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Abstract

Center) and the monoclonal anti-p21â€•Â°â€•
antibody clone CP74 (a gift from Dr.
Wade Harper, Baylor College of Medicine).

The p2lw@'@ gene encodes a cyclin-dependent kinase inhibitor and
mediates tumor suppressor genep53-induced cell cycle arrest. To directly
test whether p2JWAFIcan act as a tumor suppressor, we have expressed
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Cell Cycle Distribution.

The @2JwAF1
gene has been shown to mediate p53 functions (1, 2)
and has been proven to be an inhibitor of cyclin-dependent kinases (3,
4). The gene was also named SD!] (senescent cell-derived inhibitor
1), and its expression was shown to increase more than 20-fold in
senescent cells (5). Recently, it has been reported that p2i@'@ may
play a role in differentiation of hematopoietic and hepatoma cells (6,
as muscle

and epithelial

cells

(8, 9). Involvement

2 @.tg/mlof tetracycline

CA4WAF14S cells were cultured with or without

for 0â€”72 h. Cells were collected

and fixed in 3 ml of

cold 70% ethanol. Cells were washed, treated with RNase, stained with 60
@ig/ml of propidium

iodide, and analyzed

in a fluorescence-activated

cell sorter

(Becton Dickinson). Percentage of cells in 0,, S and G2-M was calculated
using the CellFit program.
Anchorage-independent Growth Assay. Six-well plates were coated with
1 ml of medium-0.5%

of

CA4WAF14S

p2i'Â°â€•@'in the p53 pathway and possibly in cell differentiation and
senescence suggests that the ,@21WAF1gene itself may act as a tumor
suppressor. To determine the effect ofp2J@'@' on tumor phenotypes,
p2iâ€•@' eDNA was expressed in colon carcinoma DLD1 and pros
tate carcinoma DU145 and 125-IL cells using a tetracycline-inducible
system (10). The system consists of a transactivator plasmid and a
cloning vector. The transactivator is a fusion protein comprising the
TRE3 binding domain and the activation domain of VP16 from herpes
simplex virus. The cloning vector has seven repeats of TRE sequence
upstream of the basal cytomegalovirus promoter. The transactivator
binds to the TRE and activates gene expression; however, its DNA
binding capacity is abolished by tetracycline. Therefore, a transfected
gene is expressed in the absence and inhibited in the presence of
tetracycline. Several p2iWAt@@inducibleclones were established from
DLD1, DU145, and 125-IL tumor cells. Effects of p21@@'A@
expres
sion on tumor phenotypes were studied using these inducible clones.
Materials

in media containing

ence or absence of 2 p.g/ml of tetracycline for 10 days. Media were changed
every

7), as well

were maintained

@xWml
of 0418, 25 @xg/ml
of hygromycin, and 2 @xg/ml
of tetracycline.

and DLD1

agarose, with or without 5 p.g/ml of tetracycline.
cells (10@) were suspended

in medium-0.15%

aga

rose, with or without 5 p@g/mlof tetracycline, and seeded onto coated wells.

Tumor cells were grown in soft agar culture for 2 weeks, and 100 @l
of fresh
medium or medium with 5 @xg/mlof tetracycline was carefully added into each
well every 3 days. Colonies with 30 cells (5 cell doublings) were considered
positive and scored
Tumorigenicity.

by three individuals.
DLD1 and CA4WAF14S

cells were mixed with an equal

volume of matrigel (Collaborative Biomedical Products) injected s.c. into
BALB/C nude mice (10@cells/site, 2 sites/mouse, and 5 mice/group) on day 0.
Tumors were periodically measured with Vernier calipers, and two perpendic

ular diameters were used to estimate tumor volume with the formula ab2/2,
where a is the larger and b the smaller diameter.
Results

Inducible Expression of @2jW4@'Iâ€¢
CA4WAF14S from DLD1
cells, DU1 1WAF9S from DU145 cells, and IL19WAF3S from 125-IL
cells were used in this study. Fig. 1 illustrates that little or no p2]WAF1
expression was detectable in DLD1 or CA4WAF14S cells cultured in
the presence of tetracycline. However, p2]WAFI expression was
strongly induced in CA4WAF14S cells in the absence of tetracycline.
Identical results were obtained with parental cell lines DU145 and
125-IL and their respective p2iâ€•Â°'@-inducibleclones DU1 1WAF9S
and IL19WAF3S (data not shown). A dose-dependent inhibition of
expression by tetracycline was observed. p2JWAF1 expres

and Methods

Expression ofp2JWAFl. Tumor cells were transfected with a transactivator
plasmid (pUHD 15-I neo) and selected with G418. Clones with functional
transactivator proteins were identified by transient transfection of a inducible
vector containing the luciferase gene (pUHCi3-3). Clones with transactivator

