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The tumor suppressor p16”*# inhibits cyclin-dependent kinases 4 and 6. This activates the retinoblastoma

protein (pRB) and, through incompletely understood events, arrests the cell division cycle. To permit bio-
chemical analysis of the arrest, we generated U2-OS osteogenic sarcoma cell clones in which p16 transcription
could be induced. In these clones, binding of p16 to cdk4 and cdk6 abrogated binding of cyclin D1, p27*’*/, and
p21"AFICIPI - Concomitantly, the total cellular level of p21 increased severalfold via a posttranscriptional
mechanism. Most cyclin E-cdk2 complexes associated with p21 and became inactive, expression of cyclin A was
curtailed, and DNA synthesis was strongly inhibited. Induction of p21 alone, in a sibling clone, to the level
observed during p16 induction substantially reproduced these effects. Overexpression of either cyclin E or A
prevented p16 from mediating arrest. We then extended these studies to HCT 116 colorectal carcinoma cells
and a p21-null clone derived by homologous recombination. In the parental cells, p16 expression also aug-
mented total cellular and cdk2-bound p21. Moreover, pl6 strongly inhibited DNA synthesis in the parental
cells but not in the p21-null derivative. These findings indicate that p21-mediated inhibition of cdk2 contrib-
utes to the cell cycle arrest imposed by p16 and is a potential point of cooperation between the p16/pRB and

p14*%¥/p53 tumor suppressor pathways.

plE/NKA/CDRNZAMTST g 3 gpecific inhibitor of the closely

related cyclin-dependent kinases (cdk’s) 4 and 6 (96, 109).
Mutations at the INK4a locus segregate with tumor formation
in familial melanoma pedigrees, and the locus is within a small
region of chromosome 9 that is deleted in multiple human
tumor cell lines (45, 46, 73). The locus encodes a second
protein, p14**%* (ARF), from an alternative reading frame (19,
63, 81, 100). ARF is unrelated in sequence to p16 but, surpris-
ingly, can also inhibit cell cycle progression (56, 81). Although
pl6 is preferentially inactivated by point mutation or promoter
methylation in a number of tumors (35, 80), recent data sug-
gest that ARF is a tumor suppressor protein in its own right,
potentiating effects of p53 (14, 47, 78, 111). Thus, the INK4a
locus regulates the two most pervasive tumor suppressor path-
ways.

pl6 is a potent mediator of G, cell cycle arrest in tissue
culture cells (52, 58, 67, 95). The only known effector of the
arrest is the retinoblastoma protein (pRB), consistent with
evidence that a major role of cdk4/6 is to phosphorylate and
inactivate pRB (98). Prominent among pRB’s properties is
that it binds E2F transcription factors and represses the activity
of promoters with the corresponding response elements (20,
39, 106). These elements are found in several genes required
for cell replication, including the cdk2 partners cyclins E and
A, cdkl (cdc2), ribonucleotide reductase, and DNA polymer-
ase alpha (15). Overexpression of a dominant-negative form of
DP-1, the major heterodimeric partner of E2Fs, can inhibit G,
progression in mammalian cell lines (107). However, sub-
stantial cell replication occurs in Drosophila melanogaster
embryos with mutations in E2F or DP-1 after apparent ex-
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haustion of the maternally derived proteins (88). Hence, it is
unclear whether pRB-mediated repression of E2F-responsive
genes is sufficient to account for the ability of pRB and p16 to
rapidly impose a cell cycle arrest.

There is increasing evidence that inhibition of cdk2 com-
plexes may be sufficient and even necessary for effective cell
cycle inhibition in many settings. Inhibitors of the Cdk-inter-
acting protein (CIP)/Clk-inhibitin, protein (KIP) class, al-
though capable of binding many cdk’s, appear to primarily act
through inhibition of cdk2 (8, 11, 12, 60, 99). Efficient G, arrest
in response to DNA damage is brought about by the ARF/p53
pathway and requires induction of p21"WAF//CIPIsdil/CDRNT
transcription (10, 16, 22). Inhibition of the cell cycle by glu-
cocorticoids also appears to involve p21 induction and can
occur in pRB-deficient cells (87). p27<*** contributes to cell
cycle arrests mediated by transforming growth factor § and
contact inhibition (76). Null alleles of p27 in mice and the
structurally related inhibitor dacapo in Drosophila melano-
gaster enhance cell cycling in diverse tissues (17, 27, 50, 54, 72).

Overexpression studies suggest that dysregulation of cyclin E
can bypass normal G, controls. Forced expression of cyclin E
can induce DNA synthesis in most postmitotic cells in the
Drosophila embryo (51). In mammalian cells, ectopic expres-
sion of cyclin E-cdk2 can rescue an arrest mediated by repres-
sion of c-Myc-responsive genes (7). Overexpression of cyclin E
has recently been found to rescue an arrest mediated by dom-
inant-negative DP-1, a phosphorylation-deficient mutant of
PRB, or pl6 in rodent fibroblasts (2, 57). This occurs without
reversing pRB hyperphosphorylation or its association with
E2F transcription factors. Although overexpression studies
must be interpreted cautiously, pl6-mediated activation of
pRB and sequestration of E2F appear to be insufficient to
maintain a cell cycle arrest in these settings if cyclin E-cdk2 is
ectopically hyperactivated. On the other hand, these studies
have not addressed whether cell cycle inhibition by pl6 nor-
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mally involves and/or requires inhibition of endogenous cdk2.
Studies of p15™%# a cdk inhibitor structurally related to p16,
indicate that its binding to cdk4 and cdk6 results in redistribu-
tion of p27 and p2l to cdk2, potentially contributing to cell
cycle arrest (83).

