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The p21 (cip1/waf1) protein induces cell cycle arrest
hrough inhibition of the activity of cdk (cyclin depen-
ent kinase)/cyclin complexes. Expression of p21 is

nduced in a p53-dependent manner by DNA damage.
21 can also be induced independently of p53 by phor-
ol ester or okadaic acid. In this study, we have ad-
ressed the role of the PKC (protein kinase C) signal-

ng pathway in the induction of p21 in response to
MA (phorbol myristate acetate) and okadaic acid.
evels of p21 (protein and mRNA) rapidly increased

within ;4 h) in U937 cells treated with PMA. The
KC-specific inhibitors RO 31-8220 and GF109203X
own-regulated PMA or okadaic acid-induced p21 ex-
ression. Following persistent PKC activation, p21
RNA levels remained elevated, indicating an en-
anced stability of the mRNA. Using actinomycin D to
easure mRNA stability and p21 promoter luciferase

ssays to measure activity, we provide evidence to
upport a role for the PKC signaling pathway in p21
RNA stability. Thus, PKC regulates the amount of

21 in U937 cells at the level of mRNA accumulation
nd translation. © 2001 Academic Press

Cyclin/cdk complexes facilitate progression through
he cell cycle and are activated at specific points during
he cell cycle (1–3). The cdk inhibitor p21 plays a crit-
cal role in regulating cell cycle progression. p21 has
een implicated in mediating growth arrest in re-
ponse to a variety of conditions associated with DNA
amage, cell differentiation, or growth factor deficiency
4–6). p21 gene expression is regulated by transcrip-
ional and post-transcriptional mechanisms. Tran-
criptional regulation of p21 is characterized by acti-
ation of p53-dependent pathways after DNA damage.
owever, p53-independent expression of p21 is associ-

1 To whom correspondence should be addressed. Fax: 82-53-255-
398. E-mail: kwontk@dsmc.or.kr.
244006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
ence and differentiation (4–9).
PMA and okadaic acid activate transcription of the

21 promoter through the Sp1 transcription factor but
21 can be induced by several transcription factors
ncluding p53, E2F, STAT, C/EBPa, etc. (4, 5, 10–13).
iu et al. reported that differentiation of U937 cells
reated with vitamin D3 is facilitated by the transcrip-
ional induction of the p21 gene by the vitamin D3
eceptor (14). Other studies have demonstrated that
21 expression is regulated by post-transcriptional
ontrols (15, 16). The Elav-like proteins (HuC, Hel-N1,
uD and HuR) are specific mRNA-binding proteins

hat regulate mRNA stability (17). p21 mRNA contains
conserved element in its 39-untranslated region that

s bound by the Elav-like mRNA-stabilizing proteins
17). Wang et al. have shown that post-transcriptional
egulation of p21 by UV light induces elevation of HuR
n the cytoplasm which enhances p21 mRNA stability
18). However, the underlying mechanisms controlling
21mRNA stability are poorly understood.
In this study, we show that activation of PKC regu-

ates p21 expression at the posttranscriptional level by
tabilizing p21 mRNA in U937 cells. We focused our
tudies on the characterization of the effect of PKC
nhibitors on p21 mRNA destabilization.

ATERIALS AND METHODS

Cell culture and reagents. The human leukemia U937 cells were
btained from ATCC (Rockville, MD). The culture medium used
hroughout these experiments was Dulbecco’s modified Eagle me-
ium containing 10% FCS, 20 mM Hepes, 100 mg/ml gentamicin
complete medium). Anti-cdk2, anti-hsp70, anti-p21 and anti-p27
ntibodies were purchased from Santa Cruz Biotechnology Inc.
Santa Cruz, CA). RO 31-8220, SB 203580, PD 098059, Rottlerin,
F109203X and LY 294002 were purchased from Biomol (Biomol
esearch Laboratories, Inc., PA). Other chemicals were purchased

rom Sigma.

