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Abstract

We assessed the expression and distribution of p21/Waf-1 in TLM1 melanoma cells that exhibit contact inhibition and

require serum for growth. The growth stage of cells stimulated to enter the mitotic cell cycle synchronously and grow to

con¯uence was characterized by distinct, yet consistent levels and patterns of distribution of p21/Waf-1. Signi®cantly, sustained

accumulation of p21/Waf-1 in the nuclear compartment was seen only after 4 days in culture when cell-to-cell contacts were

established, leading to a diminished rate of cell growth. Overexpression of wild-type waf-1 in melanoma cells reduced growth

of subcon¯uent cells, decreased Cdk4 activity with a concomitant increase in hypophosphorylated Rb, and promoted cell death

by apoptosis. The data support the premise that cell-to-cell contacts provide signals that mediate sustained nuclear localization

of p21/Waf-1 leading to cell growth arrest; furthermore, an elevation in the activity of this protein can lead to apoptosis. q 2000

Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

The 21-kDa product of the waf-1 gene, p21/Waf-1

is a prototypical cyclin-dependent kinase inhibitor

(CDKI) that is important for cell growth regulation,

particularly in cells of epithelial and neuroectodermal

origin [1±6]. This protein has multifactorial functions,

including facilitating the assembly of cyclin-depen-

dent kinase (Cdk) holoenzyme complexes [7], and

modulating the activity of Cdks [8±11], stress-acti-

vated protein kinases [12], and the proliferating cell

nuclear antigen, PCNA [13,14].

p21/Waf-1 expression is induced by p53 following

stimuli that induce DNA damage [1], and it is also

differentially regulated through the cell cycle,

decreasing during the S phase [15,16]. This cell

cycle-speci®c component of p21/Waf-1 expression

is independent from regulation by p53 [16±18]. More-

over, the expression of p21/Waf-1 may be subject to

additional mechanisms of control during the process

of differentiation [19±21], and also may be modulated
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by growth inhibitory signals such as those delivered

by transforming growth factor b [22±25].

Despite the observations that p21/Waf-1 expression

is subject to extensive regulation, these ¯uctuations in its

expression do not always correlate with growth arrest.

This suggests that the post-translational events such as

the subcellular localization of the protein also could be

relevant to its function. To further delineate the role of

p21/Waf-1 in mammalian cell growth, we examined its

expression and subcellular distribution in a melanoma

cell line (TLM1). The data show that the expression of

p21/Waf-1 varied as growth-arrested cells were stimu-

lated to enter the mitotic cell cycle synchronously

and grow to con¯uence. Sustained accumulation of

p21/Waf-1 in the nuclear compartment was only seen

following the establishment of cell-to-cell contacts. Our

results also show that the overexpression of exogenous

p21/Waf-1 was suf®cient to inhibit growth and promote

apoptosis of subcon¯uent melanoma cells. These results

were recapitulated in a second, independent thymic

epithelial cell line (Cf2Th). Taken together, the data

indicate that targeting and maintaining p21/Waf-1 in

the nuclear compartment may play a role in contact

inhibition of cell growth, and support the possibility

that functional loss of p21/Waf-1 may contribute to

neoplastic transformation.

2. Materials and methods

2.1. Cell lines

The characteristics of the canine TLM1 melanoma

cell line have been described previously [26,27].

These cells are diploid and retain normal properties

of growth regulation, including contact inhibition and

a serum requirement for growth. TLM1 cells synchro-

nized in the G1 phase by serum-deprivation have a

doubling time of 48±50 h following serum restimula-

tion. The density of the TLM1 cells in culture at the

initiation of each experiment was 1 £ 105 cells/ml.

Cf2Th canine thymic epithelial cells were obtained

from the ATCC (Rockville, MD) and cultured under

the same conditions as the TLM1 cells.

2.2. Reverse transcriptase±polymerase chain reaction

(RT±PCR)

Total RNA was isolated as described [28]. The

expression of waf-1 and b-actin mRNA was examined

by RT±PCR. Degenerate primers for waf-1 were

designed from the conserved cyclin A-binding and

Cdk2-binding domains of the human and murine

waf-1 cDNAs. The annealing temperature for ampli-

®cation of the waf-1 cDNA was 378C for 5 cycles

and 608C for 25 cycles (1 min/cycle); for the b-actin

cDNA it was 608C for 30 1-min cycles. The oligonu-

cleotide primers used for ampli®cation of waf-1 were

5 0-CGNTGGAACTTNGACTTNGNC-3 0 (sense), and

5 0-GAGTGNTAGAAATCTGTNANGCTGG-3 0 (anti-

sense), which included positions 224±518 of the human

cDNA and positions 218±509 of the murine cDNA,

respectively, to produce an ampli®cation product of

291±294 base pairs. Degenerate positions are indicated

by the letter N. The product from these reactions was

used to further amplify a 317 bp waf-1 fragment using

cDNA generated from a canine small intestine RNA

pool, and also a clone from a canine cosmid library

that may be syntenic to human chromosome 6. The

PCR products were sequenced using a Perkin±Elmer

Applied Biosystems model 377 automated sequencer

(Perkin±Elmer, Norwalk, CT). The wild-type canine

sequence for the primers is 5 0-CGATGGAACTTT-

GACTTCGTC-3 0 (sense), and 5 0-GAGTGGTAGAA-

ATCTGTAAGGCTGG-3 0 (antisense). The GenBank

accession number for the partial cDNA sequence

of canine waf-1 (317 bp) is AF076469. The oligonuc-

leotide primers used for ampli®cation of b-actin were

5 0-ATGTTCGAGACGTTCAACACCCC-3 0 (sense)

