protein involved in
sister chromatid cohesion and mitotic recombination, and DNA
ligase I. Inhibition of such genes agrees with the reports that p21
inhibits DNA repair (15). Inhibition of DNA repair, together
with impaired mitosis control, is likely to increase the genetic
instability of cells that reenter the cycle after p21 induction,
with potential consequences for carcinogenesis and tumor
progression.

We have noted some parallels between p21-inhibited genes and
changes that occur in replicative senescence. Thus, senescent cells
were reported to have reduced expression of cell-cycle control
genes (16) and lower levels of the Rb protein (17), as we have also
observed on p21 induction. It is also interesting that three p21-
inhibited genes, CHL1, CDC21, and RAD54, encode members of
the helicase family. A deficiency in another protein of the helicase
group has been identified as the cause of Werner syndrome, a
clinical condition associated with premature aging and, at the
cellular level, accelerated senescence of cells in culture (18). More
significant correlations with the senescent phenotype came, how-
ever, from the analysis of p21-induced genes (see below).

Induction of Gene Expression by p21: Correlations with Senescence
and p21 Specificity of Induction. Forty-eight known genes and six
ESTs or genes with unknown functions were identified as
up-regulated in p21-induced cells, with balanced differential
expression of 2.0–7.8. The spectrum of p21-induced genes
showed numerous correlations with cell senescence and organ-
ism aging. A very high fraction (20y48) of p21-induced genes
encode extracellular matrix (ECM) components (e.g., fibronec-
tin-1, Mac-2-binding protein), ECM receptors (integrin b3), or
other secreted proteins. Overexpression of ECM proteins, in-
cluding p21-induced gene products fibronectin-1, plasminogen
activator inhibitor-1 (PAI-1), tissue-type plasminogen activator
(t-PA), and integrin b3, is a hallmark of replicative senescence
in normal fibroblasts (19–21). p21 also induced Alzheimer’s
b-amyloid precursor protein (APP) and cathepsin B, which have
been shown to increase their expression in senescent cells (22,
23). p21 further induced several proteins that are known to
increase their levels during organism aging, including t-PA,
PAI-1, cathepsin B, activin A, prosaposin, APP, SAA, and tissue
transglutaminase (t-TGase) (24–29). Senescent cells were also
reported to overproduce lysosomal enzymes (30) and mitochon-
drial proteins (31, 32), and we have found that p21 up-regulates
the expression of five lysosomal and three mitochondrial genes.
Most interestingly, p21 increased the expression of p66Shc,
inactivation of which was recently reported to increase stress
resistance and to extend the lifespan in knockout mice (33).
These parallels between p21-induced genes and known markers
of senescence suggest that different features of the senescent
phenotype result at least in part from the induction of gene
expression by p21.

The kinetics of induction of p21-up-regulated genes also

supports a role for such genes in the senescent phenotype. All of
the tested genes (except for t-TGase) showed maximal RNA
levels between 24 and 48 h after the addition of IPTG (Fig. 2B),
and their expression (also except for t-TGase) remained elevated
for at least 3 days after release from IPTG (not shown). This
timing lags behind p21-induced inhibition of cell-cycle progres-
sion genes (Fig. 2 A) and growth arrest (Fig. 1 B and C), but it
matches the time course of the development of the senescent
phenotype in p21-arrested cells.