were then transfected with p2I@'@'-inducible vector (pUHO1Oâ€”3
WAF-S)
and pTK-hyg and selected with hygromycin. Inducible expression of p2]â€•Â°
sion was maximal at 0 p@g/ml of tetracycline,
decreased at 0.001â€”0.01
was confirmed by Northern and Western blotting using the human p21WAFt
p@g,'mlof tetracycline, and inhibited at 0.1 @tWmlof tetracycline
eDNA probe (a gift from Dr. Bert Vogelstein, The Johns Hopkins Oncology
(Fig. 14). @2JwAFiexpression was induced within 6 h after the
removal
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and reached

a plateau

at approximately

24 h

(Fig. 2B). The level of p21WAF1protein was decreased within 3 h after
the addition of tetracycline and reached the basal level (endogenous
p2i'@â€•@1
level in nontransfected cells) after 6 h (Fig. 2C). Thus, it
appears that p2]WAF1 has a high turnover rate.
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of Tumor

Cell Proliferation.

The effect of p2J@'@'

on tumor cells was measured by cell proliferation
assay.
CA4WAF14S cells were cultured under conditions that induce or do
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Fig. 1. Inducible expression 0fp2JWAFl, DLD1
and CA4WAFI4S cells were cultured for 2 days

2

3

-â€˜11*-p21

with or without 2 g.@g/mlof tetracycline. Total pro
tein and RNA were isolated and used for Westem

blotting(A) with anti-p21monoclonalantibody
and Northern blotting (B) with p2l@'@ eDNA
probe. Lane 1, CA4WAFI4S; Lane 2,
CA4WAFI4S

â€˜11*-p21

with tetracycline; Lane 3, DLD1.
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Fig.2. Dosedependency
andkinetics
0f@2JwAF1
expression. A, CA4WAFI4S
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was mess

tfi
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500
400

AMBIS image analysis system (AMBIS, San Diego,

CA). B, CA4WAFI4S cells were releasedfrom 2
i.tg/ml of tetracycline and harvested 0-120 h after
tetracycline withdrawal. Equal amounts of proteins
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200
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C, CA4WAFI4S

cells were cultured for 2 days in the absence of
tetracycline. Cells were harvested0â€”72h after addi

tion of 2 pg/mI of tetracycline.p2IW@@@@
expression
was analyzed by Western blotting. O.D., arbitrary
unit.

not induce @2JwAF1The number of cells was determined daily for a
period of 10 days. Cell growth rate was significantly reduced under
the p21â€•@-expressed conditions (Fig. 3A). Tetracycline had no
effect on the growth rate of the parental lines. This reduced cell
growth was, at least partially, due to a blockage of G,-S transition.

Expression

0f@2JwAF1

decreased

the S-phase

(Fig. 3B) and increased

the G, (Fig. 3C) cell populations. It was interesting that overexpres
sion of @2JwAF1did not completely stop tumor cell growth. Similar
results were obtained in DU1 1WAF13S and IL19WAF3S cells (data
not shown).
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Fig. 3. Suppression of cell proliferation. A, CA4WAF14S cells were grown in the presence or absence of 2 @ag/ml
tetracycline for 10 days. Media were changed every other day,
and the number of cells was counted every day. l'hree dishes were used for each point, and three independent experiments were performed. B and C, CA4WAFI4S cells were cultured
with or without 2 lAg/mI of tetracycline for 0â€”72h. Cells were collected, fixed, and analyzed in a fluorescence-activated

@
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and G@(C) is shown. â€¢, and A, with tetracycline; 0, 0, and i@,without tetracycline. Bars, SD.
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cell sorter (Becton Dickinson). Percentage of cells at S (B)

TUMOR SUPPRESSION BY @2jWAFI

Fig. 4. Suppression of anchorage-independent
growth. CA4WAFI4S and DLDI cells were grown
in soft agar culture for 2 weeks. A, CA4WAFI4S

cells; B, CA4WAFI4S with 5 @sg/mlof tetracy
dine; C, colony formation of DLD1 cells in the
absence (Column 1) or presence (Column 2) of
tetracycline and CA4WAFI4S an the absence (Col
umn 3) or presence (Column 4) of tetracycline.
Average of three independent experiments. Col
umns, mean; bars, SD.

of Anchorage-independent

Growth.

CA4WAF14S

Suppression

of Tumorigenicity.

CA4WAF14S

and DLD1

cells

Discussion
Due to the involvement of @2JwAF1in the cell cycle, cell differ
entiation, and senescence, its biochemical functions are under inten
sive investigation. p2l'@â€•@'has been shown to mediate p53-induced
cell cycle arrest (1, 2), and to inhibit cyclin-dependent kinase activity
(3, 4) and proliferating

cell nuclear

antigen-dependent

DNA replica

tion (1 1) through two separated domains (12â€”14).However, the effect
of

@2JWAFIon tumor

cell phenotypes

was unknown.

