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Expression of p21 has been shown to be up-regulated by the p53 tumor suppressor gene in vitro in response to 
DNA-damaging agents. However, p21 expression can be regulated independently of p53, and here we show 
that expression of p21 in various tissues during development and in the adult mouse occurs in the absence of 
p53 function. However, most tissues tested did require p53 for p21 induction following exposure of the whole 
animal to ~/irradiation. These results show that normal tissue expression of p21 to high levels is not 
dependent on p53 and confirm that induction of p21 by DNA-damaging agents does require p53. p21 is 
expressed upon differentiation of p53-deficient murine erythroleukemia (MEL1 cells, and the kinetics of 
induction of p21 in this system suggest that it may be involved in the growth arrest that precedes terminal 
differentiation. The gene is up-regulated in mouse fibroblasts in response to serum restimulation but the 
kinetics and levels of induction differ between wild-type and mutant cells. Expression of p21 message 
following serum restimulation is superinducible by cycloheximide in wild-type but not in p53-deficient cells. 
The increases in p21 mRNA are reflected in changes in p21 protein levels, p21 expression also appears to be 
regulated at the post-transcriptional level because moderate increases in mRNA expression, during 
differentiation of MEL cells and upon serum restimulation of fibroblasts, are followed by large increases in 
protein levels. Regulation of the mouse p21 promoter by p53 depends on two critical p53-binding sites located 
1.95 and 2.85 kb upstream from the transcriptional initiation site. The sequences mediating serum 
responsiveness of the promoter map to a region containing the proximal p53 site. p53 appears to play a critical 
role in p21 induction following DNA damage. Moreover, p21 can be regulated independently of p53 in several 
situations including during normal tissue development, following serum stimulation, and during cellular 
differentiation. 
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Cell-cycle progression has been shown to be modulated 
by a new class of regulators known as cyclin kinase in- 
hibitors. The first of these proteins to be identified and 
cloned was p21, which is the product of the WAF- 1 / CIP 1 
gene and is variously referred to as p21/WAF-1/CIP1 (E1- 
Deiry et al. 1993; Harper et al. 1993; Xiong et al. 
1993a, b). p21 forms a quaternary complex with cyclins, 
cyclin-dependent kinases (cdks), and proliferating cell 
nuclear antigen (PCNA)(Xiong et al. 1993a} and acts to 
regulate cyclin/cdk activity and to directly affect DNA 
replication through its interaction with PCNA (Waga et 
al. 1994; Li et al. 1994). p21 can promote cyclin/cdk 
complex assembly in vitro (Zhang et al. 1994), and be- 
cause p21 exists in normal cycling cells, it may perform 
this function in vivo as well. The role of p21 as either a 
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cyclin/cdk inhibitor or as an assembly factor may de- 
pend on the stoichiometry of components within these 
complexes (Zhang et ah 19941, such that at low concen- 
tration p21 may promote complex assembly, whereas at 
higher concentrations it might be inhibitory. 

p21 was cloned independently by virtue of its induc- 
tion by p53 (E1-Deiry et al. 1993), its association with 
cyclin/cdk complexes (Xiong et al. 1993b; Harper et al. 
1993) and its up-regulation in senescent cells INoda et al 
19941. Other cyclin/cdk inhibitors have since been iden- 
tified and cloned (Serrano et al. 1993; Hannon and Black 
1994; Polyak et al. 1994), including p16 (Serrano et al. 
19931 and p15 (Hannon and Black 19941, which appear to 
specifically inhibit cyclin D/cdk4 complexes, p16 is fre- 
quently mutated in a variety of tumors (Hussussian et al. 
1994; Kamb et al. 1994a, b; Nobori et al. 1994). The p27 
cyclin/cdk inhibitor is also involved in mediating 
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growth arrest and inhibits cyclin E/cdk2 and cyclin 
A/cdk2 complexes, p27 is induced in T cells in response 
to interleukin-2 and in the HL60 cell line in response to 
retinoic acid as these cells differentiate to form granulo- 
cytes (Polyak et al. 1994). However, only p21 has been 
shown to affect DNA replication (Waga et al. 1994; Li et 
al. 1994). 

p21 is up-regulated by p53 following DNA damage 
(Xiong et al. 1993a, b; E1-Deiry et al. 1993, 1994; Di Le- 
onardo et al. 1994) and is thought to be an integral part of 
the p53-mediated growth-arrest pathway (E1-Deiry et al. 
1994). Regulation of p21 by p53 presumably occurs at the 
level of transcriptional initiation because it is known 
that the ability of p53 to induce growth arrest requires its 
trans-activation domain (Pietenpol et al. 1994). Also, 
loss of p53 results in dramatic reductions in p21 message 
levels (Xiong et al. 1993a; E1-Deiry et al. 1993, 1994). The 
putative role of p21 in growth arrest mediated by p53 
makes it an important gene with respect to the under- 
standing of loss of growth control in transformation pro- 
cesses. Mice that are homozygous for a targeted disrup- 
tion of the p53 gene are predisposed to tumor formation 
but develop normally (Donehower et al. 1992; Jacks et al. 
1994). Thus, either p21 itself is not essential for normal 
development or p21 expression is not fully dependent on 
p53. 

To characterize more fully the normal regulation of 
p21, we have compared its expression in a variety of cells 
and tissues with or without functional p53. We conclude 
that p21 expression during development and in the adult 
mouse can be p53-independent and that the gene can be 
induced by serum and upon differentiation in the ab- 
sence of p53 function. However, p53 appears to be nec- 
essary for p21 induction following DNA damage, a func- 
tion that may be critical for its tumor suppressor prop- 
erties. 