and 5 0-GCCATCTCCTGCTCGAAGTCCAG-3 0 (anti-

sense), based on the GenBank sequence for C. familiaris

b-actin (AF021873) to produce an ampli®cation

product of 318 base pairs.

2.3. Fractionation of cells for immunoblotting

Cell pellets were frozen and stored below 2808C
until the end of each experiment. To make whole cell

lysates that included cytosolic and nuclear proteins,

cell pellets were disrupted in a high salt buffer

containing 300 mM sodium chloride, 50 mM Tris

(pH 7.6), 0.5% Triton X-100, 1 mM N-ethylmalei-

mide, 2 mg/ml aprotinin, and 1 mg/ml leupeptin. Inso-

luble material was removed by centrifugation, and

protein concentrations of the cell lysates were deter-

mined using the bicinchoninic acid method (Pierce,

Rockford, IL) as described [27]. To obtain cytosolic
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and nuclear fractions, cell pellets were incubated at

48C in a buffer containing 10 mM HEPES (pH 7.8), 10

mM potassium chloride, 0.16 mM magnesium chlor-

ide, 1 mM DTT, 1 mM PMSF, 2 mg/ml aprotinin, and

1 mg/ml leupeptin, and 0.5% NP-40, and monitored

microscopically until signi®cant swelling was evident

without lysis. The supernatant obtained after centrifu-

gation at 10 000 £ g for 5 min (cytosolic extract) was

preserved by addition of 20% (v/v) glycerol. The

nuclear pellets were then incubated in incremental

volumes of a buffer containing 20 mM HEPES (pH

7.8), 1 mM magnesium chloride, 0.5 M sodium chlor-

ide,0.5mMEDTA,1mMDTT,0.1mMPMSF,2mg/ml

aprotinin, and 1 mg/ml leupeptin, and 1% NP-40 to

eliminate the viscosity of the preparation. Nuclear

proteinswere extracted by three cyclesof rapid freezing

and thawing, followed by incubation at 48C for 20 min

and centrifugation at 10 000 £ g for 15 min. The resul-

tant supernatant (nuclear extract) was preserved by

addition of 20% (v/v) glycerol. Protein concentrations

in the cytosolic and nuclear extracts were determined in

aliquots resuspended in phosphate-buffered saline

(PBS) with 1% sodium dodecyl sulfate (SDS), using

the bicinchoninic acid method.

2.4. Immunoblotting

Cellular proteins were separated by SDS±polyacry-

lamide gel electrophoresis (PAGE) (using equivalent

amounts of protein in each lane) and transferred to

nitrocellulose membranes (Hybond, Amersham,

Arlington Heights, IL) as described [27]. The antibo-

dies used were anti-p21/Waf-1 rabbit polyclonal anti-

body (C19; Santa Cruz Biotechnology, Santa Cruz,

CA), anti-Cdk4 polyclonal antibody (C-22; Santa

Cruz Biotechnology), anti-b-tubulin antibody (clone

5H1; PharMingen, San Diego, CA), or anti-Rb mono-

clonal antibodies (G3-245; PharMingen and IF8;

Santa Cruz Biotechnology). The reactivity of the

anti-p21/Waf-1 antibody to canine p21/Waf-1 was

con®rmed by competition studies using the immuniz-

ing peptide (Santa Cruz Biotechnology). Immuno-

blots were digitized using an IS-500 Image Analyzer

(Alpha Innotech Corp., San Leandro, CA), and band

densities were quanti®ed with the NIH Image v.1.59

software package.

2.5. Transfections

Delivery of exogenous DNA (transfection) was

performed using cationic liposomes with the Dosper

reagent (Boehringer Mannheim, Indianapolis, IN)

following the manufacturer's recommendations. The

full-length human waf-1 gene encoding p21/Waf-1 [8]

was subcloned into the multiple cloning site of the

pBK-RSV eukaryotic expression vector (Stratagene,

La Jolla, CA). The pGL3 expression vector (Promega)

encoding the ®re¯y luciferase gene under the control

of a constitutive promoter was used to monitor trans-

fection ef®ciencies. Three micrograms of the pBK-

RSV expression vector encoding the waf-1 gene

under the control of the RSV promoter and 0.5 mg

of pGL3 were mixed with 9 mg of the cationic lipo-

some reagent in 100 ml of HEPES-buffered saline and

incubated for 15 min at 258C. The empty pBK-RSV

vector was used as a negative control. These mixtures

were added in 1 ml of OptiMEM serum-free medium

(Gibco BRL) to TLM1 cells �3 £ 105� that had been

adhered to six-well plates by an overnight incubation.