Western blot analysis. Cellular lysates were prepared by sus-
ending 1 3 106 cells in 100 ml of lysis buffer (137 mM NaCl, 15 mM
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GTA, 1 mM sodium orthovanadate, 15 mM MgCl2, 0.1% Triton
-100, 25 mM Mops, 2 mg/ml proteinase inhibitor E64, adjusted to
H 7.2). The cells were disrupted by sonication and extracted at 4°C
or 30 min. Fifty micrograms of cell lysate were electrophoresed on
0% SDS–polyacrylamide gels. The proteins were electrotransferred
o Immobilon-P membranes (Millipore Corp., Bedford, MA). Detec-
ion of the specific proteins was carried out with an ECL kit following
he manufacturer’s instructions.

Northern blot hybridization. Total RNA was isolated according to
homczymski and Sacchi (19). Ten micrograms of total RNA were
eparated on a 1.2% agarose gel containing 6% formaldehyde in 20
M Mops, pH 7.0, 8 mM sodium acetate and 1 mM EDTA, trans-

erred to Hybond N1 nylon membrane (Amersham Pharmacia Bio-
ech) by the capillary methods, and cross-linked by UV irradiation.
he membrane was then incubated overnight at 42°C in Northern-
ax hybridization solution (Ambio, Inc.) with [a-32P] dCTP-labeled

robes of the 2.0 kb long XhoI fragment purified from the pBS-CIP1
lasmid. The membranes were washed under high stringency con-
itions: once with 23 SSC/0.1% SDS for 20 min at room temperature,
nce with 23 SSC/0.1% SDS at 42°C for 30 min, and once with 0.53
SC/0.1% SDS for 30 min at 65°C before exposure to film for 1–2
ays. The intensity of the band was measured using a phosphor-
mager.

DNA transfection and luciferase assay. The 2.4 kb promoter re-
ion of p21 gene was subcloned into the HindIII-digested pGL-2
asic vector (Promega, Madison, WI), and then p21 promoter fused
uciferase gene was resubcloned into the pcDNA3.1 vector. 400 ml of
937 cells in RPMI 1640 (20 3 106 cells/ml) were transfected by
reincubating with 15 mg of p21 promoter plasmid for 10 min at room
emperature and then electroporating at 500 V, 700 mF. The sample
as immediately put on ice for 10 min and then 10 ml of complete
edium was added and then the cells incubated at 37°C for 24 h. The

ells were selected in a medium containing 0.7 mg/ml of geneticin
G418) for 4 weeks. To asses the stable expression of p21 promoter
uciferase, cells were collected and disrupted by sonication in lysis
uffer (25 mM Tris-phosphate, pH 7.8, 2 mM EDTA, 1% Triton
-100, and 10% glycerol). After centrifugation, aliquots of the super-
atants were tested for luciferase activity using the luciferase assay
ystem (Promega, Madison, WI) according to the manufacturer’s
nstructions.

ESULTS

nduction of p21 Protein by PMA in U937 Cells

To examine the role of the cell signaling pathways in
he induction of p21 by PMA, we measured expression
f p21 in p53 negative U937 cells by Western blotting

FIG. 1. Inhibition of PMA-induced p21 expression by various
rotein kinase inhibitors. U937 cells (2 3 106 cells) were pretreated
ith RO 31-8220 (2 mM), SB 203580 (10 mM), PD 098059 (50 mM) and
Y 294002 (25 mM) for 2 h and then washed. Cells were incubated
ith or without 20 nM PMA for 24 h and then harvested in lysis
uffer. Equal amounts of soluble lysates (50 mg) were subjected to
lectrophoresis. The blots were analyzed using a specific antibody
gainst p21, p27, cdk2, and Hsp70.
245
ere exposed to RO 31-8220 (PKC inhibitor), SB
03580 (p38 MAPK inhibitor), PD 098059 (MEK inhib-
tor), LY 294002 (PI3 kinase inhibitor) prior to the
ddition of the 20 nM PMA. Preincubation with RO
1-8220 in the culture medium before the addition of
MA significantly decreased p21 expression level,
hereas SB 203580, PD 098059 and LY 294002 did not

nduce p21 down-regulation. In contrast, the levels of
27, cyclin A and cdk2, which were readily detectable
n exponentially growing cells, remained unaffected by
he 6-h incubation with PMA. These results suggest
hat the PMA-induced increase in p21 was mediated
ia activation of a protein kinase C.