To determine whether p21-up-regulated gene expression is a
specific effect of p21 induction or a general consequence of cell
growth arrest, we have compared p21-induced changes in gene
expression with the corresponding changes in p21–9 cells that
were growth arrested by incubation in serum-free media. Serum
starvation of p21–9 cells induced strong growth arrest, as
evidenced by the lack of significant increase in the cell number
after 3 or more days of serum starvation and approximately
60-fold decrease in [3H]thymidine incorporation. This growth
arrest was associated with only 2-fold increase in cellular p21
levels (not shown), much lower than the extent of p21 induction
in senescent fibroblasts (17, 34, 35) or in IPTG-treated p21–9
cells (Fig. 1 A). RT-PCR was used to compare changes in the
expression of 15 p21-induced and 16 p21-inhibited genes in cells
that were growth arrested for the same period by 50 mM IPTG
or by serum-free media. As shown in Fig. 2C, all IPTG-inhibited
genes were also inhibited in serum-starved cells; about one-half
of these genes were inhibited as strongly in serum-starved as in
IPTG-treated cells. In contrast, 8 of 15 p21-induced genes,
including PAI-1, SAA, t-TGase, integrin b3, CTGF, activin A,
natural killer cell protein 4, and p66Shc were not up-regulated at
all (and even slightly down-regulated) in serum-starved cells.
Three other genes were induced to a lesser extent in serum-
starved than in IPTG-treated cells, and only four genes were
equally induced in both types of growth arrest (Fig. 2C). These
results indicate that the activation of most (but not all) p21-
induced genes is not a general consequence of cell growth arrest.
NFkB-responsive genes (e.g., t-TGase, SAA, APP, and SOD2)
are found among those that are induced by p21 alone or by both
p21 and serum starvation, suggesting that NFkB activation by
p21 (8) does not determine the p21 specificity of the induction
of gene expression.

Paracrine Mitogenic and Antiapoptotic Effects of p21 Induction. To
our surprise, analysis of p21-activated genes suggested that
p21-induced growth arrest may be accompanied by a paracrine
growth-stimulatory effect, because several of these genes encode
secreted proteins with known mitogenic or antiapoptotic activ-
ity. In particular, CTGF, activin A, epithelinygranulin, and
galectin-3 were reported to act as mitogens (36–39), whereas
galectin-3 and prosaposin inhibit apoptosis (40, 41). p21 also
induced intracellular proteins SOD2 and R-Ras with reported
antiapoptotic activity (42, 43), as well as t-TGase and cathepsin
B ascribed a proapoptotic function (27). The observed induction
of both antiapoptotic and proapoptotic genes by p21 may explain
the contradictory reports on both positive (44) and negative (45,
46) effects of p21 on apoptosis.

We have investigated whether conditioned media from IPTG-
treated p21–9 cells would have an effect on apoptosis or the cell
growth. In one set of assays, we tested whether such media would
influence apoptosis in C8 cells, a line of mouse embryo fibro-
blasts transformed by E1A and H-Ras. This cell line is highly
susceptible to apoptosis induced by different stimuli, including
serum starvation (47–49). The addition of low-serum fresh
media rapidly induced apoptosis in C8 cells, as evidenced by cell
detachment and apoptotic morphology. The detached (floating)
cells showed apoptosis-specific DNA ladder and lack of cells with
G2yM DNA content (Fig. 3A), which is characteristic for apo-
ptosis in C8 cells (49). The addition of IPTG to fresh media had
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no effect on apoptosis (not shown). Conditioned media from
IPTG-treated but not from untreated cells strongly decreased
the induction of apoptosis, by the criteria of cell detachment
(Fig. 3B), ladder formation, and alteration in the FACS profiles
of DNA content (Fig. 3A). Furthermore, cells incubated for 48 h
in different batches of conditioned media from IPTG-treated
cells showed 23–24% survival relative to control cells grown in
10% serum, whereas conditioned media from untreated cells
produced only 1–3% survival, and fewer than 1% of the cells
survived in low-serum fresh media.

In another set of experiments, we asked whether serum-
supplemented conditioned media from IPTG-treated cells would
stimulate the growth of two slow-growing human fibrosarcoma cell
lines. One of these lines, HS 15.T, showed a small (20–30%) but
reproducible increase in the number of cells grown for 5 days in
conditioned media from IPTG-treated cells, supplemented with
4–8% serum, relative to conditioned media from untreated cells.
We have also used [3H]thymidine incorporation as a more sensitive
assay that could be conducted at lower serum concentrations. We
have compared [3H]thymidine incorporation by HS 15.T cells in
fresh media, in conditioned media from IPTG-treated or untreated
cells, and in mixtures of conditioned and fresh media, supplemented
with 1% or 2% serum. Conditioned media from IPTG-treated
p21–9 cells, but not fresh media or media conditioned by untreated
cells, increased [3H]thymidine incorporation by HS 15.T cells up to
3-fold (Fig. 3C), indicating apparent mitogenic activity. The addi-
tion of IPTG to fresh media had no effect in this assay (not shown).