The cell±DNA±liposome mixtures were incubated for

6 h at 378C, followed by the addition of 1 ml of

complete media and incubation overnight at 378C.

Expression of p21/Waf-1 and cell recovery were

measured 48 h after transfections. At this time, cells

were allowed to adhere to 96-well plates and DNA

synthesis was measured 24 h later. The successful

delivery of the exogenous p21/Waf-1 also was deter-

mined by immunoblotting.

2.6. Immunocytochemistry

TLM1 cells or Cf2Th cells (5 £ 104 in 100 ml) were

grown in replicate double-chamber slides (Nalge

Nunc) for 5 days and harvested at 1-day intervals.

Immunostaining and analyses were performed as

described [26,27]. The antigen retrieval steps were

omitted when immunocytochemistry was performed

on transfected cells. Images were acquired using a

Vanox AHBS3 microscope (Olympus Corp., Lake

Success, NY) with an Optronics DEI-750 digital

camera (Goleta, CA), and the accumulation of nuclear

p21/Waf-1 was quanti®ed morphometrically using the

NIH Image software.
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2.7. Luciferase activity

Twenty-four hours after the transfections, aliquots

of 1 £ 105 cells were washed and prepared for lucifer-

ase activity assays using a commercial kit (Promega)

following the manufacturer's instructions, with the

following modi®cations. The cells were lysed in

100 ml of cell lysis buffer and centrifuged to remove

the non-extractable material. Triplicate samples of

30 ml of lysate from each condition were transferred

to opaque 96-well white plates. The luciferase activity

was quanti®ed using an ML3000 microplate lumin-

ometer with automatic injectors (Dynatech, Chantilly,

VA) in the enhanced ¯ash mode, and the data were

con®rmed for each experiment using the cycle mode.

No light output was detectable from TLM1 cells

cultured under the conditions described above that

were not transfected with the pGL3 (luciferase)

vector. The light output from the pGL3-transfectants

was normalized to a recombinant ®re¯y luciferase

standard curve (0±100 ng/ml). Values are expressed

in relative light units (RLU).

2.8. Cellular proliferation

Proliferation of transfected TLM1 cells was evalu-

ated by enumerating viable cells in culture and by

DNA synthesis as described [29].

2.9. Cyclin-dependent kinase 4 assays

Cyclin-dependent kinase 4 (Cdk4) activity was

determined as described [30]. Brie¯y, active Cdk4

complexes were immunoprecipitated from TLM1

cells using the anti-Cdk4 polyclonal antibody C-22

(Santa Cruz Biotechnology), and immune complex

kinase assays were performed using [g-32P]ATP and

p56/Rb (a truncated recombinant Rb protein) as a

substrate. The reactions were terminated by addition

of SDS sample buffer and separated by SDS±PAGE.

2.10. Apoptosis

The fraction of cells with sub-G1 DNA content

(less than two copies of DNA) was used to quantify

apoptotic cell death in control cells or TLM1 Cells

transfected with the p21/Waf-1 expression vector.

Cells were harvested after 48 h in culture, washed in

150 mM sodium chloride, and permeabilized with

70% ethanol overnight. The cells were then washed

once in 150 mM sodium chloride, resuspended in PBS

containing 0.5% Tween-20 and 25 mg/ml RNase A

(Boehringer Mannheim) at 378C for 30 min and

stained with propidium iodide (25 mg/ml) for 30

min in the dark at room temperature. DNA content

was evaluated by ¯ow cytometry as described [26].

2.11. Software

Figures were compiled from digitized images using

Adobe Photoshop and Claris Draw software

programs.

3. Results

3.1. Expression of p21/Waf-1 in synchronously

growing TLM1 cells

We have previously described the growth charac-

teristics of the TLM1 melanoma cell line [26]. After 3

days of culture in the absence of serum, approxi-

mately 90% of the TLM1 cells were in the G1

phase, as determined by DNA content analysis.

When these serum-deprived cells were restimulated

with serum, they entered the cell cycle rapidly

(,40% of the cells were in the S, G2, or M phases

of the cell cycle after 24 h). The cells proliferated for

4±5 days until they became con¯uent; by the sixth day

of culture, 80±90% of the cells were in the G1 phase

of the cell cycle. To assess the role of p21/Waf-1 in

the control of TLM1 cell growth, we examined the

expression of waf-1 mRNA by RT±PCR and the

expression of p21/Waf-1 protein by immunoblotting.

The RT±PCR method used is not quantitative, thus the

only interpretation that can be made is whether waf-1

mRNA was present in the samples or not. The deriva-

tion of the PCR products from the waf-1 message was

con®rmed by sequencing. There was 97% identity

between this region of canine waf-1 and human

waf-1. Fig. 1 shows that waf-1 mRNA was present

in TLM1 cells throughout their growth cycle to

con¯uence (days 1±5) as determined by ampli®cation

of a fragment of the predicted size by RT±PCR. A

product of the same size was obtained from TLM1

cells that were transfected with human wild-type

waf-1 gene under the control of the RSV promoter

M.G. Ritt et al. / Cancer Letters 158 (2000) 73±8476



(RSV-p21). The integrity of the TLM1 mRNA was

con®rmed by ampli®cation of a b-actin fragment.