ffect of PKC Inhibitor, RO 31-8220, on Down-
Regulation PMA-Mediated p21 Expression

To ascertain whether inhibition of PKC influenced
MA-induced increase of p21 level, U937 cells were
reated 20 nM PMA for 4 h. PMA was removed before
reatment with or without 2 mM RO 31-8220. As shown
n Fig. 2A, p21 expression levels significantly de-
reased after 3 h of RO 31-8220 treatment. In contrast,

FIG. 2. Effects of PKC inhibitors on PMA-induced p21 expres-
ion. (A) U937 cells (2 3 106 cells) were pretreated with 20 nM PMA
or 4 h and then washed. Cells were incubated with or without PKC
nhibitor, RO 31-8220 (2 mM), for the indicated hour. Equal amounts
f soluble lysates (50 mg) were subjected to electrophoresis. The blots
ere analyzed using a specific antibody against p21, p27, and Hsp70.

B) U937 cells (2 3 106 cells) were pretreated with 20 nM PMA for 4 h
nd then washed. Cells were incubated with or without PKC inhib-
tors, GF 109203X (2 mM) and Rottlerin (20 mM), for the indicated
our. Equal amounts of soluble lysates (50 mg) were subjected to
lectrophoresis. The blots were analyzed using a specific antibody
gainst p21, p27, and Hsp70.
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he levels of p27 remained unaffected by treatment of
O 31-8820.
To confirm the effect of PKC inhibitors, we measured

own-regulation of p21 expression using other PKC
nhibitors. We employed Rottlerin and GF 109203X,
hich are PKC specific inhibitors. As shown in Fig. 2B,
MA mediated-p21 expression was down regulated by
ottlerin or GF 109203X, but Rottlerin had less effect

han that of RO 31-8220. Taken together, these results
uggest that down-regulation of PMA induced p21 pro-
ein levels was associated with the PKC signaling
athway.

ffect of p38 MAPK Inhibitor, SB 203580, on Down-
Regulation PMA-Mediated p21 Expression

To investigate whether the effect of SB 203580 on
own-regulation of the PMA-mediated p21 expression,
937 cells were first stimulated with PMA for 4 h to
llow accumulation of p21 and then PMA was removed.
he cells were treated with or without SB 203580 for
n additional hour. As shown in Fig. 3, PMA mediated
21 expression was not changed in cells treated with
B 31-8220. These results suggest that down-
egulation of p21 is indeed the specific effect of the PKC
nhibitor.

ffect of PKC Inhibitor, RO 31-8220, on Down-
Regulation of Okadaic Acid-Mediated p21
Expression

Because RO 31-8220 potentiated the inhibition of
KC activity in PMA treated U937 cells, we wanted to
ee whether RO 31-8220 could also down regulate p21
xpression induced by other. p21 expression in U937
ells was induced by okadaic acid, an inhibitor of phos-
hatases 1 and 2A, which was removed before treat-
ent with or without 2 mM RO 31-8220. As shown in
ig. 4, the p21 expression pattern was very similar to
hat of PMA-mediated p21 expression. Therefore, these
esults strongly indicate that PKC signal pathway is
nvolved in p21 expression in U937 cells.