To further explore the mechanism of action of pl6, we
performed a biochemical analysis of events that occur during
pl6-mediated cell cycle inhibition. We then manipulated these
events through targeted genetic experiments. We generated
clones of the human osteogenic sarcoma cell line U2-OS which
could be induced to express p16. U2-OS is the cell line in which
the p16’s function has been most extensively studied (52, 58,
59, 67). pl6 is not expressed endogenously in these cells, and
its exogenous expression strongly inhibits DNA synthesis. This
inhibition appears to be specific, because it is abrogated by
coexpression of cdk4 or cdk6 or by introducing tumor-associ-
ated mutations into p16 (52, 58, 67).

Using such clones, we found that cell cycle inhibition by p16
is associated with a posttranscriptional induction of p21 and a
strong inhibition of cyclin E-cdk2 kinase activity. In a sibling
clone, induction of p21 alone to the level induced by p16 was
sufficient to significantly inhibit cyclin E-cdk2 activity and
DNA synthesis. We then extended our studies to the HCT 116
human colorectal carcinoma cell line and a p21-null clone
derived by two rounds of homologous recombination (104).
p16 expression in the parental HCT 116 cells also caused an
increase in total cellular and cdk2-bound p21. Moreover, p16
inhibited DNA synthesis in these cells much more effectively
than in the p21-null derivative. These results indicate that
p21-mediated inhibition of cdk2 is a key means by which p16
achieves cell cycle arrest and a common element of the ARF/
p53 and pl16/pRB response pathways.

MATERIALS AND METHODS

Cell culture and generation of inducible cell lines. Stable p16-inducible clones
were generated by transfection. A U2-OS osteogenic sarcoma cell clone (U24)
containing an integrated pUHDI15 vector (31), which encodes a tetracycline
(TET)-repressible transcriptional activator, was kindly provided by Liang Zhu
(Albert Einstein College of Medicine) (43). The p16 cDNA was cloned into the
pUHD10-3 vector (31) and cotransfected into U24 with a puromycin resistance-
encoding plasmid. Puromycin-resistant colonies were maintained in the presence
of TET. There were no gross differences in the numbers or sizes of puromycin-
resistant colonies obtained with the p16 construct and those obtained with the
empty target vector. This suggests that in the presence of TET, the level of
expression of p16 was sufficiently low in most transfected clones that their growth
was not inhibited; it also indicates that there was little selection pressure for
lesions in the p16 response pathway.

We randomly picked 34 well-separated clones obtained by transfection of
approximately 5 X 10° cells with the p16 construct. We also picked two vector-
transfected control clones and pooled the rest as OSvec.pool. pl6-inducible
clones were identified by immunofluorescence, using the JC6 monoclonal anti-
body provided by Jim Koh (University of Vermont Cancer Center) (24). Four
clones showed levels of staining distinctly above background in the absence of
TET and were amplified for further analysis. p21-inducible cells were generated
in a similar fashion, except that an anti-p21 antibody (WAF1; Oncogene Re-
search) was used to screen for expression.

Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies) containing 10% fetal bovine serum (Life Technologies), penicillin
(100,000 Ulliter), and streptomycin sulfate (100,000 U/liter). TET was added to
the culture medium at 1 to 2 pg/ml to suppress expression of the inducible
proteins. To allow induction, cells were trypsinized, washed with DMEM, pel-
leted at 300 X g for 5 min, and plated in DMEM without or with appropriate
concentrations of TET. Cells were generally maintained at no more than 50 to
70% confluence. At greater cell densities, U2-OS cells display moderate contact
inhibition of growth, associated with increased p21 levels (70a).

Parental and p21~/~ HCT 116 cells were obtained from Bert Vogelstein
(Howard Hughes Medical Institute, The Johns Hopkins Oncology Center) and
maintained in McCoy’s SA medium supplemented with 10% fetal calf serum
(FCS) and penicillin-streptomycin. The p21~/~ cells were periodically treated
with neomycin and puromycin to prevent outgrowth of potential residual paren-
tal cells.

Cell cycle synchronization. Cells were synchronized with lovastatin (Merck
Research Laboratories, West Point, Pa.) by the following method (33, 49, 108).
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Twenty-four to 36 h after seeding of cells, fresh medium containing 40 pM
lovastatin was added, and the cells were then grown for 40 h with or without
TET. At the end of 40 h (0 h time point; see Results), the cells were released
from lovastatin-induced G, arrest by addition of fresh medium containing 4 mM
mevalonic acid (Sigma). Cells were harvested at various times and processed
either for biochemical analysis or for cell cycle position analysis by flow cytom-
etry.

Flow cytometry. For flow cytometry, cells were harvested by trypsinization,
centrifuged at 300 X g for 5 min, and resuspended in 100 pl of phosphate-
buffered saline (PBS). The cells were fixed by dropwise addition of 1 ml of 100%
ethanol and stained for 30 min at 37°C with a solution consisting of 0.001%
propidium iodide and 250 ug of RNase A/ml. Total cellular DNA content was
determined on a Becton-Dickinson flow cytometer, using ModFit and Synch-
Wizard software. Small debris (less than about one-quarter of the diameter of a
cell) and cell aggregates were gated out of the analysis, and each profile was
compiled from approximately 5,000 gated events.

Analysis of CD20-stained cells was performed as described previously (103).

Tritiated-thymidine incorporation. Cell proliferation was also measured by
[*H]thymidine uptake as follows. Cells were pulse-labeled with 2.0 wCi of
[*H]thymidine/ml for 45 min prior to being harvested. After two washes with
PBS, the cells were trypsinized and retrieved by centrifugation as described
above. The cell pellet was resuspended in 0.3 N NaOH for 30 min on ice prior
to the addition of 20% cold trichloroacetic acid (TCA). The TCA precipitate was
filtered through glass fiber filters (Whatman GF/C) by the use of a benchtop
apparatus (Millipore model 1225). The filter was washed with 5 ml of cold 10%
TCA and then with 5 ml of 95% ethanol. After the filter was air dried, the
radioactivity associated with it was counted by the use of a fluor scintillant
(Beckman model LS6000IC counter).