The steady-state levels of p21/Waf-1 protein accu-

mulation were quanti®ed by densitometric analysis of

immunoblots. Lysates from TLM1 cells were

prepared at 24-h intervals between days 0 and 5,

normalized for protein content, and the proteins sepa-

rated by one-dimensional electrophoresis. All the

cellular proteins analyzed were markedly decreased

in serum-starved cells. Fig. 2a shows that the levels

of immunoreactive p21/Waf-1 increased during days

1 and 2 after serum restimulation. The band densities

in the immunoblots were 5- to 8-fold greater on days 1

and 2 than on day 0 after normalization to the levels of

b-tubulin, a structural protein expressed predomi-

nantly by cells of neuronal or neuroectodermal origin.

However, p21/Waf-1 levels again dropped dramati-

cally by day 3. The amount of p21/Waf-1 increased

by ,5-fold again at day 4 (compared with days 0 and

3) as the cells became con¯uent, and remained

elevated through day 5. To con®rm that the immunor-

eactive 21-kDa protein was homologous to the p21/

Waf-1 protein encoded by the waf-1 gene, a human

waf-1 gene was introduced into TLM1 cells and the

electrophoretic mobility of its gene product was

compared to that of the endogenous canine p21/

Waf-1 24 h after the transfection procedure. Fig. 2b

shows that TLM1 cells transfected with a control plas-

mid encoding the bacterial b-galactosidase enzyme

gene (Vector) had an immunoreactive 21-kDa protein
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Fig. 2. Evaluation of p21/Waf-1 protein accumulation by immuno-

blotting in growth-arrested TLM1 cells restimulated with serum. (a)

TLM1 cells were adhered to culture plates overnight in complete

media and synchronized by serum deprivation for 72 h. Cells were

restimulated with serum and harvested at 24-h intervals for protein

extraction. Cells were detached, washed in serum-free PBS, and the

cell pellets collected and frozen below 2808C. The accumulation of

cellular p21/Waf-1 and b-tubulin proteins was determined by

immunoblotting. Proteins for immunoblot analysis were separated

by SDS±PAGE. The proteins that remained in the gel after comple-

tion of the transfer procedure were stained by Coomassie blue to

ensure that the amounts of total protein present in each sample were

approximately equivalent. The amount of protein in serum-starved

cells (day 0) was substantially less than for days 1±5 in all the

experiments performed. (b) Asynchronously growing TLM1 cells

were transfected with 3 mg of plasmid DNA from an empty pBK-

RSV vector (Vector), or the same pBK-RSV vector into which

human waf-1 was subcloned under the control of the RSV promoter

(p21) using cationic liposomes for delivery of exogenous DNA. The

accumulation of p21/Waf-1 was examined by immunoblotting 48 h

after the transfections were performed. (c) Immunoblot of p21/Waf-

1 from subcon¯uent TLM1 cells in the absence (2) or presence (1)

of a 20-fold excess of the immunizing peptide consisting of the 19

C-terminal amino acids of the human p21/Waf-1 protein. (d) Immu-

noblot of Cdk4 in whole cell lysates prepared as in (a).

Fig. 1. Evaluation of waf-1 mRNA expression by qualitative RT±

PCR in growth-arrested TLM1 cells restimulated with serum.

TLM1 cells were adhered to culture plates overnight in complete

media and synchronized by serum deprivation for 3 days. Cells were

restimulated with serum and harvested at 24-h intervals for RNA

extraction. Asynchronously growing TLM1 cells were transfected

with an expression vector encoding the human waf-1 gene (RSV-

p21). The expression of waf-1 (p21) and b-actin mRNA was exam-

ined by RT±PCR. RT±PCR products were separated by electrophor-

esis in 1% agarose slab gels and visualized by staining with

ethidium bromide. Oligonucleotide primers for waf-1 included posi-

tions 224±518 of the human cDNA, and positions 218±509 of the

murine cDNA, respectively to produce an ampli®cation product of

291±294 base pairs. A PCR product of ,290 bp was ampli®ed using

the PCR primers for waf-1 (top). A PCR product of the expected

size (,320 bp) was ampli®ed using the b-actin primers (bottom).



similar to that seen in the untransfected cells. The

forced overexpression of the human waf-1 gene in

TLM1 cells resulted in a ,5- to 10-fold increase in

the amount of an immunoreactive 21-kDa protein.

Furthermore, pre-incubation of the anti-p21/Waf-1

antibody with 20-fold excess of the immunizing

p21/Waf-1 peptide eliminated binding of the antibody

to endogenous p21/Waf-1 from TLM1 cells in the

immunoblot assays (Fig. 2c). Because p21/Waf-1 is

a CDKI, we also evaluated the accumulation of Cdk4,

one of its potential substrates that may be regulated in

a cell cycle-speci®c manner [30,31]. Predictably, the

levels of Cdk4 protein increased approximately ,3-

fold upon serum restimulation of the TLM1 cells (Fig.