In the present

were tested in tumorigenicity assay. DLD1 and CA4WAF14S cells
mixed with matrigel were injected s.c. into nude mice, and tumor

study, we have provided direct evidence for the tumor-suppressive
activity of p21â€•@t.
During the course of this study, we have noticed several interesting

volume

phenomena.

was

measured

5 days

postinoculation.

Fig.

5 depicts

the

growth of tumors in nude mice. DLD1 cells formed tumors that grew
exponentially with a volume-doubling time of 6.6 days (95% confi
dence interval, 5.8â€”7.6days) and a R2 value of 0.99. CA4WAF14S
cells formed tumors that grew exponentially with a volume-doubling
time of 15.5 days (95% confidence interval, 13.5â€”18.0days) and a R2
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The p.53 tumor suppressor

gene is known to be involved

in

programmed cell death; however, overexpression ofp2J@'@' itself does
not induce apoptosis ofturnor cells. Therefore, it is possible that p21'@'@'
is not associated with the apoptotic pathway, or p21@'@' alone may not
be sufficient to induce programmed cell death. In addition, overexpres
sion

of

@2]WAF5 did not completely

stop

tumor

cell

proliferation,

soft

agar growth, or tumor growth. This may be due to a heterogeneity of
p2l@'@' expression. Although p21'@@'-inducible clones were picked
up individually, cells may diverge during long-term culture. Indeed, we
have observed large differences in the level of p21@'@' expression
among 28 subclones isolated from CA4WAF14S cells. Nevertheless,
tumorigenicity

of CA4WAF14S

pressed

@2JWAF1-expressed

under

cells

in nude

mice

is significantly

sup

conditions.

We realize that it is important to test the generality of p21@'@
effect on tumor cells. Because it is difficulty to establish p21â€•@'inducible cells, only limited tumor cell lines could be tested by this
method. Recently, we constructed a @2JwAF1recombinant adenovi
rus. By using this recombinant virus, we have determined the effect of
p21'@4â€•@1
on the proliferation of 11 different tumor cell lines. Over
expression of @2JwAF1
suppresses cell growth of all 11 tumor lines in

1@

60

DAY
@

value of 0.95. These results suggest that overexpression of @2JwAF1
suppresses tumor formation.

culture.4

Fig. 5. Suppression of tumorigenicity. Tetracycline was washed off of DLDI and
CA4WAFI4S cells, and cells were mixed with equal volume of matrigel and injected s.c.
into nude mice. Tumor volume was measured with Vernier calipers. Points, mean;
bars, SD.
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Suppression

and parental cell line DLD1 were tested for their anchorage-indepen
dent growth. DLDI cells with or without tetracycline had approxi
mately 20% colony-forming efficiency (Fig. 4). In the presence of
tetracycline, CA4WAF14S cells had the same colony-forming effi
ciency (Fig. 4). However, CA4WAF14S had colony-forming effi
ciency reduced to 5% under p2I@@'A@@expressed
conditions (Fig. 4).
These results indicate that induction of @2JwAF1suppresses anchor
age-independent growth of tumor cells, whereas neither tetracycline
itself nor the transfection procedure effected tumor cell growth in soft
agar.

TUMORSUPPRESSION
BY ,,21WAFI
6. Steinman, R. A., Hoffman, B., Iro, A., Guillouf, C., Liebermann, D. A., and

p53-independent manner (15â€”18).Recently, we have found that p53independent

induction

of p21'@â€•@ pathway

is preserved

El-Houseini, M. E. Induction of p21 (WAF-1/CIP1) during differentiation. Oncogene,
9: 3389â€”3396, 1994.

in tumor cells,

regardless of the status of p53 (i.e., wild-type, wild-type inactivated by

7. Jiang, H., Lin, J., Su, Z. Z., Collart, F. R., Huberman, E., and Fisher, P. B. Induction
of differentiation in human promyelocytic HL-60 leukemia cells activates p21,

SV4OT,
ormutant)
orthestateoftumor
cells(i.e.,immortal,
tumorigenic,
or metastatic; Ref. 19). Because

inactivation

WAF1/CIP1, expression in the absence of p53. Oncogene, 9: 3397â€”3406, 1994.
8. Halevy, 0., Novitch, B. G., Spicer, D. B., Skapek, S. X., Rhee, J., Hannon, G. J.,
Beach, D., and Lassar, A. B. Correlation of terminal cell cycle arrest of skeletal

of p53 has been found in

approximately 50% of human cancers (20, 21), the p53-dependent in
@

duction 0f@2JwAFs pathway
plc, activation of p21@â€•5

musclewithinductionof p21by MyoD.Science(WashingtonDC),267: 1018â€”1024,

is disrupted in these tumor cells. In princi
the p53-independent pathway could

1995.

bypass the requirement for functional p53 in cell cycle arrest and inhi
bition of DNA replication. Therefore the p53-independent induction of
the p2I@'
pathway could be a potential target in suppressing prolif
eration and stimulating differenthtion of tumor cells.
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