Preparation of cell extracts. Subconfluent cells on 10-cm? plates were washed
twice with PBS and lysed by addition of 0.8 ml of cold Ela lysis buffer (38) with
protease inhibitors (50 mM HEPES [pH 7.0], 250 mM NaCl, 0.1% Nonidet P-40,
5 mM EDTA, 0.5 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluo-
ride, and 0.1 mM sodium vanadate). Lysed cells were scraped off the plates,
incubated on ice for 15 min, and subjected to centrifugation at 14,000 X g for 15
min at 4°C. The protein contents of the supernatants were assayed by the
Bradford method and confirmed by Coomassie blue staining following sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Abs. All antibodies (Abs) were from Santa Cruz Biotechnology unless other-
wise indicated. For immunoblotting of p16, we used a mouse monoclonal Ab,
JC6, raised against human p16, at a 1:4 dilution (24). Immunoprecipitation (IP)
of pl6 was performed with a polyclonal rabbit anti-pl6 Ab from PharMingen
(San Diego, Calif.), raised against full-length human recombinant glutathione
S-transferase (GST) fusion protein, at 2 pl/200 pg of total cell extract. For
immunoblotting of p21, an affinity-purified mouse monoclonal Ab, WAF1 (On-
cogene Research Products, Cambridge, Mass.), raised against full-length recom-
binant human p21 WAF1, was used at a 1:200 dilution (with overnight incuba-
tion). p21 was immunoprecipitated with a rabbit polyclonal Ab (C19) at 0.5
1.g/200 pg of total cell extract. Immunoblotting and IP of cdk2 was performed
with a rabbit polyclonal Ab (M2) at a 1:500 dilution. A mouse monoclonal
anti-cdk2 Ab (D12) was used to confirm the levels of cdk2 immunoprecipitated
with the rabbit Ab. D12 was raised against a peptide corresponding to amino
acids (aa) 1 to 290 of full-length human cdk2 and was used at a 1:100 dilution.
For both IP and immunoblotting of cdk4, C22, a rabbit polyclonal Ab raised
against a peptide corresponding to aa 282 to 303 C at the carboxy terminus of
mouse cdk4, was used at a 1:100 dilution. The anti-cdk6 Ab used for both IP and
immunoblotting (1:500 dilution) was a rabbit polyclonal Ab raised against the
carboxy-terminal peptide. A mouse monoclonal immunoglobulin G1 (IgG1) Ab
(HD11) raised against recombinant human cyclin D1 was used for both IP and
immunoblotting of cyclin D. We used two cyclin E antibodies. A rabbit poly-
clonal Ab (C19) raised against a peptide corresponding to aa 377 to 395 of
human cyclin E was used for IP of cyclin E from extracts (1.5 pg/200 pg of total
cell extract). A mouse monoclonal IgG2b Ab raised against recombinant human
cyclin E protein (HE12) was used at a 1:100 dilution for immunoblotting of the
protein in immunoprecipitates. The 12CAS Ab, directed against the influenza
virus hemagglutinin epitope, was used as a control in some precipitations. For IP
as well as immunoblotting of pRB, a rabbit polyclonal Ab (C15) raised against a
peptide corresponding to aa 914 to 928 at the carboxy terminus of human pRB
(110 kDa) was used at a 1:1,000 dilution. The anti-rabbit and anti-mouse sec-
ondary antibodies (Amersham) were used at a 1:5,000 dilution.

Immunoblotting and IP. Cell extracts were normalized for protein concentra-
tion and resolved by SDS-PAGE. The proteins were transferred to polyvinyli-
dene difluoride membranes (Immobilon P or Hybond P; Amersham Life Sci-
ence) either for 2 h or overnight. The membrane was blocked in 5% nonfat milk
in TBS-Tween (10 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1% Tween 20) for 1 h.
The membrane was then washed for 1 h in TBS-Tween with three changes prior
to incubation with the primary Ab for 1 h or overnight. After a second 1-h wash
in TBS-Tween, the membrane was incubated with the appropriate secondary Ab
for 1 h. The membrane was washed in TBS-Tween for 1 h, and the bound antigen
was detected by enhanced chemiluminescence (ECL; Amersham). For IP, cell
extracts were precleared with a 20-pl packed volume of protein G-agarose beads
(Life Technologies) for 1 h at 4°C. The precleared extracts were incubated for 2 h
with fresh, washed protein G-agarose and an appropriate Ab in a total volume of
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300 wl of ELB. After IP, the beads were washed three times with ELB, heated
at 90°C for 3 min with 2X sample buffer (100 mM Tris-HCI [pH 6.8], 200 mM
DTT, 4% SDS, 0.2% bromophenol blue, and 20% glycerol), and the supernatant
proteins were resolved by SDS-PAGE. Immunoblotting of the precipitated an-
tigen was performed by enhanced chemiluminescence as described above. All
images were scanned with a PhosphorImager (Molecular Dynamics Storm).