Results 

p21 mRNA is expressed in various tissues 
independently of p53 

Given the role of p21 in regulating cell-cycle progression 
and DNA replication (Harper et al. 1993; Xiong et al. 
1993b; Li et al. 1994; Waga et al. 1994), we were inter- 
ested in determining whether p21 expression was 
strictly dependent on the presence of functional p53. Our 
initial studies focused on expression of p21 in tissues 
from wild-type and p53-deficient mice. As shown in Fig- 
ure 1A, expression of p21 in wild-type animals is seen in 
the thymus, lungs, spleen, testes, and brain with very 
high levels detected in the small intestine. Little or no 
expression was observed in the kidney, skeletal muscle, 
liver, or heart. By comparing the pattern of p21 expres- 
sion in p53-deficient animals, it is clear that the only 
tissue in which expression is dependent on p53 is the 
spleen (Fig. 1A). Levels of p21 are comparable between 
mutant and wild-type animals in the testes, intestine, 
and brain, although there is slightly reduced expression 
in mutant thymus and lungs. 

These results suggest that regulation of expression of 
p21 mRNA in normal mouse tissues occurs by a mech- 
anism not involving p53. However, previous reports 
have clearly shown the importance of p53 in the induc- 
tion of p21 following exposure to ionizing radiation and 
other DNA-damaging agents (Di Leonardo et al. 1994; 
E1-Deiry et al. 1994). Thus, we examined the pattern of 
p21 expression in wild-type and mutant animals follow- 
ing ~/irradiation. As shown in Figure 1B, significant in- 
duction of p21 occurs in all wild-type tissues examined, 
except for the small intestine in which p21 expression is 
very high prior to irradiation. No induction of p21 
mRNA was observed in tissues of irradiated p53-defi- 
cient animals (Fig. 1B), confirming the importance of p53 
in the irradiation response. 

Given the results with adult tissues, we next exam- 
ined p21 mRNA levels in tissues from wild-type and 
p 5 3 - / -  embryos. Most embryonic cell types are still 
proliferating and the role of p21 in modulating cell-cycle 
progression may result in a different pattern of p21 ex- 
pression in embryonic tissues compared with adult tis- 
sues. As shown in Figure 1C, p21 is expressed in the 
carcass of wild-type embryos at 13.5 days of gestation 
but not in fetal liver, brain, lungs, or heart. As was ob- 
served in adult tissues, expression in embryonic carcass 
is not dependent on p53 because high levels of expres- 
sion are also seen in p 5 3 - / -  embryos (Fig. 1C). Quite 
unexpectedly, absence of p53 actually resulted in in- 
creased expression of p21 in embryonic brain. 

p21 mRNA and protein are induced during MEL 
cell differentiation 

Murine erythroleukemia (MEL) cells are derived from 
erythoid tumors that develop in mice infected by the 
Friend virus complex. These leukemic cells are growth- 
factor independent, carry activated forms of Ets family 
oncogenes, and are mutant for p53 (Ben-David and Bern- 
stein 1991). The cell line is effectively blocked in ery- 
throid differentiation and proliferates in culture until in- 
duced to terminally differentiate by various agents such 
as dimethylsulfoxide (DMSO)or N, N'-hexamethylene- 
bis-acetamide (HMBA). Alterations in the cell cycle of 
MEL cells following their induction to differentiate are 
well characterized. Induction of differentiation in MEL 
cells results in a prolonged G~ phase, up-regulated ex- 
pression of the retinoblastoma protein (Rb) tumor sup- 
pressor gene, and increased levels of hypophosphorylated 
Rb. Induced MEL cells proceed through two to four cell 
cycles before arresting in the following G1 phase of the 
cell cycle [Richon et al. 1992) and expressing markers of 
terminal erythroid differentiation such as [3 maj~ globin. 
We were interested in determining whether p21 might 
be involved in the growth arrest and terminal differenti- 
ation of MEL cells, particularly because they lack p53 
function. 

We examined both p21 mRNA and protein levels fol- 
lowing addition of the inducing agent, HMBA. p21 mes- 
sage levels showed no overall change when measured at 
1, 2, 3, 4, or 5 days following induction to differentiate 

936 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Presson January 24, 2025 - Published by Downloaded from 

http://www.cshlpress.com


Regulation o[ p21 

Figure 1. Expression of p21 in many tissues is not dependent 
on p53. (A) Total RNA from heart, thymus, lungs, skeletal 
muscle, spleen, testes, kidney, intestine, liver, and brain from 
either wild-type or mutant adult mice was prepared, and levels 
of p21 message were determined by Northern blotting as de- 
scribed in Materials and methods, p21 encodes a 2.2-kb mRNA, 
and the amount of RNA loaded was controlled for by hybrid- 
ization with a probe to GAPDH. (B} Comparison of the levels of 
p21 mRNA in tissues following exposure of the whole animal 
to 10 Gy of ionizing irradiation demonstrates that p53 is re- 
quired for induction of p21 in response to ~/irradiation in most 
tissues looked at with the exception of the small intestine, 
where p21 is already expressed at high levels. (C) Total RNA 
from wild-type or mutant tissues from 13.5-day embryos was 
probed for p21 mRNA as described. Fetal liver, brain, heart, 
lungs, and carcass were dissected out of 13.5-day-old embryos, 
and p21 levels were measured by Northern blotting. 

(data not shown). These cells were clearly differentiat- 
ing, because - 9 5 %  expressed globin at 3 days following 
addition of HMBA. However, examinat ion of p21 m R N A  
levels in the first several hours following induction to 
differentiate revealed a three- to fivefold increase in p21 
message levels after - 2  hr {Fig. 2A). The levels seen at 2 
hr decreased to uninduced levels by 4 hr following 
HMBA addition. Thus, although p21 may have a role in 
initiating growth arrest prior to differentiation, it seems 
not to be involved in maintaining the growth-arrested 
state. Only 15-20% of MEL cells in the population be- 

come commit ted  to differentiation during the first cell 
cycle following addition of inducer, and it may  require 
another two to four cycles for 100% of cells to become 
commit ted  (Kiyokawa et al. 1993). 