2d, compare days 0 and 1), and showed much less

¯uctuation than p21/Waf-1 thereafter.

3.2. Subcellular localization of p21/Waf-1 in TLM1

cells

Although the role of p21/Waf-1 and its expression

throughout the cell cycle have been examined in

several cell culture systems [5,32], to our knowledge,

its subcellular distribution in growing cells has not

been thoroughly examined. To this end, we used

immunocytochemistry to evaluate the subcellular

localization of p21/Waf-1 in synchronously growing

TLM1 cells. Fig. 3 shows that there was a redistribu-

tion of p21/Waf-1 staining after induction of growth

with serum. p21/Waf-1 was present in nucleoli of

TLM1 cells throughout the culture period. However,

this nucleolar staining was only seen in cells subjected

to the antigen retrieval procedure (heating in a micro-

wave for 6 min in a 0.1 M sodium citrate buffer, pH

6.0). This component of nucleolar p21/Waf-1 may be

similar to that which can reportedly be sequestered

within a detergent insoluble nuclear fraction [15].

Cytoplasmic p21/Waf-1 staining was seen in serum-

starved cells with spindled to stellate morphology

(Fig. 3a). Some cells with round morphology showed

more intense staining, perhaps a re¯ection of the

condensed cytoplasm in these cells. The signi®cance

of this morphological pleomorphism is not clear. The

overall levels of p21/Waf-1 increased ,5-fold during

the ®rst 24 h following serum restimulation as deter-

mined by immunoblotting (Fig. 2), but there was

no change in the subcellular localization of this

protein (Fig. 3b). Cytoplasmic p21/Waf-1 and nucleo-

lar p21/Waf-1 were still detectable 2 days after serum

restimulation of TLM1 cells; in addition, there was

substantial translocation of p21/Waf-1 to the nuclear

compartment (compare the pink-staining nuclei in

Fig. 3c with the blue-staining nuclei in Fig. 3a,b).

The nuclear p21/Waf-1 staining and much of the cyto-

plasmic p21/Waf-1 staining disappeared by day 3

(Fig. 3d; note the absence of red chromogen deposi-

tion in the cell nuclei). Other than the nucleolar

p21/Waf-1, only cells that were undergoing mitosis

stained positive for p21/Waf-1 at this time (Fig. 3h).

On day 4 of culture, cytoplasmic p21/Waf-1 was again

detectable, and the levels of nuclear p21/Waf-1

increased approximately 10-fold (Fig. 3e). This

increase in nuclear p21/Waf-1 between days 3 and 4

was approximately twice as large as the increase in

total p21/Waf-1 (,5-fold, see Fig. 2a). p21/Waf-1

also remained prominently associated with mitotic

®gures when these were present. The expression

of both cytoplasmic and nuclear components of

p21/Waf-1 was sustained with similar intensity into

the ®fth day of culture, when the monolayer was

con¯uent and the TLM1 cells began to exhibit a

decreased growth rate (Fig. 3f). In experiments

extended into the sixth day of culture, the nuclear

and cytoplasmic components of p21/Waf-1 expression

continued to be sustained in these con¯uent TLM1

cells (see below). p21/Waf-1 staining was also evalu-

ated in sections from three independent primary canine

melanomas. Cells within these primary tumors would

be predicted to exhibit asynchronous growth, and

possibly have lost the constraints of contact inhibition.

In each case, all the cells showed cytoplasmic staining

for p21/Waf-1. One case showed prominent nuclear

staining in .70% of the tumor cells; the second

showed nuclear staining in approximately 10% of the

cells and nucleolar staining in .90% of the cells; and

the third showed no nuclear staining with sporadic

nucleolar staining (data not shown).

The localization of p21/Waf-1 to the nucleus was

speci®c, as determined by immunostaining for other

nuclear and cytoplasmic markers in TLM1 cells (A.

Koenig, B. Weeks, J. Modiano, unpublished results).

Cells stained for the intermediate ®lament vimentin or

for the isoform of the S100 calcium-binding protein

found in melanoma cells (S100a) showed reactivity

that was con®ned to the cytoplasm. Staining for the

melanoma-speci®c antigen MelanA (also known as

M.G. Ritt et al. / Cancer Letters 158 (2000) 73±8478



MART-1) or for GD3 ganglioside (using antibody

R24) showed reactivity that was con®ned to the cyto-

plasm and Golgi zone. Surface GD3 gangliosides also

could be detected ¯ow cytometrically [33]. The tumor

suppressor protein p53 was con®ned to the cytoplasm

in TLM1 cells throughout the culture period. The

alternative possibilities that this may represent mutant

p53, or a defect in other mechanisms that target p53 to

the nucleus, have not been investigated. Finally, the

tumor suppressor protein Rb was shown to be predo-

minantly con®ned to the nuclear or perinuclear

compartment. None of these proteins showed nucleo-

lar localization.