FIG. 3. Effects of p38 MAPK inhibitors, SB 203580, on PMA-
nduced p21 expression. U937 cells (2 3 106 cells) were pretreated
ith 20 nM PMA for 4 h and then washed. Cells were incubated with
r without p38 MAPK inhibitor, SB 203580 (10 mM), for the indicated
our. Equal amounts of soluble lysates (50 mg) were subjected to
lectrophoresis. The blots were analyzed using a specific antibody
gainst p21, p27, and Hsp70.
246
p21 mRNA

We examined whether down-regulation p21 mRNA
as induced in PMA-pretreated U937 cell following

ncubation with or without PKC inhibitor, RO 31-8220.
he effect of RO 31-8220 on p21 mRNA accumulation

n U937 cells was examined by Northern blot analysis.
s shown in Fig. 5A, higher amounts of p21 mRNA
ere expressed when the cells were treated with PMA

or 4 h. However, p21 mRNA expression drastically
ecreased in response to treatment with the PKC in-
ibitor. We therefore investigated the effect of the PKC

nhibitor upon the stability of p21 mRNA. U937 cells
ere first stimulated with PMA for 4 hr to allow accu-
ulation of p21 mRNA. Following this, actinomycin D
as added to the cells to block any further transcrip-

ion, with or without 2 mM RO 31-8220. In the absence
f the RO 31-8220 the mRNA levels remained high for
h, but then rapidly decayed (Fig. 5B). However, the

resence of RO 31-8220 strongly enhanced the decay
about 90% by 1 h).

To further strengthen this conclusion, we tested p21
romoter activity assay by luciferase reporter. To de-
rease variations in transfection efficiency, we estab-
ished U937 cells which permanently expressed p21
romoter region. Transfectant cells were treated with
MA for 4 h and then PMA was removed. The cells
ere treated with or without RO 31-8220 for an addi-

ional hour. As shown in Fig. 5C, PMA mediated p21
romoter activity did not show a significant decrease
fter a 6 h treatment with RO 31-8220. The results of
he reporter gene assay and Northern blot suggested
hat the down-regulation of p21 expression caused by
O 31-8220 was correlated with p21 mRNA destabili-
ation.

ISCUSSION

Previous studies have demonstrated that induction
f p21 is an important element in regulating cell cycle
rogression. It has been implicated in mediating

FIG. 4. Effects of PKC inhibitors on okadaic acid-induced p21
xpression. U937 cells (2 3 106 cells) were pretreated with 60 nM
kadaic acid for 22 h and then washed. Cells were incubated with or
ithout PKC inhibitor, RO 31-8220 (2 mM), for the indicated hour.
qual amounts of soluble lysates (50 mg) were subjected to electro-
horesis. The blots were analyzed using a specific antibody against
21, p27, and Hsp70.



g
i
T
t
b
(
c
m

acid (14–16, 20–22). However, the mechanisms under-
l
k
i
d
b
i
P
p

i
f
d
3
O
s
m
P
(
e
a
M
l
d
w
d

b
m
r
r
a
f
a
R
s
t

d
S
a
o
A
(
A
t
b
t
t

p
s
s
G
i
o

p
p
i
i
R
r
1
g
p
i
R
p
T
s
p
o
w
C
v
r

Vol. 280, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
rowth arrest in response to a variety of conditions,
ncluding DNA damage and terminal differentiation.
he regulation of p21 gene transcription has been ex-
ensively studied and several transcription factors that
ind to the p21 promoter regions have been identified
11–13). Posttranscriptional regulation has been impli-
ated in the control of p21 gene expression by epider-
al growth factor, UV light, okadaic acid and retinoid