The levels of p21 protein also increased dramatical ly 
within 2 hr following the induction of differentiation 
(Fig. 2B). We observe that  the increase in p21 protein 
levels in differentiating MEL cells is significantly more 
substantial  than the increase in m R N A  levels. There is 
an - 10-fold increase in protein levels compared wi th  a 2- 
to 3-fold increase in m R N A  levels, suggesting that  p21 
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Figure 2. p21 is up-regulated in differentiating MEL cells. Exponentially growing MEL cells were induced to differentiate by addition 
of 5 mM HMBA. (A} Northern blot analysis shows that p21 mRNA levels increase at -2 hr following addition of HMBA. The loading 
of RNA is controlled for by hybridization to a probe for GAPDH. (B) Immunoprecipitation with a polyclonal antibody raised against 
mouse p21 showed that p21 protein also increases 2 hr following induction of MEL cells to differentiate. 

may also be regulated post-transcriptionally. The in- 
creased level of p21 protein was associated with de- 
creased H 1 kinase activity present in both p21 and cdk2 
immunoprecipitates (data not shown), again consistent 
with the notion that p21 participates in growth arrest in 
this differentiation program. Because MEL cells are mu- 
tant in both alleles of p53 (Mowat et al. 1985; Munroe et 
al. 1990), the increase in p21 expression in this differen- 
tiation system may constitute another example of p53- 
independent regulation. 

p53 is required for normal serum induction of p21 

We examined the regulation of p21 in primary fibroblasts 
isolated from wild-type and p53-deficient embryos. As 
shown in Figure 3 (A,B), the steady-state level of p21 in 
wild-type cells growing in 10% serum is considerably 
higher than that seen in p53 - / - cells. Following serum 
starvation and restimulation of wild-type cells, there is 
an approximately twofold increase in p21 mRNA at 1 hr 
following serum addition (Fig. 3A). This increase in mes- 
sage is short-lived, however, and by 2 hr following serum 
stimulation, p21 mRNA levels return to unstimulated 
levels. 

In contrast to the situation in wild-type cells, there is 
a dramatic induction of p21 mRNA in serum-stimulated 
p53 - / - cells. Serum-starved p53 - / - cells have barely 
detectable levels of p21 mRNA. Within 3 hr of serum 
restimulation, we observe a 35-fold induction of the p21 
message (Fig. 3B). As in wild-type cells, the levels of p21 
subsequently decline in the p53 - / - cells. Thus, p21 is 
serum inducible in both wild-type and p53 mutant cells 
although with different kinetics and to differing levels. 

This serum inducibility is transient and thus may imply 
that p21 levels are tightly regulated during the cell cycle. 

Addition of cycloheximide during serum stimulation 
of wild-type cells resulted in a 40-fold superinduction of 
p21 expression (Fig. 3C), suggesting that serum induc- 
tion of p21 in wild-type cells is inhibited by a labile 
protein factor. When cycloheximide was added during 
serum restimulation of p53-deficient cells, p21 induc- 
tion was delayed or blocked [Fig. 3D). Thus, the factor(s} 
responsible for serum induction of p21 in the absence of 
p53 may also be labile. It will be interesting to identify 
the labile inhibitor acting in wild-type cells to down- 
regulate p21 expression following serum induction and 
to investigate how this factor might act in p53-deficient 
cells. 

Elements within the p21 promoter-mediating 
serum induction overlap with a functional p53 
DNA-binding site 

To begin to address the mechanism of p53-independent 
induction of p21 mRNA, we examined the activity of a 
series of CAT reporter constructs controlled by different 
5' deletions of the p21 promoter {Fig. 4AI. The transcrip- 
tional activity of these plasmids was assayed in wild- 
type and p53-deficient fibroblasts following transient 
transfection. CAT activity was determined in both se- 
rum-starved cells and cells starved of serum and then 
restimulated with 10% serum. As shown in Figure 4B, 
the activity of the p21 promoter in wild-type cells is 
substantially reduced upon sequential deletion of two 
p53 DNA-binding sites, located between -2853 and 
- 2 8 3 4  bp and between - 1961 and - 1941 bp relative to 
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Figure 3. p21 is serum inducible in a p53- 
independent manner. Primary mouse em- 
bryonic fibroblasts (MEFs) were serum 
starved for 48 hr in 0.1% fetal bovine se- 
rum and then restimulated with 10% se- 
rum. Total RNA was collected from wild- 
type (A) and p53 mutant fibroblasts (B) at 
different time points after restimulation 
with serum and p21 levels measured by 
Northem blotting. Northern blots carrying 
RNAs from wild-type cells were exposed 
for 16 hr, whereas those carrying RNAs 
from p53-deficient cells were exposed for 
40 hr. The effect of addition of 10 ixg/ml of 
cycloheximide on the induction of p21 in 
wild-type (C) and p53 mutant (D) fibro- 
blasts was also assessed. 

the start site of transcription (T. Tokino, K. Kinzler, and 
B. Vogelstein, unpubl.). The large deletion that removes 
the distal p53-binding site reduced promoter activity in 
p53-deficient cells as well, indicating that important reg- 
ulatory factors other than p53, may also bind in this 
region. However, deletion of the proximal p53 DNA- 
binding site resulted in a slight increase in CAT activity 
in serum-starved p53-deficient cells (Fig. 4B, cf. pCAT6 
and pCAT7), in contrast to the result obtained in wild- 
type cells. 

In both wild-type and p53-deficient cells, serum induc- 
ibility appears to map to a region located between posi- 
tions -2581 and -1871 because the pCAT6 plasmid 
showed increased activity following serum addition in 
both cell types, whereas the pCAT7 plasmid was unre- 
sponsive in both (Fig. 4B}. Given that one of the putative 
p53-binding sites maps to this region and the serum in- 
ducibility of the native p21 promoter is stronger in p53- 
deficient cells, it is tempting to speculate that the factor 
responsible for serum induction might bind to a site that 
overlaps the p53-binding site (Fig. 4C). We note that the 
p53-binding site in this region does overlap with a con- 
sensus Ets-binding site (Fig. 4C). Members of the Ets 
family of transcription factors have been associated with 
serum induction of other promoters (Prosser et al. 1992; 
Hill et al. 1993; Marais et al. 1993). 