To establish that the differences in nuclear localiza-

tion of p21/Waf-1 were related to changes in the

subcellular localization of p21/Waf-1, cytosolic and

nuclear fractions of TLM1 cells were evaluated for

changes in p21/Waf-1 by immunoblotting. Fig. 4
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Fig. 3. Distribution of p21/Waf-1 in growth-arrested TLM1 cells restimulated with serum. Photomicrographs of cultured TLM1 cells harvested

at 1-day intervals, and stained for p21/Waf-1 by immunocytochemistry using a streptavidin-biotin-alkaline phosphatase complex reaction. The

distribution of p21/Waf-1 is demonstrated by the pink to red staining. (a) Cells harvested at day 0 (synchronized in the G1 phase by 3 days of

serum withdrawal, immediately prior to the addition of serum). (b) Cells harvested 1 day following stimulation. (c) Cells harvested 2 days

following stimulation. (d) Cells harvested 3 days following stimulation. (e) Cells harvested 4 days following stimulation. (f) Cells harvested 5

days following stimulation. Note that the monolayers were partially disrupted by the antigen unmasking procedure. (g) Negative control using

rabbit IgG in place of the anti-p21/Waf-1 primary antibody to stain cells harvested 2 days after stimulation. (h) Higher magni®cation

photomicrograph of TLM1 cells after 3 days in culture showing several non-dividing cells, and one cell in anaphase. p21/Waf-1 in the non-

dividing cells is seen only in the cytoplasm and nucleoli (compare with (d)); nuclear p21/Waf-1 is undetectable (white arrowheads). The

anaphase cell, lacking a discernible nuclear membrane, shows diffuse staining distributed throughout the cytoplasm and prominent staining

associated with the mitotic plate (black arrows). The relative changes in nuclear staining for p21/Waf-1 in (a±f) were quanti®ed by analysis of

deconvoluted digital images of 100 nuclei from each sample using NIH Image. Bars: 25 mm.



shows that immunoreactive p21/Waf-1 was detectable

in cytoplasmic extracts of TLM1 cells between days 0

and 6 of culture. The levels of cytosolic p21/Waf-1

were maximal at day 2 of culture, declined at day 3,

and remained at approximately the same levels for the

duration of the culture period. In contrast, p21/Waf-1

was undetectable in the nucleus during days 0 and 1.

Marginal amounts of immunoreactive p21/Waf-1

were seen in TLM1 cells after 2 days of culture;

they disappeared at day 3, and they were again detect-

able after 4 days of culture. The levels of p21/Waf-1

in the nuclear compartment remained elevated during

the ®fth and sixth days of culture.

These ®ndings were not unique to TLM1 cells. We

examined the subcellular localization of p21/Waf-1 in

another canine cell line derived from fetal thymic

epithelium (Cf2Th) that also exhibits contact inhibition.

Cf2Th cells were released from contact inhibition and

cultured for 5 days to obtain a con¯uent monolayer. As

was seen in the TLM1 cells, there was a transient loca-

lization of p21/Waf-1 to the nucleus of Cf2Th cells after

2 days in culture. The nuclear component of p21/Waf-1

was markedly decreased or absent on day 3 of culture;

however, it was restored on day 4 and sustained into

days 5 and 6 when the Cf2Th cell monolayer was con¯u-

ent (data not shown).

3.3. Overexpression of p21/Waf-1 impairs

proliferation and promotes apoptosis of subcon¯uent

TLM1 cells

As noted previously, subcon¯uent TLM1 cells were

not growth-inhibited although p21/Waf-1 was

detected transiently in the nucleus. We examined

whether p21/Waf-1 overexpression would impair the

proliferation of TLM1 cells. Cells were transfected

with the vector encoding human waf-1 (RSV-p21)

or the empty vector as a control (RSV-neo) and

were cultured for 48 h. Fig. 5 shows that the transfec-

tion procedure did not appreciably affect the prolifera-

tion of TLM1 cells, as untransfected cells and cells

transfected with the control vector exhibited similar

increases in cell numbers (Fig. 5a) and DNA synthesis

(Fig. 5b). In contrast, TLM1 cells transfected with

human waf-1 that contained approximately 5- to 10-

fold higher levels of p21/Waf-1 (Fig. 2b) showed a

33% (^5%) reduction in cell numbers (Fig. 5a) and a

27% (^6%) decrease in cellular proliferation as

measured by DNA synthesis (Fig. 5b). There was no

statistical difference in viable cell numbers between

untransfected cells and cells transfected with the

control vector (P � 0:2), but the cell numbers in

both of these conditions were signi®cantly different

than those in cells transfected with human waf-1

(P , 0:01). Similarly, the proliferation observed in

TLM1 cells transfected with waf-1 was signi®cantly

lower (P � 0:02) than that of untransfected or control-

transfected TLM1 cells. The DNA content and cell

cycle distribution of the untransfected cells and the

cells transfected with the control vector at 48 h were

similar. Approximately 55±60% of the cells had two

copies of DNA (G1 phase); 15±20% had more than

two and less than four copies of DNA (S phase), and

22±26% had four copies of DNA (G2/M phases). Less

than 6% of the cells had less than one copy of DNA

(sub-G1, or apoptotic cells). In contrast, distinct peaks

re¯ecting cell cycle distribution were not evident in

cells transfected with human waf-1, and approxi-

mately 50% of the cells had less than one copy of

DNA (apoptotic). This suggests that the decrease in

TLM1 cell numbers and proliferation was due, at least

partly, to increased apoptosis of transfected cells [26].