IP-kinase assays. (i) Histone H1 as substrate. Precleared cell extracts were
subjected to IP with the appropriate antibody (anti-cyclin E or anti-cdk2) as
described above. After the immunoprecipitation, the beads were washed three
times with ELB and once with 1X kinase assay buffer (25 mM HEPES buffer [pH
7.4], 1 mM phenylmethylsulfonyl fluoride, 0.1 mM sodium vanadate, 10 pg of
aprotinin/ml, and 10 pg of leupeptin/ml) and then incubated with a kinase
reaction mix (5 pg of histone H1 [Sigma], 0.1 mM ATP, and 0.2 wCi of
[y-**P]ATP in a total volume of 10 ul of 1X kinase buffer) for 30 min at 30°C
with shaking. The reaction was stopped by addition of 2X sample buffer to the
suspension; the reaction mixture was then heated at 90°C for 3 min, and the
products were resolved by SDS-PAGE (10% gels).

(ii) GST-pRB as substrate. GST-tagged carboxy-terminal fragment of pRB
was prepared as described elsewhere (68). The cdk4 kinase assay method fol-
lowed was as described elsewhere with slight modifications (53). Cell extracts
were precleared with a 20-ul packed volume of protein G-agarose for 30 min at
4°C. The precleared extracts were immunoprecipitated with anti-cdk4 antibody
for 2 h at 4°C in a total volume of 300 .l of ELB buffer. The immunoprecipitated
complexes were washed three times with 300 pl of ELB buffer and once with
pRB kinase buffer (50 mM HEPES [pH 7.5] containing 10 mm MgCl, and 5 mM
MnCl,). The beads were resuspended in kinase reaction mix (0.125 mM EGTA,
10 pg of bovine serum albumin/ml, 2.5 uM cold ATP, 5 wCi of [*?P]ATP, and 2
pg of GST-pRB/reaction) and incubated for 30 min at 30°C. The reaction was
quenched by addition of 2X sample buffer; then the reaction mixture was heated
for 3 min at 90°C, and the products were resolved by SDS-PAGE (10% gels). The
signal intensities of the bands were quantified by using a PhosphorImager fitted
with ImageQuant version 1.1 software.

Northern blotting. Total RNA was isolated from cultured cells by using Trizol
reagent (Life Technologies), and 20 ug of each preparation was subjected to
electrophoresis in a 1% agarose gel containing formaldehyde (91). RNA was
blotted onto a nylon membrane and detected with 32P-labeled probes generated
from the entire 2.1-kb p21"4F//CIP1 cDNA. As a loading control, the same blot
was rehybridized with an RNase P probe (a gift from Robert P. Ricciardi
[University of Pennsylvania Dental School]).

Metabolic labeling of cells and IP of p21. Cells were preincubated for 30 min
(37°C; 5% CO, environment) in methionine-deficient DMEM containing 10%
dialyzed FCS (Life Technologies). Fresh medium containing 25 p.Ci of [*>S]me-
thionine-[**S]cysteine (>1,000 Ci/mmol) (Translabel; Amersham)/ml was added
for either 1 h or 30 min. The cells were washed two times with PBS and once with
complete DMEM containing 10% FCS and 100 ug of unlabeled L-methionine
andL-cysteine per ml and then incubated in this medium. After another 1, 2, and
4 h (or 30 min, 1 h, and 2 h for cells exposed to the label for 30 min), extracts
were prepared as described above. Protein content was normalized by the Brad-
ford reaction and confirmed by Coomassie blue staining of proteins separated by
SDS-PAGE. We found that this also effectively normalized incorporation of the
radiolabel in extracts prepared from the pulse phase, with or without p16 induc-
tion. p21 was immunoprecipitated as described above, using the C19 antibody
(Santa Cruz). Proteins were resolved by SDS-PAGE (12% gels), and the gels
were fixed for 30 min in a 50% methanol-10% acetic acid solution, dried, and
applied to a PhosphorImager. Parental and p21-null HCT 116 cells were labeled
and processed in the same way to confirm the identity of the p21 band. Other
bands in the lanes derived from cells subjected to pl6-induction typically exhib-
ited either threefold-higher intensity than in immunoprecipitates from cells with-
out p16 induction (data not shown), suggesting co-IP with p21, or similar inten-
sity, suggesting cross-reactivity of the antibody with unrelated cellular proteins.
One of the latter is shown in Fig. 2D, as a loading control.

Transient transfection. Cells (2 X 10°) plated in 35-mm-diameter dishes were
transiently transfected for 6 h by using 2 ul of Lipofectin reagent (Life Tech-
nologies/Gibco BRL) and 2 to 4 pg of DNA diluted in 100 pl of reduced-serum
medium (OPTIMEM; Gibco BRL) per the manufacturer’s instructions. HCT
116 p21~/~ cells are more transfectable than the parental p21*/* cells; somewhat
less Lipofectin was required to achieve similar fractions of transfected cells and
similar levels of protein expression with the same amounts of DNA.

Adenoviruses. A recombinant adenovirus expressing pl6 (AdSCMV/p16, or
Ad5p16) was generated by established protocols (32). Briefly, p16 cDNA (pro-
vided by David Beach, Cold Spring Harbor Laboratories) was cloned into shuttle
vector pAD/CMV (Vector Core, Institute for Human Gene Therapy, University
of Pennsylvania, Philadelphia) and cotransfected with E3-deleted human ade-
novirus d70001 into 293 cells, using calcium phosphate precipitation. Positive
plaques were identified by Southern blotting, repurified three times, and prop-
agated in 293 cells. Subsequently, the recombinant virus was produced on a large
scale and purified twice by cesium chloride density gradient centrifugation (93,
94). Preparation of AdSCMV/lacZ (Ad5lacZ) has been described previously
(94).

HCT 116 cells were infected at 10% confluence 2 days after being replated.
The cells were washed once with PBS and incubated with ca. 20 PFU (deter-
mined on 293 cells) of virus/cell in serum-free McCoy’s SA medium for 3 h. The
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TABLE 1. Inhibition of [*H]thymidine incorporation by induction
of p16 in OSp16.1

Day Fold p16 induction % Inhibition”
1 8 75*9
2 18 85 =7
3 25 9212

@ Values, normalized to percent [*H|thymidine incorporation in uninduced
cells, are means *+ standard deviations of data from three determinations.

medium was removed, the cells were washed once with PBS, and growth medium
was added. Cell extracts were prepared extracts 24 h after infection.