Serum induction of p21 protein 

p21 protein has been proposed to act as both an assembly 
factor for cyclin/cdk complex formation and, at higher 

concentrations, as a cyclin/cdk inhibitor {Zhang et al. 
1994). To determine whether the observed induction of 
p21 mRNA in wild-type and mutant cells was reflected 
in increased p21 protein levels, we immunoprecipitated 
p21 from asynchronously cycling as well as serum- 
starved and restimulated cells. As shown in Figure 5, in 
both the presence and absence of p53, levels of p21 pro- 
tein are higher in the serum-restimulated cells compared 
with asynchronously growing cells. Increased amounts 
of p21 protein in Gl-enriched populations of cells further 
support its role in G1 regulation and are fully consistent 
with the mRNA analysis (Fig. 3). However, relative lev- 
els of p21 mRNA 2-4 hr after serum stimulation in wild- 
type cells are - 10-fold greater than in p53 - / - cells (Fig. 
3), yet the amount of p21 protein in these cells at these 
times is comparable (Fig. 5). Thus, as observed in differ- 
entiating MEL cells, p21 regulation in embryonic fibro- 
blasts may also occur at the level of translation and/or 
protein stability. 

p21 levels correlate with cdk activity 

Finally, we assessed the effects of p21 induction on cy- 
clin/cdk activity by performing in vitro H 1 kinase assays 
with anti-p21 immunoprecipitates. Wild-type and 
p 5 3 - / -  fibroblasts were serum starved and restimu- 
lated with 10% serum. At hourly time points following 
restimulation, cell lysates were prepared and immuno- 
precipitated with polyclonal anti-p21 antibodies. Immu- 
nocomplexes were then incubated with [~/-32p]ATP and 
histone H1 as a kinase substrate. Consistent with the 
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A 

B 

Figure 4. The serum responsiveness of 
the p21 promoter maps to a region contain- 
ing a functional p53 site. 5' Deletion mu- 
tants of the p21 promoter were constructed v 
and are diagramed in A. The effect on pro- 
motet activity in wild-type and p53 mu- 3 
tant fibroblasts following serum starvation 
and restirnulation is shown in B. Percent 
CAT conversion was normalized for trans- 
fection efficiency and then expressed rela- 
tive to the activity of the full-length pro- 
moter construct in serum-starved cells. 
The results are the average of two series of 
experiments. All available substrate had 
been exhausted by the end of the reaction 
with equal amounts of extracts from 2-hr C 
serum-restimulated wild-type cells trans- 
letted with pCAT1, explaining the poor in- 
duction relative to unstimulated cells. The 
sequence of the p21 promoter region con- 
taining the proximal p53-binding site and 
the extent of homology of the overlapping, 
putative Ets-binding site to characterized 
Ets-binding sites is shown in C. 
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proposed role of p21 in promoting cycl in /cdk complex 
assembly, we observe max imal  HI kinase activity at 
t ime points known to correspond to the peak of p21 
m R N A  levels in wild-type and mutan t  cells (Fig. 6). H1 
kinase activity was highest  at - 2  hr following serum 
addition in wild-type cells and after - 4  hr in p53-defi- 
cient cells. Once again, despite considerable differences 
in the p21 m R N A  levels in the two cell types at these 
t ime points, the level of p21-associated kinase activity 
was comparable, further supporting the existence of 
some form of post-transcriptional control of p21. 

D i s c u s s i o n  

The recent discovery of a class of low-molecular-weight 
cyclin/cdk inhibitors coupled with the observation that 
the p21 inhibi tor  can be up-regulated by the p53 tumor 
suppressor protein underscores the close connection be- 

tween cell-cycle regulation and tumorigenesis. We have 
studied the expression of p21 in a variety of settings in 
which p53 is absent to determine what  other signals 
could induce this important  cell-cycle regulator. Our re- 
sults indicate that the pattern and extent of p21 expres- 
sion are comparable in wild-type and p53-deficient ani- 
mals. These data suggest that transcriptional regulation 
of p21 in adult mouse tissues can be accomplished by 
other transcriptional regulators besides p53. The spleen 
is the only tissue tested in which  p53 was required for 
normal p21 expression levels. Although p21 is expressed 
at equal levels in wild-type and mutan t  tissues, the pos- 
sibili ty remains that steady-state levels of p21 expres- 
sion are dependent on p53 in wild-type mice and that a 
compensatory mechan i sm activates p21 expression in 
p53-deficient animals.  Following whole-body irradia- 
tion, there was a marked increase in the levels of p21 
mRNA in most wild-type mouse tissues but not in p53- 
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Figure 5. p21 protein levels are serum inducible in a p53-in- 
dependent manner. Changes in p21 protein levels following se- 
rum restimulation were measured by immunoprecipitation. Se- 
rum-starved cells were restimulated with 10% dialyzed serum 
in the presence of [3SS]methionine as described in Materials and 
methods. Cells were radiolabeled for 4 hr following addition of 
serum, and cell lysates were prepared as described, p21 was 
immunoprecipitated with the rabbit polyclonal serum used pre- 
viously, p21 immunoprecipitates were also prepared from asyn- 
chronously cycling radiolabeled cells. Asynchronously cycling 
MEFs (lanes 1,3); serum-starved and 4-hr serum released (lanes 
2,4); wild-type (lanes 1,2), and p53 mutant (lanes 3,4) MEFs. 

deficient tissues. Thus, the regulation of p21 by p53 ap- 
pears to be critical to this stress response. The intestine 
was the one wild-type tissue tested that failed to induce 
higher levels of p21 mRNA following irradiation. It has 
been shown that p53 is required for radiation-induced 
apoptosis in the intestine (Merrit et al. 1994), but the 
lack of p21 induction in this tissue under these condi- 
tions suggests that p21 will not be a critical effector of 
the cell death process in these circumstances. 