The predisposition of p21/Waf-1 over-expressing

cells to undergo apoptosis precluded de®nitive assess-

ment of the distribution of this protein by immunocy-
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Fig. 4. Subcellular distribution of p21/Waf-1 in growth-arrested

TLM1 cells restimulated with serum. Cytoplasmic extracts and

nuclear extracts of TLM1 cells harvested at 24-h intervals following

serum restimulation were prepared as described in Section 2. The

accumulation of cytosolic and nuclear p21/Waf-1 was determined

by immunoblotting. Proteins remaining in the gel after completion

of the transfer procedure were stained by Coomassie blue to ensure

that the amounts of total protein present in each sample were

approximately equivalent.



tochemistry. Nevertheless, there was a concomitant

reduction in the levels of hyperphosphorylated Rb

protein (Fig. 5c) and a substantial reduction in Cdk4

activity in the waf-1 transfectants at 24 h (Fig. 5d) that

was not seen in the control transfectants. This suggests

that the transfected p21/Waf-1 reduced Cdk activity in

the TLM1 cells proportionately. These changes were

not due to differences in the transfection ef®ciency

between the two conditions, since there were no

differences (at 24 h) in the activity obtained from a

M.G. Ritt et al. / Cancer Letters 158 (2000) 73±84 81

Fig. 5. Overexpression of p21/Waf-1 impairs TLM1 cell proliferation and Rb phosphorylation. Asynchronously growing TLM1 cells were

allowed to remain untransfected, or transfected with the pGL3 vector encoding the ®re¯y luciferase gene along with an empty pBK-RSV vector

(RSV-neo), or along with the same pBK-RSV vector into which human waf-1 was subcloned under the control of the RSV promoter (RSV-p21).

Bars that represent values that are signi®cantly different (P , 0:05) are marked by an asterisk. The data represent the mean ^ SEM of viable

cells after 48 h in culture (normalized to a starting number of 1) from six independent experiments, each performed in duplicate (a,b), a

representative experiment of two done (c,d), or mean ^ SEM from three independent experiments expressed in relative light units (RLU) (e). (a)

Number of viable cells recovered from untransfected TLM1 cells, TLM1 cells transfected with the empty vector, and TLM1 cells transfected

with waf-1. (b) TLM1 cells recovered 48 h after the transfection procedures were transferred to 96-well culture plates, and proliferation was

evaluated 24 h later by incorporation of [3H]thymidine into DNA. Data are shown as the ratio of the DNA synthesis in counts/min from each

experimental condition divided by the DNA synthesis in counts/min from the untransfected cells. (c) TLM1 cells recovered 24 h after the

transfection procedures were assessed for phosphorylation and content of Rb protein by immunoblot analysis. The hypophosphorylated form of

Rb (Rb) can be resolved as a distinct band with faster electrophoretic migration that the hyperphosphorylated from of Rb (Rbpp). (d) In vitro

Cdk4 kinase activity measured using an immune complex assay in TLM1 cell extracts 24 h after the transfection procedure. Phosphorylation of

the truncated form of Rb (p59/Rb) used as a substrate was resolved by separating the reaction products using SDS±PAGE followed by

autoradiography (2-h exposure). (e) Cells harvested 24 h after the transfection procedures were assayed for luciferase activity in triplicate

using an enhanced ¯ash luminometer. Untransfected cells had no detectable luciferase activity (0.014 ^ 0.003 RLU). The light output from

each experiment was normalized using a recombinant ®re¯y luciferase standard curve.



luciferase reporter gene that was co-transfected with

either the control or the waf-1 vectors (Fig. 5e). Luci-

ferase activity was undetectable in untransfected cells.

4. Discussion

We examined the relationship between the expres-

sion and localization of the waf-1 gene product,

p21/Waf-1, and its possible in¯uence on cellular

proliferation in a canine melanoma cell line. Our

results suggest that cell-to-cell contacts promote

nuclear translocation of p21/Waf-1, and also that the

action of this protein to induce cellular growth arrest

following contact inhibition could be related to its

sustained nuclear localization. It is noteworthy that

the transient localization of endogenous p21/Waf-1

to the nucleus did not stop cell cycle progression in

subcon¯uent TLM1 cells. However, overexpression

of p21/Waf-1 reduced proliferation and increased

apoptosis in these cells.