BrdU labeling and i fluorescence. Bromodeoxyuridine (BrdU) labeling
was performed as described previously (24) with the following modifications. For
labeling of U2-OS cells, BrdU was added in aliquots 24 to 32 h after TET
withdrawal. For labeling of HCT 116 cells, BrdU was added in aliquots 24 to 48 h
after the end of the transfection period. Immunofluorescence staining was per-
formed as described in reference 24, except that an incubation time of 1 h was
routinely used. Nuclear DNA was stained, with bisbenzimide (1 wg/ml) (Hoechst
33258; Sigma) being included in the final wash. The results were scored by direct
microscopic examination of randomly chosen medium-power fields by an obser-
vor blinded to the treatment conditions. For photography, images of each fluo-
rescence wavelength were independently and quantitatively captured in greyscale
using a cooled charge-coupled device camera (Sensys model KF 1400) mounted
to a Leica DM IRB inverted microscope and controlled by IP Lab Spectrum
software (Scanalytics, Fairfax, Va.). These images were recombined and pseudo-
colored by using the Multiprobe software (Scanalytics). Each field presented was
treated with the same refinements of contrast and color.

Polyribosome preparation and RT-PCR. OSp16.1 cells were lysed in a solution
containing 10 mM Tris (pH 8.0), 30 mM MgCl,, 150 mM KCl, 1 mM DTT, 1%
Nonidet P-40, and 20 mM ribonucleoside-vanadate complexes/ml (23). Nuclei
and cell debris were removed by centrifugation at 10,000 X g for 10 min. Equal
amounts of total RNA from the cytoplasmic extracts (estimated from samples
prepared by Trizol extraction) in 1.5-ml volumes were layered onto continuous
10 to 50% sucrose gradients in a solution containing 20 mM Tris (pH 8.0), 50
mM KCl, and 5 mM MgCl,. Centrifugation was carried out at 28,000 rpm for 4 h
in an SW41 rotor. Preliminary experiments employing Northern blotting had
demonstrated that the p21 mRNA was largely confined to the lower half of a
gradient. After the run, the upper halves of all gradient were therefore pooled as
fraction 1 and the lower halves was separated into four fractions (2 to 5). tRNA
(50 pg; Gibco BRL) was added to each of the fractions as a carrier to facilitate
RNA recovery. RNA in the fractions was precipitated with 2.5 volumes of 100%
ethanol and with 3 M sodium acetate (10% of the total volume), treated with
RNase-free DNase (Gibco BRL), and extracted with Trizol. Equal portions (by
volume) were reverse transcribed, using 10 U of avian myeloblastosis virus
reverse transcriptase (Promega), 40 U of RNasin, 70 ng of random primer, and
0.4 mM each dATP, dCTP, dGTP and dTTP in a total volume of 20 pl. Reverse
transcription (RT) was conducted in a model 9600 thermal cycler (Perkin-Elmer)
for 1 h at 42°C. An appropriate volume of the RT reaction product was used in
PCR reaction mixtures containing 10 mM Tris (pH 8.3), 50 mM KCl, 1.45 mM
MgCl,, 0.4 mM each deoxynucleoside triphosphate, 0.8 U of Tag DNA poly-
merase (Boehringer Mannheim), and 125 ng each of the 5" and 3’ primers in a
total volume of 20 wl. The WAF1/p21 primers used were as follows: 5'-AGGA
TCCATGTCAGAACCGGCTGG-3' and 5'-CAGGATCCTGTGGGCGGATT
AGGGCT-3’ (37). A three-step cycling PCR program was used, consisting of 40
cycles of 94°C for 1 min, 54°C for 1 min, and 72°C for 1 min, with a final 5-min
strand extension at 72°C. Glyceraldehyde 3-phosphate dehydrogenase used as
internal standard was amplified for 24 cycles with the following primers: 5'-TG
GTATCGTGGAAGGACTCATGAC-3" and 5'-ATGCCAGTGAGCTTCCCG
TTCAGC-3' (73).

RESULTS

p16 disrupts cyclin D1-cdk4 binding. We generated U2-OS
cell clones in which p16 expression is regulated by the “TET-
off” transcription system (31). Induction of p16 and its effects
on DNA synthesis over various time courses in these clones
will be presented in detail in the future (14a). In a represen-
tative clone, OSp16.1, TET withdrawal yielded an eightfold
induction of p16 at 24 h, to a level moderately higher than that
in SaOS osteogenic sarcoma cells (Table 1). DNA synthesis
was inhibited by 75% during this period, as determined by
monitoring tritiated-thymidine incorporation or by flow cytom-
etry. By day 3 following TET removal, the p16 level was 25-fold
above the baseline and DNA synthesis was inhibited by more



VoL. 19, 1999

than 90% compared to that of uninduced cells (Table 1).
Strong inhibition of DNA synthesis was observed on TET
withdrawal in three other clones with inducible p16 expression,
but not in two control clones transfected with the empty vector
(data not shown). Within 24 h of p16 induction in OSp16.1,
most pRB shifted from a slowly migrating form to a more
rapidly migrating form on SDS-PAGE, suggesting that it was
predominantly hypophosphorylated (data not shown) (see ref-
erences 26, 62, 92, and 102). Thereafter there was little change
in the ratio of the faster-migrating and slower-migrating pRB
forms, but the overall levels of the protein declined, as re-
ported by others (92).