FIG. 5. Effects of PKC inhibitors on expression and stability of
21 mRNA by PMA in U937 cells. (A) U937 cells (2 3 106 cells) were
retreated with 20 nM PMA for 4 h and then washed. Cells were
ncubated with or without PKC inhibitor, RO 31-8220 (2 mM), for the
ndicated hour. Total cellular RNA was purified, and 10 mg of total
NA was subjected to Northern blotting, as described under Mate-
ials and Methods, using 32P-labeled p21 cDNA. The levels of 28S and
8S RNA are shown in an ethidium bromide-stained formaldehyde
el, before Northern blotting. (B) U937 cells (2 3 106 cells) were
retreated with 20 nM PMA for 4 h and then washed. Cells were
ncubated with actinomycin D (5mg/ml) in the absence or presence of
O 31-8220 (2 mM) for the indicated hour. Total cellular RNA was
urified, and 10 mg of total RNA was subjected to Northern blotting.
he levels of 28S and 18S RNA are shown in an ethidium bromide-
tained formaldehyde gel, before Northern blotting. (C) Stable p21
romoter expressed U937 cells were pretreated with PMA (20 nM) or
kadaic acid (60 nM) and then washed. Cells were incubated with or
ithout PKC inhibitor, RO 31-8220 (2 mM), for the indicated hour.
ells were harvested and assayed for luciferase. Data are mean
alues obtained from three independent experiments and bars rep-
esent standard deviations.
247
ying such posttranscriptional regulation remain un-
nown. In this study, we show that p21 expression is
nduced by activation of PKC through a pathway that
oes not require p53. This up-regulated p21 expression
y PMA and okadaic acid was inhibited by PKC inhib-
tors. The decreased expression of p21 by exposure to
KC inhibitors occurs mainly through stabilization of
21 mRNA.
To investigate the mechanisms by which the PKC

nhibitors modulated p21 expression, we first per-
ormed several PKC specific inhibitors effect on p21
own-regulation. Rottlerin was less effective than RO
1-8220 and GF109203X for p21 down-regulation.
ther studies have addressed the selectivity of stauro-

porine and its analogs to inhibit soluble PKC and
embrane-associated PKC (23, 24). Rottlerin inhibited
KCd 5-fold more potently than other PKC isoforms

25). Whereas, RO 31-8220 and GF109203X are an
ffective inhibitor of basal PKC activity composed of a
nd b activity (23–25). Additionally, SB 203580, p38
APK inhibitor, did not affect p21 protein expression

evels. This probably accounts for the finding that
own-regulation of PMA induced p21 protein levels
as PKC signal pathway dependent, but not depen-
ent on p38 MAPK.
The major effect of RO 31-8220 was to rapidly desta-

ilize p21 mRNA. The transcriptional activity of PMA
ediated-p21 did not regulated by RO 31-8220. These

esults of the reporter gene assay suggested that down-
egulation of p21 by treatment of RO 31-8220 may be
ssociated with posttranscriptional regulation. The
act that the inhibitor was effective in the presence of
ctinomycin D excluded any possible contribution of
O 31-8220 to transcription and showed that the de-
tabilization occurs through modulation of existing fac-
ors.

The steady-state level of mRNA in the cells is depen-
ent on both the rates of transcription and decay (26).
tabilization is one of the important mechanisms for
ccumulation of mRNA. Many labile mRNAs coding for
ncogenes, including c-Myc and cytokines, have
UUUA motifs in the 39 un-translated region (UTR)

27–29). The p21 mRNA has three repeats of the
UUUA motif (4). The 39-UTR has been implicated in

he regulation of p21 mRNA stability, but it remains to
e seen whether PKC regulates p21 expression
hrough this mechanism, and by which downstream
argets.

In summary, we demonstrate that the PKC signaling
athway regulates expression of p21 at the posttran-
criptional level by stabilizing p21 transcripts. PKC
pecific inhibitors including RO 31-8220 and
F109203X rapidly destabilized p21 mRNA. Our find-

ngs suggest a novel function of PKC for the regulation
f p21 mRNA stability. It will be interesting to see if
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KC are controlled through a similar mechanism.

CKNOWLEDGMENT

This work was supported by the special research fund (2000) of the
ongSan Medical Center Keimyung University.

EFERENCES

1. Sherr, C. J. (1994) Cell 79, 5511–5555.
2. Sherr, C. J., and Roberts, J. M. (1995) Genes Dev. 9, 1149–1163.
3. Grana, X., and Reedy, E. P. (1995) Oncogene 11, 211–219.
4. El-Deiry, W., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons,

R., Trent, J. M., Lin, D., Mercer, W. E., Kinzler, K. W., and
Vogelstein, B. (1993) Cell 75, 817–825.