Because p21 expression is induced as MEL cells differ- 
entiate, we have suggested that this protein may be in- 
volved in growth arrest as part of the differentiation pro- 
cess. p21 mRNA has also been shown to be induced in 
the p53-deficient myeloid cell line HL-60 induced to dif- 
ferentiate with a variety of agents (Jiang et al. 1994; 
Steinman et al. 1994). As shown here, many adult tissues 
show high-level expression of p21 including the thymus, 
brain, and intestine. Other tissues do not express detect- 
able levels of p21 in either the wild-type or mutant ani- 
mals (e.g., liver, muscle, and kidney), and it is possible 
that other cyclin/cdk inhibitors, such as p27 Ku'l, are 
functioning in these tissue types to induce growth arrest 
prior to differentiation. Alternatively, these tissues may 
have reached a state of stable maintenance of growth 
arrest such that the activity of any of these inhibitors is 
no longer required. 

In comparison with adult tissues, the cells of embry- 
onic tissues are less well differentiated and are more ac- 
tively proliferating. Thus, it is perhaps not surprising 
that p21 expression is higher in the adult than in the 
embryo. Embryonic expression of p21 was limited to the 
carcass, a region of extensive muscle differentiation. Ha- 
levny and co-workers (1995) have recently shown that 
myoblast differentiation is accompanied by p21 induc- 
tion, also independently of p53. Interestingly, despite 
comparable p21 expression in the carcass of wild-type 
and mutant embryos, significantly higher p21 mRNA 
levels are observed in wild-type compared with mutant 
fibroblasts grown in culture. Thus, some aspect of tissue 
culture may represent a form of environmental stress 
that induces a p53-dependent response. Curiously, we 
observe expression of p21 in the brain of p53-deficient 
but not wild-type embryos. It appears that loss of p53 
function induces p21 expression in this tissue. Induction 
of p21 in p53-deficient embryonic brain is one of the few 
expression differences observed between wild-type and 
p53 mutant animals in vivo and may be related to our 
recent observation of a defect in neural tube formation in 
a proportion of p53-deficient embryos (V.P. Sah, L.D. At- 
tardi, G.J. Mulligan, B.O. Williams, R.T. Bronson, and T. 
Jacks, unpubl.). 

We and others (Michieli et al. 1994) have shown that 
p21 is induced in serum-starved wild-type and p53-defi- 
cient embryonic fibroblasts when these cells are restim- 
ulated with 10% fetal calf serum (FCS). The kinetics of 
induction differ between wild-type and mutant fibro- 
blasts, p21 mRNA is induced in wild-type fibroblasts 
within 1 hr of serum restimulation, whereas peak p21 
induction in p 5 3 - / -  cells occurs at 3 hr. The levels of 
induction in the two cell types also differ, with higher 
induction in mutant than wild-type cells. Elevated ex- 
pression of p21 in the first 1-3 hr following serum re- 
lease may jump-start the cell into cycle by facilitating 
complex formation between cyclins and cdks. 

Increased p21 mRNA levels in wild-type cells reach a 
peak by 1 hr following serum induction but decrease 
again by 2 hr, implying that there is a homeostatic con- 
trol mechanism operating to regulate p21 mRNA levels. 
This mechanism is clearly sensitive to agents that block 
protein synthesis because cycloheximide is shown here 
to superinduce p21 message. Other genes have been 
shown previously to be superinducible by cycloheximide 
following serum release, notably the immediate early re- 
sponse genes like c-myc and c-fos (Sassone-Corsi et al. 
1988; Penn et al. 1990). Interestingly, superinduction of 
p21 in wild-type cells appears to depend on p53. Thus, 
cycloheximide may activate the transcriptional proper- 
ties of p53. 

We have identified a region mapping from -1817 to 
- 2 5 8 1  bp relative to the transcriptional initiation site of 
the p21 promoter that mediates serum induction in both 
wild-type and mutant cells. This region contains one of 
two critical p53 DNA-binding sites (T. Tokino, K. Kinz- 
let, and B. Vogelstein, unpubl.). There is also a putative 
Ets-binding site in this region, which actually overlaps 
the p53-binding site. Members of the Ets family of tran- 
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Figure 6. p21-associated H1 kinase activ- 
ity increases as cells are serum stimulated. 
The H1 kinase activity of p21 immunopre- 
cipitates from serum-starved cells was 
measured at different time points follow- 
ing restimulation with 10% serum. H1 ki- 
nase activity was measured at 0, 1, 2, 3, 4, 
and 5 hr following addition of serum to 
MEFs that had been serum starved for 48 
hr. 

scr ipt ion factors have been l inked to serum responsive- 
ness of promoters ,  f requent ly  by in te rac t ions  wi th  other  
factors (Prosser et al. 1992; Hil l  et al. 1993; Marais et al. 
1993). 

We have described two examples  of apparent  post- 
t ranscr ip t ional  control  of p21. Dur ing  the dif ferent ia t ion 
of MEL cells, p21 m R N A  levels rise by three- to fivefold 
by 2 hr  fo l lowing addi t ion  of HMBA, whereas prote in  
levels increase by 10-fold. Also, despite the differences in 
absolute  levels of p21 m R N A  in wild- type and p53-defi- 
c ient  f ibroblasts fo l lowing serum release, there appear to 
be equiva len t  levels of p21 prote in  and p21-associated 
H1 kinase  act ivi ty,  suggesting tha t  p21 is post-transcrip- 
t iona l ly  regulated. Given  the proposed role of p21 as a 
cyc l in / cdk  assembly  factor, it  is not  surprising that  it is 
subjected to m a n y  levels of regulat ion.  

The  role of p21 up-regula t ion fol lowing t r ea tmen t  of 
cells w i th  ioniz ing radia t ion  is clearly impor t an t  to our 
unders tand ing  of p53-media ted  growth  arrest. However,  
the regula t ion  of this  gene by other  factors act ing inde- 
penden t ly  of p53 suggests tha t  it is a more  universal  cell 
cycle regulator,  p21 is clearly regulated in the absence of 
p53 funct ion:  under  condi t ions  of serum release, induc- 
t ion  to differentiate,  and in adul t  and embryonic  tissues. 
The  m e c h a n i s m s  by w h i c h  this  regula t ion operates are 
both  t ranscr ip t ional  and pos t - t ranscr ip t ional  and are 
subject to homeos t a t i c  control .  Ident i fying the other  fac- 
tors able to induce  p21 should  improve the unders tand-  
ing of h o w  different extracel lular  signals induce growth 
arrest and different ia t ion,  and how these signaling path- 
ways are affected in tumorigenesis .  