cdk4 (Fig. 1A) and cdk6 (data not shown) activities, assayed
by IP and in vitro phosphorylation of a GST-pRB fusion pro-
tein (gstRB), were largely inhibited by pl6 induction. This
coincided with pl6 binding and with the loss of cdk4 from
cyclin D1 complexes (Fig. 1B). Similarly, most cdk6 was lost
from cyclin D1 immunoprecipitates and most cyclin D1 was
lost from cdk6 immunoprecipitates at days 1 and 3 of pl6
induction (data not shown). These results differ from those
reported for p15V5# in which evidence for trimeric p15-
cyclin D-cdk complexes was obtained (82). Whether this can be
explained by differences in the cellular background or by in-
trinsic differences between the two inhibitors remains to be
determined.

p16 induction yields an inhibition of cdk2 complex activity.
We asked whether cdk?2 activity was affected by the p16-medi-
ated arrest. We prepared extracts from cells which were or
were not subjected to 1 to 3 days of p16 induction and nor-
malized them for protein content. We immunoprecipitated
cdk2 and cyclin E complexes and assayed their kinase activity
in vitro, using histone H1 as a substrate. cdk2- and cyclin
E-associated kinase activities were inhibited in all lysates of
cells subjected to p16 induction (data not shown). To distin-
guish a decrease in the specific activity of the complexes from
a decrease in either their abundance or the ability of the
antibodies to precipitate them, we assayed kinase activity in the
immunoprecipitates after normalizing for cdk2 content. p16
induction resulted in a marked decrease in the specific activity
of cdk2 complexes (data not shown) and cyclin E complexes
(Fig. 1C).

Because pl6 induction causes a cell cycle arrest in late G,
we asked whether cell cycle position alone could account for
the observed decrease in the specific activity of cdk2 com-
plexes. We induced pl6 during an arrest mediated by the
cholesterol biosynthesis inhibitor lovastatin. This drug has
been shown to effectively synchronize U2-OS cells in early G,
phase and is thought to interfere with critical membrane sig-
naling events (49, 79, 108). Following lovastatin treatment, we
restored cell cycling by addition of the downstream metabolite
mevalonic acid and assayed cell cycle position by flow cytom-
etry. Lovastatin caused a strong, predominantly G, arrest in a
pool of vector-transfected control clones (data not shown) and
in OSpl16.1 (Fig. 1D). Mevalonic acid treatment restored cell
cycling in about half the control cells within 24 h, in the pres-
ence or absence of TET (data not shown). About half of the
OSp16.1 cells also resumed cycling in the presence of TET, but
entry into S phase was blocked by p16 induction in the absence
of TET (Fig. 1D).

We prepared lysates from OSp16.1 cells at successive 12-h
intervals following mevalonic acid rescue, with or without p16
induction, and normalized these samples for protein content.
Total cdk2 activity (data not shown) and cyclin E-associated
kinase activity were largely inhibited by p16 induction (Fig.
1E). Note that this inhibition occurred even at the 0-h time
point of mevalonic acid addition, a point at which the two
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FIG. 1. p16 mediates inhibition of both cdk4 and cdk2 in OSp16.1 cells. (A)
Inhibition of cdk4 kinase activity. Extracts were prepared from cells cultured with
(+) or without (=) TET (1 pg/ml) for 1 to 3 days and were normalized for
protein content. cdk4 was immunoprecipitated, and its kinase activity was as-
sayed using gstRB as a substrate. (B) (Left panel) Binding of pl6 to cdk4.
Extracts were prepared from cells cultured with or without TET for 3 days and
were normalized for protein content. p16 complexes were immunoprecipitated
and immunoblotted for cdk4 (K4). (Right panel) Inhibition of cyclin D1 binding
to cdk4 on p16 induction. Extracts were prepared from cells that were or were
not subjected to p16 induction for 3 days. Cyclin D1 complexes were immuno-
precipitated (D1). These samples were normalized for cyclin D1 content by
immunoblotting (below) and immunoblotted for cdk4 (K4). (C) Inhibition of
cyclin E-associated kinase activity. Extracts were prepared from cells that were or
were not subjected to pl6 induction for 1 to 3 days. Cyclin E complexes were
immunoprecipitated and normalized for cdk2 content by immunoblotting (K2)
(shown below). Kinase activities were then assayed using histone H1 (HH1) as a
substrate. (D) p16 induction prevents S phase entry following cell cycle synchro-
nization with lovastatin and rescue with mevalonic acid. OSp16.1 cells were
treated with lovastatin for 40 h in the presence (Uninduced) and absence (In-
duced) of TET. At the end of this period, a portion of the cells was harvested and
assayed for DNA content by flow cytometry (0 h; x axis, DNA content; y axis, cell
number, normalized to each G, peak). The lovastatin block was rescued in the
remaining cells by addition of mevalonic acid for another 36 h. Cells were
removed at 12-h intervals for analysis. The S phase fraction at 24 h was 43% in
the uninduced cells versus 5% in the induced cells. (E) Inhibition of cyclin
E-associated kinase activity by p16 induction in synchronized cells. Extracts were
prepared from cells treated as described for panel D and normalized for protein
content. Cyclin E complexes were immunoprecipitated, and their kinase activi-
ties were assayed using histone H1 (HH1) as a substrate. C, control (employing
nonspecific rabbit IgG). The relative signal intensity is given below each lane.
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cultures have similar flow cytometry profiles. Thus, inhibition
of cyclin E-associated kinase activity mediated by p16 was
observed in a comparison of cells synchronously arrested in
early G, and synchronously released from this block.