5. Macleod, K. F., Sherry, N., Hannon, G., Beach, D., Tokino, T.,
Kinzler, K., Vogelstein, B., and Jacks, T. (1995) Genes Dev. 9,
935–944

6. Parker, S. B., Eichele, G., Zhang, P., Rawls, A., Sands, A. T.,
Bradley, A., Olson, E. N., Haper, J. W., and Elledge, S. J. (1995)
Science 267, 1024–1027.

7. Michieli, P., Chedid, M., Lin, D., Pierce, J. H., Mercer, W. E., and
Givol, D. (1994) Cancer Res. 54, 3391–3395.

8. Zhang, W., Grasso, L., McClain, C. D., Gambel, A. M., Cha, Y.,
Travali, S., Deisseroth, A. B., and Mercer, W. E. (1995) Cancer
Res. 55, 668–674.

9. Zhang, H., Hannon, G. J., and Beach, D. (1994) Genes Dev. 8,
1750–1758.

0. Biggs, J. R., Kudlow, J. E., and Kraft, A. S. (1996) J. Biol. Chem.
271, 901–906.

1. Hiyama, H., Iavarone, A., and Reeves, S. A. (1998) Oncogene 16,
1513–1523.

2. Chin, Y. E., Kitagawa, M., Su, W. S., You, Z. H., Iwamoto, Y., and
Fu, X. Y. (1996) Science 272, 719–722.
248
and Firestone, G. L. (1998) J. Biol. Chem. 273, 2008–2014.
4. Liu, M., Iavarone, A., and Freedman, L. P. (1996) J. Biol. Chem.

271, 31723–31728.
5. Akashi, M., Osawa, Y., Koeffler, H. P., and Hachiya, M. (1999)

Biochem. J. 337, 607–616.
6. Gorospe, M., Wang, X., and Holbrook, N. J. (1989) Mol. Cell. Biol.

18, 1400–1407.
7. Joseph, B., Orlian, M., and Furneaux, H. (1998) J. Biol. Chem.

273, 20511–20516.
8. Wang, W., Furneaux, H., Cheng, H., Caldwell, M. C., Hutter, D.,

Liu, Y., Holbrook, N., and Gorospe, M. (2000) Mol. Cell. Biol. 3,
760–769.

9. Chomczymski, P., and Sacchi, N. (1987) Anal. Biochem. 162,
156–159.

0. Zeng, Y. X., and El-Deiry, W. S. (1996) Oncogene 12, 1557–1564.
1. Li, X., Rishi, A. K., Shao, Z., Dawson, M. I., Jong, L., Shroot, B.,

Richert, U., Ordonez, J. V., and Fontana, J. A. (1996) Cancer Res.
56, 5055–5062.

2. Johannessen, L. E., Knardal, S. L., and Madshus, I. H. (1999)
Biochem. J. 337, 599–606.

3. Nixon, J. S., Bishop, J., Bradshaw, D., Davis, P. D., Hill, C. H.,
Elliot, L. H., Kumar, H., Lawton, G., Lewis, E. J., Mulqeen, M.,
Westmactt, D., Wadsworth, J., and Wilkinson, S. E. (1992) Bio-
chem. Soc. Trans. 20, 419–425.

4. Wilkinson, S. E., Parker, P. J., and Nixon, J. S. (1993) Biochem.
J. 294, 335–337.

5. Gschwentl, M., Muller, H. J., Kielbassa, K., Zang, R., Kittstein,
W., Rincke, G., and Marks, F. (1994) Biochem. Biophys. Res.
Commun. 199, 93–98.

6. Sachs, A. B. (1993) Cell 74, 413–421.
7. Akashi, M., Hachiya, M., Koeffler, H. P., and Suzuki, G. (1992)

Biochem. Biophys. Res. Commun. 189, 986–993.
8. Shaw, G., and Kamen, R. (1986) Cell 46, 659–667.
9. Chen, C. Y., Konczak, F. D., Wu, Z., and Karin, M. (1998) Science

280, 1945–1949.


	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	FIG. 2
	FIG. 3

	DISCUSSION
	FIG. 4
	FIG. 5

	ACKNOWLEDGMENT
	REFERENCES