M a t e r i a l s  a n d  m e t h o d s  

Adult and embryonic mouse tissues 

Tissues were dissected from wild-type and homozygous p53 
mutant adult mice and homogenized in PBS. Tissues were pre- 
pared from irradiated adult mice in the same manner. Wild-type 
and p53 - / - mice were exposed to 10 Gy of ~/irradiation from 
a ~37Cesium source at a constant dose rate 52 Gy/hr. The mice 
were sacrificed 3 hr following irradiation and tissues prepared as 
described. Tissues were also obtained from 13.5-day wild-type 
and p53 - / - embryos and homogenized by successive passage 
through a 23-gauge and then a 26-gauge syringe needle. 

Cell culture conditions 

Mouse embryonic fibroblasts (MEFs) were obtained from the 
carcasses of wild-type and p 5 3 - / -  12.5-day-old embryos as 

described previously (Robertson 1987), and cultured in 10% FCS 
(Intergen)/5 mM L-glutamine/Dublecco's modified Eagle me- 
dium tDMEM) up to passage 6. Given the role of p21 in senes- 
cence and the potential effect of loss of p53 on genome stability, 
cells cultured beyond passage 6 were not used in the experi- 
ments described here. MEFs were plated at a density of 10S/ml 
in 10 ml in 9-cm dishes in 10% FCS/DMEM, and 24 hr later, 
growth medium was replaced with 0.1% FCS/DMEM. Cells 
were incubated in low serum for 48 hr and then released from 
serum deprivation with 10% FCS/DMEM. Cycloheximide was 
added at this point, at a final concentration of 10 ~g/ml, where 
indicated. Cells were harvested at different time intervals fol- 
lowing serum release, depending on the assay. The murine 
erythroleukemic cell line MEL-J was grown in 10% FCS and 
induced to differentiate with 5 mM HMBA, as reviewed previ- 
ously (Marks and Rifkind 1978). 

RNA extraction and Northern blot analysis 

Total RNA was extracted by use of the RNAzol B method from 
homogenized mouse tissues, MEFs, thymocytes, or MEL cells, 
and -20  ~g of RNA was electrophoretically separated on a 1% 
agarose/lx MOPS/16% formaldehyde gel. The RNAs were 
then transferred to nylon membranes in 20x SSC, UV cross- 
linked to the membrane, and prehybridized, hybridized, and 
washed as described {Shackleford et al. 1987). The p21 mRNA 
was detected by probing of the membranes with 50 ng of a 
720-bp fragment obtained from the mouse p21 cDNA by 
BamHI-XhoI digestion and labeled to high specific activity by 
random oligonucleotide labeling with a Quickprime kit (Strat- 
agene). 

Immunoprecipitation and H1 kinase assays 

Serum-starved or asynchronously cycling MEFs (70-75% con- 
fluent in a 9-cm plate) or differentiating MEL cells were meta- 
bolically labeled for 2-4 hr in 2 ml of 10% dialyzed FCS/me- 
thionine- and cysteine-free DMEM/50 txCi  asS-labeled 
methionine + cysteine (EXPREaSS3SS protein labeling mix from 
NEN Dupont). Lysis of labeled cells and immunoprecipitation 
of p21-containing complexes was carried out as described pre- 
viously tXiong et al. 1993a,b). 

To measure the kinase activity of p21-containing complexes, 
anti-p21 immunoprecipitates were prepared as described above, 
except that cell lysates were not metabolically labeled. After the 
immunoprecitate was washed in lysis buffer, it was then 
washed in kinase buffer (50 mM HEPES at pH 7.0, 10 mM MgCI~, 
5 mM MnC12, 1 mM DTT) and resuspended in 50 p.1 of kinase 
buffer+ 10 ~tM ATP. Kinase reactions were then carried out by 
addition of 20 ~Ci of IV-S2PJATP and 2 ~g histone H1 and incu- 
bation at 37~ for 30 min. The reaction was stopped by addition 
of 50 ~1 of 2x protein loading buffer and subjected to 15% 
SDS-PAGE as described above. 
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p21 promoter analysis by transient transfection 

Deletion constructs of the p21 promoter cloned upstream of the 
chloramphenicol acetyltransferase (CAT) reporter gene were 
used to determine the regions of the p21 promoter responsible 
for serum inducibility in p 5 3 - / -  MEFs or in differentiating 
MEL cells. Reporter plasmid (5 ~tg) was transfected with 5 ~tg of 
the pTKGH standardization plasmid by lipofection (DOTAP, 
Boehringer Mannheim) into wild-type or p53-  / - MEFs grow- 
ing at 60-70% confluence in Opti-MEM (GIBCO-BRL) in 9-cm 
dishes. Six hours after lipofection, Opti-MEM was removed and 
replaced with 0.1% FCS/DMEM. Cells were incubated for 48 hr 
in low serum and then released from serum deprivation by ad- 
dition of 10% FCS/DMEM. Growth medium (1 ml) was recow 
ered prior to the addition of serum, and hGH levels were mea- 
sured by radioimmunoassay (Nicholls Allegro hGH TGES). Cell 
lysates were prepared from serum-starved cells and serum-re- 
leased cells by the scraping of cells into 1 ml of PBS and resus- 
pension of the cell pellet in 200 ~1 of 0.25 M Tris-HC1 (pH 7.8). 
CAT assays were carried out, as described previously (Gorman 
et al. 1982), on quantities of lysate that had been adjusted for 
transfection efficiency on the basis of levels of expression of 
hGH. 
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Note added in proof 

Following submission of this paper, S.B. Parker et al. [Science 
267:1024-1027 (1995)] reported that p21 is expressed in a p53- 
independent manner in several tissues undergoing terminal dif- 
ferentiation. These results are consistent with work described 
here. 