Induction of p21 by pl16. A variety of experiments have
demonstrated that pl6 does not associate with cdk2 (52, 57,
96), and we were unable to detect such an association in
OSp16.1 cells (data not shown). We asked whether the inhibi-
tion of cyclin E-associated kinase activity mediated by pl6
could be explained by a decrease in expression of cyclin E or
cdk2 in the synchronized cells. Cyclin D1 and cdk4/6 levels
were not affected by the treatments (data not shown). Cyclin E
expression was also unaffected, and cdk2 levels dropped only
slightly in the cultures subjected to p16 induction (Fig. 2A and
data not shown). Expression of cyclin A was strongly inhibited
by p16 induction, although this effect was less pronounced in
unsynchronized cells (data not shown). The decrease in cyclin
A levels following addition of mevalonic acid illustrates the
point that the culture in which p16 was induced was arrested at
0 h by the effects of lovastatin but at later points by the effects
of pl6.

We asked whether the observed decrease in cdk2-associated
kinase activity could be accounted for by a change in the total
cellular level of p27 or p2l1. p27 expression was not affected,
but p21 levels were more than eightfold higher in the cells
subjected to p16 induction (Fig. 2A). Note that like the de-
crease in cyclin E-associated kinase activity, induction of p21
occurred by the 0-h time point. The two cultures have similar
cell cycle profiles at this point (Fig. 1D), with the vast majority
of cells being in G, before the normal arrest point mediated by
plé. In fact, synchronization of these cells in early G, by
lovastatin treatment results in a slight decrease in p21 levels
compared to those of untreated cells, accentuating p16’s effect
(data not shown) (see below). Furthermore, passage through
late G, did not result in a prominent increase in the p21 level.
We conclude that pl6-mediated induction of p21 is not simply
a secondary effect of arresting cells in G;.

We then asked whether induction of p21 is seen in cultures
under standard passage conditions. Figure 2B shows that p21
was induced within 1 day of p16 induction in unsynchronized
cells (passage of U2-OS cells causes a moderate, transient
synchronization in G, phase [data not shown], but we refer to
them as unsynchronized for simplicity). Over a series of more
than 10 experiments with unsynchronized cells, we found that
p21 was typically induced three- to fourfold after 3 days of p16
induction (Fig. 2B [see also Fig. 4A below] and data not
shown). Induction of p21 was also seen on TET withdrawal in
three other clones with inducible p16 expression, but not in two
control clones (data not shown). We also analyzed p21 expres-
sion by immunohistochemistry. There was a greater degree of
p21 staining in cells subjected to p16 induction but no detect-
able change in the subcellular distribution, which remained
preferentially nuclear (data not shown).

We performed initial studies to characterize the level at
which p21 expression is regulated. We prepared RNA from
OSp16.1 cells maintained in the presence or absence of TET
for 1 and 3 days. In Northern hybridizations using the p21
cDNA as a probe, a single major species, of the expected size
(2.1 kb), was present at similar levels in all samples (Fig. 2C).
Metabolic pulse-labeling with [>*S]methionine-[>>S]cysteine
showed that the half-life of p21 remained about 1 h in the
presence or absence of p16 induction for 3 days (Fig. 2D and
E). In contrast, threefold more label was incorporated into p21
during the pulse-labeling phase in the setting of p16 induction
than in the controls. This ratio was unaffected by further re-
ducing the pulse duration from 1 h to 30 min (3.3- and 2.8-fold
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in two independent experiments) (data not shown). The in-
creased metabolic labeling of p21 accounts well for the three-
to fourfold increase in the steady-state level of the protein
detected by immunoblotting following pl6 induction and
points to regulation of p21 expression at the level of transla-
tion. Most translation appears to be controlled at the initiation
step, correlating with an increased number of ribosomes per
mRNA (64). Consistent with this, we observed increased sed-
imentation of p21 mRNA in polyribosome gradients on p16
induction (Fig. 2F). Further work will be required to elucidate
more fully the mechanism of regulation.

Inhibition of cdk2 complex activity by p21. We examined the
physical association of p27 and p21 with cdk’s by IP followed by
immunoblotting. We noted an increase in p27 associated with
cdk2 after 1 day of p16 induction, but this increase was lost by
day 3 (Fig. 3A). Association of p21 with cdk2 was also in-
creased by day 1 and had increased further by day 3. The
displacement of cyclin D1 from cdk4/6 complexes mediated by
p16 binding (Fig. 1B) would be expected to prevent the binding
of CIP/KIP inhibitors, since they require cyclins for efficient
binding to cdk’s (12, 90). Consistent with this, we found that
binding of p21 to cdk4 (Fig. 3A) and cdk6 (data not shown)
was disrupted by induction of p16 at both the 1-day and 3-day
time points. Thus, binding of p16 to cdk4/6 prevents the bind-
ing of p21, even as p21 levels increase.

cdk complexes associated with p21 can retain catalytic activ-
ity, typically at low inhibitor stoichiometries (11, 53, 110). We
therefore asked whether p21-bound cdk2 complexes were in-
deed inhibited. We immunoprecipitated cdk2 and p21 com-
plexes and normalized these precipitates for cdk2 content. The
p21-bound complexes retained far less catalytic activity for
histone H1 or gstRB (Fig. 3B and data not shown).

We next asked whether p21 or p27 complexes bound a major
fraction of cyclin E complexes in extracts prepared from cells
that were or were not subjected to 3 days of p16 induction. We
performed successive immunodepletions with antibodies di-
rected against p27, p21, or a negative-control antigen and
measured cyclin E in the remaining supernatants by immuno-
blotting. We observed the loss of the majority of cyclin E from
the supernatant only after immunodepletion with anti-p21 an-
tibodies and induction of p16 (Fig. 3C). These results indicate
that the majority of cyclin E in the extract from cells subjected
to pl16 induction is bound to p21. Since p21 cannot bind effi-
ciently to free cyclins (12, 90) and cdk2 is the only major cdk
partner for cyclin E (18, 55, 75, 101), we infer that most of the
cyclin E-cdk2 complexes in these extracts are bound by p21.
These results do not exclude the possibility that p27 binds a
significant fraction of cyclin E complexes in the initial stages of
the arrest.