Previous studies have shown that the levels of

p21/Waf-1 expression are variable as cells progress

through the cell cycle [16,25] leading to distinct func-

tional consequences. Changes in the abundance of

p21/Waf-1 during cell growth and differentiation

have been shown in many cell types, including epithe-

lial cells [20,21,24] and carcinomas [11,25,34];

mesenchymal cells such as differentiating myoblasts

[19,24] and hematopoietic cells [17,35]; and neuroec-

todermally-derived cells such as human melanocytes

[4]. However, the ¯uctuations in expression of

p21/Waf-1 do not always correlate with growth arrest,

suggesting that the subcellular localization of the

protein, rather than the amount present, may be rele-

vant to its function. This possibility was addressed in

an elegant study using W138 human diploid ®bro-

blasts that showed p21/Waf-1 co-localized with

PCNA to the nuclear compartment following DNA

damage induced by ultraviolet irradiation [15]. In

parallel experiments, ®broblasts with a de®cient

DNA excision and repair mechanism failed to

undergo growth arrest upon DNA damage. In the

cells with defective DNA repair mechanisms, the

function of p21/Waf-1 may have been impaired by

sequestration within a detergent-insoluble compart-

ment of the nucleus [15]. Additional evidence

supporting the importance of subcellular localization

of p21/Waf-1 in mediating growth arrest was seen in

MCF-7 mammary adenocarcinoma cells exposed to

TGFb [25]. TGFb exerts an antiproliferative effect

in MCF-7 cells that leads to nuclear translocation of

p21/Waf-1 and inhibition of Cdk2 activity. The

importance of these effects was highlighted by the

observations that nuclear translocation of p21/Waf-1

and inhibition of Cdk2 were not seen following treat-

ment with TGFb in an MCF-7 subline that is refrac-

tory to the antiproliferative effects of this cytokine

[25].

The role of p21/Waf-1 in mediating contact-

induced growth arrest remains less well understood.

Expression of p21/Waf-1 was shown to increase in

Caco-2 intestinal epithelial cells following con¯u-

ence, but the subcellular localization of the protein

was not documented in these experiments [20]. Simi-

larly, the levels of p27/Kip-1, a closely related Cdk

inhibitor, increase substantially following E-cadherin-

dependent cell-to-cell contact in mammary adenocar-

cinoma cells [36], and p27/Kip-1 also undergoes

nuclear translocation in rat ®broblasts cultured at

high density [37]. Our present results show that

the accumulation and subcellular distribution of

p21/Waf-1 varied over the course of TLM1 cell

growth in culture. p21/Waf-1 mRNA was detectable

throughout the 5-day culture period, but the RT±PCR

technique used to assess the presence of p21/Waf-1

mRNA was not quantitative. The levels of p21/Waf-1

protein varied substantially over the 5-day culture

period, suggesting that post-transcriptional mechan-

isms may contribute to the regulation of p21/Waf-1

protein accumulation. Maximal p21/Waf-1 accumula-

tion with nuclear localization was seen prior to the

height of DNA synthesis for the ®rst replicative cell

cycle. A remarkable decrease in p21/Waf-1 with loca-

lization away from the nucleus coincided with the

time of maximal DNA synthesis, and preceded re-

entry into the G1 phase based on the doubling time

of this cell line [26]. Thus, nuclear localization of

p21/Waf-1 in subcon¯uent cells may be required in

preparation for initiation of the subsequent cell cycle.

Our data also demonstrate that the sustained localiza-

tion of p21/Waf-1 to the nucleus coincided with the

TLM1 cells becoming con¯uent. It is noteworthy that

in one case, TLM1 cells carried beyond 30 passages

became refractory to contact inhibition. This TLM1

subline was not preserved, but a posteriori analysis

M.G. Ritt et al. / Cancer Letters 158 (2000) 73±8482



showed that these cells had spontaneously lost expres-

sion of p21/Waf-1. Finally, experiments to address the

role of p21/Waf-1 using mouse embryo ®broblasts

derived from animals with a targeted deletion of

waf-1 showed that absence of p21/Waf-1 did not

lead to anchorage independent growth, but the cells

showed a slightly reduced capacity for contact inhibi-

tion [38]. This suggests that contact-induced growth

arrest is not uniquely mediated by p21/Waf-1 and that

the TLM1 cells that were refractory to contact inhibi-

tion likely harbored additional mutations. Together,

these results support the concept that nuclear p21/

Waf-1 may contribute to slowing or stopping cell

cycle progression once cell-to-cell contacts are estab-

lished. However, additional factors are necessary for

contact-induced cell growth arrest.

The inability of nuclear p21/Waf-1 to arrest cell

growth of subcon¯uent cells after 2 days in culture

may be a quantitative phenomenon. We and others

have shown that the overexpression of p21/Waf-1 in

asynchronously growing melanoma cells or mammary

epithelial cells reduced proliferation and increased

apoptosis [26,39], indicating that growth in subcon-

¯uent conditions could be overridden, at least

partially, by exaggerated levels of p21/Waf-1. These

supraphysiologic levels of p21/Waf-1 may act stoi-

chiometrically by abrogating Cdk activity and

preventing Rb inactivation that are necessary for

cell cycle progression and cellular survival. Similar

effects may account for the increased apoptotic

tendency of TLM1 cells maintained in culture as a

con¯uent monolayer, even in the presence of serum

[26]. In these cells, sustained nuclear accumulation

and activity of p21/Waf-1 may interfere with events

required for cellular survival. Additional investiga-

tions to delineate the precise role of p21/Waf-1 to

constrain cell growth and prevent transformation are

warranted.
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