References 

Ben-David, Y. and A. Bemstein. 1991. Friend virus-induced 
erythroleukemia and the multistage nature of cancer. Cell 
66:831-834. 

Di Leonardo, A., S.P. Linke, K. Clarkin, and G.M. Wahl. 1994. 
DNA damage triggers a prolonged p53-dependent G t arrest 
and long-term induction of Cipl in normal human fibro- 
blasts. Genes & Dev. 8: 2540-2551. 

Donehower, L.A., M. Harvey, B.L. Slagle, M.J. McArthur, C.A. 
Montgomery Jr., J.S. Butel, and A. Bradley. 1992. Mice defi- 
cient for p53 are developmentally normal but susceptible to 
spontaneous tumours. Nature 356: 215-221. 

E1-Diery, W.S., T. Tokino, V.E. Velculescu, D.B. Levy, R. Par- 
sons, J.M. Trent, D. Lin, W.E. Mercer, K. Kinzler, and B. 
Vogelstein. 1993. WAF1, a potential mediator of p53 tumor 
suppression. Cell 75:817-825. 

El-Deify, W., J.W. Harper, P.M. O'Connor, V.E. Velculescu, C.E. 
Canman, J. Jackman, J.A. Pietenpol, M. Burrell, D.E. Hill, Y. 
Wang, K.G. Wiman, W.E. Mercer, M.B. Kastan, K.W. Kohn, 
S.J. Elledge, K.W. Kinzler, and B. Vogelstein. 1994. WAF1/ 
CIP1 is induced in p53-mediated G1 arrest and apoptosis. 

Cancer Res. 54:1169-1174. 
Gorman, C.M., L.F. Moffat, and B.H. Howard. 1982. Recombi- 

nant genomes which express CAT in mammalian cells. Mol. 
Cell. Biol. 2: 1044--1051. 

Halevny, O., B.G. Novitch, D.T. Spicer, S.X. Skapek, J. Rhee, 
G.J. Hannon, D. Beach, and A.B. Lassar. 1995. Correlation of 
terminal cell cycle arrest of skeletal muscle with induction 
of p21 by MyoD. Science {in press). 

Hannon, G.J. and D. Beach. 1994. p15 INK4B is a potential effector 
of TGF-f~-induced cell cycle arrest. Nature 371: 257-261. 

Harper, J.W., G.R. Adami, N. Wei, K. Keyomarsi, and S.J. 
Elledge. 1993. The p21 cdk-interacting protein Cipl is a po- 
tent inhibitor of G1 cyclin-dependent kinases. Cell 75: 805- 
816. 

Hill, C.S., R. Marais, S. John, J. Wynne, S. Dalton, and R. Treis- 
man. 1993. Functional analysis of a growth factor-responsive 
transcription factor complex. Cell 73: 395-406. 

Hussussian, C.J., J.P. Struewing, A.M. Goldstein, P.A.T. Hig- 
gins, D.S. Ally, M.D. Sheahan, W.H. Clark Jr., M.A. Tucker, 
and N. Dracopli. 1994. Germline p16 mutations in familial 
melanoma. Nature Genet. 8: 15-21. 

Jacks, T., L. Remington, B. Williams, E.M. Schmitt, S. Halachni, 
R.T. Bronson, and R.A. Weinberg. 1994. Tumor spectrum 
analysis in p53-mutant mice. Curr. Biol. 4: 1-7. 

Jiang, H., J. Lin, Z. Su, F.R. Collart, E. Huberman, and P.B. 
Fisher. 1994. Induction of differentiation in human promy- 
elocytic HL-60 leukemia cells activates p21, WAF-1/CIP1, 
expression in the absence of p53. Oncogene 9" 3397-3406. 

Kamb, A., N.A. Gruis, J. Weaver-Feldhaus, Q. Liu, K. Harshman, 
S.V. Tavtigian, E. Stockert, R.S. Day III, B.E. Johnson, and 
M.H. Skolnick. 1994a. A cell cycle regulator potentially in- 
volved in genesis of many tumor types. Science 264: 436-- 
440. 

Kamb, A., D. Shattuck-Eidens, R. Eeles, Q. Liu, N.A. Gruis, W. 
Ding, C. Hussey, T. Tran, Y. Miki, J. Weaver-Feldhaus, M. 
McClure, J.F. Aitken, D.E. Anderson, W. Bergman, R. Frants, 
D.E. Goldgar, A. Green, R. MacLennan, N.G. Martin, L.J. 
Meyer, P. Youl, J.J. Zone, M.H. Skolnick, and L.A. Cannon- 
Albright. 1994b. Analysis of the p16 gene (CDKN2) as a can- 
didate for the chromosome 9p melanoma susceptibility lo- 
cus. Nature Genet. 8" 22-26. 

Kiyokawa, H., V.M. Richon, G. Venta-Perez, R.A. Rifkind, and 
P.A. Marks. 1993. Hexamethylenebisacetamide-induced 
erythroleukemia cell differentiation involves modulation of 
events required for cell cycle progression through G1. Proc. 
Natl. Acad. Sci. 90: 6746-6750. 

Li, R., S. Waga, G.J. Hannon, D. Beach, and B. Stillman. 1994. 
Differential effects by the p21 cdk inhibitor on PCNA-de- 
pendent DNA replication and repair. Nature 371: 534-537. 

Marais, R., J. Wynne, and R. Treisman. 1993. The SRF accessory 
protein Elk-1 contains a growth factor regulated transcrip- 
tional activation domain. Cell 73:381-393. 

Marks, P.A. and R.A. Rifkind. 1978. Erythroleukemic differen- 
tiation. Annu. Rev. Biochem. 47: 419-448. 

Merrit, A.J., C.S. Potten, C.S. Kemp, J.A. Hickman, A. Balmain, 
D.P. Lane, and P.A. Hall. 1994. The role of p53 in spontane- 
ous and radiation-induced apoptosis in the gastrointestinal 
tract of normal and p53-deficient mice. Cancer Res. 54: 614- 
617. 