The above experiments, however, do not allow us to tell whether the
effects of the conditioned media are due to the direct stimulation
of cell growth or the inhibition of cell death in proliferating HS15.T
cells.

As noted by Campisi (19), normal senescent cells overproduce
different growth factors, providing a further link between p21
induction and the senescent phenotype. Some paracrine factors that
we find to be induced by p21 are also induced by serum starvation
(prosaposin, galectin-3), whereas the induction of other genes
(CTGF, activin A) is p21-specific (Fig. 2C). The induction of
paracrine mitogenic and antiapoptotic factors by p21 raises a
possibility that terminal growth arrest of senescent or postmitotic
cells may stimulate the proliferation of their neighbors. This para-
crine effect may be one of the unselected physiological conse-
quences of senescence or, alternatively, it might play a role in tissue
homeostasis. It is interesting to note in this regard that p21
expression in mammalian development has been localized to nar-
row zones of postmitotic cells, adjacent to the proliferative com-
partments (50, 51). Together with the potential for genetic desta-
bilization in p21-induced cells (discussed above), the paracrine
antiapoptotic and mitogenic effects of p21 induction may also
contribute to carcinogenesis and tumor progression.

Involvement of p21-Induced Proteins in Age-Related Diseases. Strik-
ingly, products of many genes that we found to be induced by p21
play a causal role or have been associated with different age-
related diseases. Thus, p21-induced APP gives rise to b-amyloid

Fig. 3. (A) (Upper) FACS profiles of DNA content and electrophoretic patterns of DNA degradation in the attached or floating C8 cells in 10% serum (control)
or 24 h after transfer in 0.4% serum fresh media (low-serum). (Lower) DNA content and electrophoretic pattern of combined attached and floating C8 cells after
24 h incubation in 10% serum (control), in low-serum fresh medium, or in conditioned media from untreated or IPTG-treated p21–9 cells. (B) Effects of control
media containing 10% serum (C) and low-serum fresh media (F), conditioned media from IPTG-treated (I) or untreated p21–9 cells (U) on apoptosis of C8 cells,
as measured by cell detachment. (C) Effects of fresh media (F), conditioned media from IPTG-treated (I), or untreated (U) p21–9 cells, and 1:1 mixtures of
conditioned and fresh media (IyF and UyF), supplemented with 1% or 2% serum, on [3H]thymidine incorporation by HS 15.T cells.
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peptide, the main component of Alzheimer’s amyloid plaques.
p21 strongly induces the inflammatory protein SAA, deposition
of which causes amyloidosis and contributes to atherosclerosis,
osteoarthritis, and rheumatoid arthritis (52). p21 also induces
t-TGase, which has been described as a pleiotropic mediator of
cell differentiation, carcinogenesis, apoptosis, and aging and
which plays a role in plaque formation in both Alzheimer’s
disease and amyloidosis (28, 29). p21-induced CTGF and galec-
tin-3 have been implicated in atherosclerosis (53, 54), whereas
p21-up-regulated complement C3 and AMP deaminase were
suggested to play a role in Alzheimer’s disease (56, 57). In
addition, expression of p21-induced proteins cathepsin B, PAI-1,
fibronectin, N-acetylgalactosamine-6-sulfate sulfatase, and
Mac2-BP has been associated with osteoarthritis andyor rheu-
matoid arthritis (58–60).

Replicative senescence of normal cells has been associated
with changes in protein expression that may contribute to the
pathogenesis of cancer and age-related diseases (19). In the
present study, we have found that similar changes in gene

expression can result from p21 induction, which is a common
event in the programs of senescence and damage response. It
remains to be determined whether the same effects of p21 that
we observed in a fibrosarcoma cell line would also occur in
different types of normal cells, and which of these effects would
be specific consequences of p21 expression. The elucidation of
the mechanisms and the specificity of the effects of p21 on gene
expression may suggest new approaches to the prevention of
different diseases that are associated with human aging.
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