Michieli, P., M. Chedid, D. Lin, J.H. Pierce, W.E. Mercer, and D. 
Givol. 1994. Induction of WAF1/CIP1 by a p53-independent 
pathway. Cancer Res. 54" 3391-3395. 

Mowat, M., A. Cheng, N. Kimura, A. Bernstein, and S. Benchi- 
tool. 1985. Rearrangements of the cellular p53 gene in eryth- 
roleukemic cells transformed by Friend virus. Nature 
314: 633-636. 

GENES & DEVELOPMENT 943 

 Cold Spring Harbor Laboratory Presson January 24, 2025 - Published by Downloaded from 

http://www.cshlpress.com


Macleod et al. 

Munroe, D.G., J.W. Peacock, and S. Benchimol. 1990. Inactiva- 
tion of the cellular p53 gene is a common feature of Friend 
virus induced erythroleukemia: Relationship of inactivation 
to dominant transforming alleles. Moi. Cell. Biol. 10: 3307- 
3313. 

Nobori, T., K. Miura, D.J. Wu, A. Lois, K. Takabayashi, and D.A. 
Carson. 1994. Deletions of the cyclin-dependent kinase-4 
inhibitor gene in multiple human cancers. Nature 368: 753- 
756. 

Noda, A., Y. Ning, S. Venable, O.M. Pereira-Smith, and J.R. 
Smith. 1994. Cloning of senescent cell-derived inhibitors of 
DNA synthesis using an expression screen. Exp. Cell Res. 
211: 90--98. 

Penn, L.J.Z., M.W. Brooks, E.M. Laufer, and H. Land. 1990. Neg- 
ative autoregulation of c-myc transcription. EMBO J. 
9: 1113-1121. 

Pietenpol, J.A., T. Tokino, S. Thiagalingam, W. E1-Deiry, K. Kin- 
zler, and B. Vogelstein. 1994. Sequence-specific transcrip- 
tional activation is essential for growth suppression by p53. 
Proc. Natl. Acad. Sci. 91: 1998-2002. 

Polyak, K., J. Kato, M.J. Solomon, C.J. Sherr, J. Massague, J.M. 
Roberts, and A. Koff. 1994. p27 Kip1, a cyclin-cdk inhibitor, 
links transforming growth factorq3 and contact inhibition to 
cell-cycle arrest. Genes & Dev. 8: 9-22. 

Prosser, H.M., D. Wotton, A. Gegonne, J. Ghysdael, S. Wang, 
N.A. Speck, and M.J. Owen. 1992. A phorbal ester response 
element within the human T-cell receptor 6-chain enhancer. 
Proc. Natl. Acad. Sci. 89" 9934-9938. 

Richon, V., R.A. Rifkind, and P.A. Marks. 1992. Expression and 
phosphorylation of the retinoblastoma protein during in- 
duced differentiation of murine erythroleukemia cells. Cell 
Growth Differ. 3: 413--420. 

Robertson, E.J. 1987. Teratocarcinomas and embryonic stem 
cells. IRL Press, Oxford, UK. 

Sassone-Corsi, P., J.C. Sisson, and I.M. Verma. 1988. Transcrip- 
tional autoregulation of the proto-oncogene fos. Nature 
334: 314-319. 

Serrano, M., G.J. Hannon, and D. Beach. 1993. A new regulatory 
motif in cell-cycle control causing specific inhibition of cy- 
clin D/cdk4. Nature 366: 704-708. 

Shackleford, G.M. and H.E. Varmus. 1987. Expression of the 
proto-oncogene int-1 is restricted to postmeiotic male germ 
cells and the neural tube of mid-gestational embryos. Cell 
50: 89-95. 

Steinman, R.A., B. Hoffman, A. Iro, C. Guillouf, D.A. Lieber- 
man, and M.E. E1-Houseini. 1994. Induction of p21 (WAF-1/ 
CIPl) during differentiation. Oncogene 9: 3389-3396. 

Waga, S., G.J. Hannon, D. Beach, and B. Stillman. 1994. The p21 
inhibitor of cyclin-dependent kinases controls DNA replica- 
tion by interaction with PCNA. Nature 369: 574-578. 

Xiong, Y., H. Zhang, and D. Beach. 1993a. Subunit rearrange- 
ment of the cyclin-dependent kinases is associated with cel- 
lular transformation. Genes & Dev. 7: 1572-1583. 

Xiong, Y., G.J. Hannon, H. Zhang, D. Casso, R. Kobayashi, and 
D. Beach. 1993b. p21 is a universal inhibitor of cyclin ki- 
nases. Nature 366: 701-704. 

Zhang, H., G.J. Hannon, and D. Beach. 1994. p21-containing 
cyclin kinases exist in both active and inactive states. Genes 
& Dev. 8:1750--1758. 

944 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Presson January 24, 2025 - Published by Downloaded from 

http://www.cshlpress.com


 10.1101/gad.9.8.935Access the most recent version at doi:
 9:1995, Genes Dev. 

  
K F Macleod, N Sherry, G Hannon, et al. 
  
growth, differentiation, and DNA damage.
p53-dependent and independent expression of p21 during cell

  
References

  
 https://genesdev.cshlp.org/content/9/8/935.full.html#ref-list-1

This article cites 37 articles, 14 of which can be accessed free at:

  
License

Service
Email Alerting

  
 click here.right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the top

Copyright © Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Presson January 24, 2025 - Published by Downloaded from 

https://genesdev.cshlp.org/lookup/doi/10.1101/gad.9.8.935
https://genesdev.cshlp.org/content/9/8/935.full.html#ref-list-1
https://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.9.8.935&return_type=article&return_url=https://genesdev.cshlp.org/content/10.1101/gad.9.8.935.full.pdf
https://genesdev.cshlp.org/cgi/adclick/?ad=57163&adclick=true&url=https%3A%2F%2Fwww.usascientific.com%2Fvortex_mixer%3Futm_source%3DCSHL%26utm_medium%3DeTOC_VMX%26utm_campaign%3DVMX
http://www.cshlpress.com