We asked whether overexpression of cyclin E or A could
prevent a pl6-mediated arrest of these cells. We transfected
OSp16.1 cells with an empty cytomegalovirus (CMV) expres-
sion vector or one expressing cyclin E or A, induced p16 for
24 h, and assayed DNA synthesis by measuring BrdU incorpo-
ration. Successfully transfected cells were identified by cotrans-
fection with a vector expressing p-galactosidase (B-gal) (see
Fig. 6A for examples of the technique). Expression of either
cyclin effectively prevented p16 from inhibiting DNA synthesis
(Fig. 3D). Immunoblotting demonstrated about a twofold in-
crease in cyclin levels in the respective transfected cultures
(data not shown). Immunofluorescence staining demonstrated
that about 25% of the cells were successfully transfected (data
not shown). We therefore estimate that cyclins E and A were
expressed at about eight times the endogenous level in the
successfully transfected cells.
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FIG. 2. Induction of p21 by p16. (A) Lovastatin-synchronized cells. Extracts
were prepared from cells synchronized with lovastatin and rescued with meval-
onic acid, in parallel with those cells described in the legend to Fig. 1D, and
normalized for protein content. The designated proteins (p16, cdk2 [K2], cyclin
E [E], cyclin A [A], p27, and p21) were detected by immunoblotting. (B) Un-
synchronized cells. Extracts (normalized for protein content) were prepared
from cells initially in log-phase growth, then plated with (Ind) or without (Un)
p16 induction for 1 or 3 days. p16 and p21 were detected by immunoblotting. (C)
p21 mRNA levels are not changed by p16 induction. RNA was prepared from
cells that were or were not subjected to p16 induction for 1 and 3 days, and
Northern blotting was performed with the p21 ¢cDNA as a probe. The band
labeled p21 mRNA was not present in RNA prepared from p21-null HCT 116
cells (data not shown) (see below). As a control for loading and transfer, the blot
was rehybridized with a probe to RNase P (labeled “C”). Similar results were
obtained in three other experiments (data not shown). (D and E) Increased
metabolic labeling of p21 following p16 induction. Cells that were or were not
subjected to p16 induction for 3 days were pulse-labeled for 1 hour with [*>S]me-
thionine-[*>S]cysteine, and extracts were prepared at the end of this period and
at 1, 2, and 4 h after addition of an excess of unlabeled amino acids. (D) The
extracts were normalized for protein content (we confirmed that this also re-
sulted in normalization for incorporation of label in the pulse phases), and p21
was immunoprecipitated and resolved on an SDS-polyacrylamide gel. A rela-
tively stable protein that appears to cross-react with the antibody (labeled “C”)
is shown as a loading control. HCT 116 p21*/* and p21~/~ cells (see below) were
treated identically to confirm that the band shown corresponds to p21. This band
also was not seen in control IPs with nonspecific rabbit IgG and comigrated
exactly with p21 detected in the same gels by immunoblotting (data not shown).
Similar results were obtained in two other experiments (data not shown). (E)
The p21 band intensity was quantitated and graphed (pixels [X 100], on a semilog
scale; y axis) versus time (hours; x axis). Open squares represent results from cells
with p16 induction (Ind), and closed squares represent results from uninduced
(Un) cells. (F) Increased sedimentation of p21 mRNA in polyribosome gradients
following p16 induction. Cytoplasmic lysates were prepared from cells that were
(right) or were not (left) subjected to 3 days of p16 induction and were fraction-
ated by sucrose gradient density sedimentation. Preliminary Northern blotting
studies established that p21 mRNA was largely confined to the bottom half of
each gradient (e.g., in contrast to the 36B4 mRNA [data not shown]). For finer
fractionation, RNA isolated from the top half of each gradient was pooled as
fraction 1 and that from the bottom half of the gradient was further subdivided
into four fractions (2 to 5), in order of increasing density. A single major PCR
product, of the predicted size, was obtained from each fraction, employing p21-
and glyceraldehyde 6-phosphate dehydrogenase (“C”)-specific primers, respec-
tively. Titrations showed that the PCRs were substrate limited under these
conditions (data not shown). Similar results were obtained in a second experi-
ment (data not shown).

Induction of p21 to the level attained during p16 induction
is sufficient to inhibit cdk2 complex activity and DNA synthe-
sis. We then asked whether the level of p21 induction observed
was alone sufficient to inhibit cyclin E kinase activity and/or

3921

1Day 3 Days
+ +

Tet:

b o aal - 28S
—— . s
p21 - -18s

mRNA

C - e e,

b Uniduced _Induced K
Hours: 01 240124 &

P21 sk e

~

¢

v

s

c»EBEZZBERS

E
30

-= Un
15
Pixels
(x100)
5

Hours:0 1 2 3 4

F
Density:

Uninduced Induced

>
1234512345

P21 - - -

CPr e — e

DNA synthesis. From the same parental cell used to derive
OSpl6.1, we generated clones in which p21 expression was
inducible. We identified levels of TET that permitted induc-
tion of p21 in one such clone (OSp21.1) to levels bracketing
that achieved by induction of p16 (0.1 and 0.01 pg of Tet/ml,
respectively) (Fig. 4A). Each of these levels of p21 yielded a
significant inhibition of the specific activity of cyclin E com-
plexes (Fig. 4B). By interpolation, we estimate that p21 induc-
tion alone to the level attained during p16 induction is suffi-
cient to account for more than half of the decrease in cyclin
E-associated kinase activity observed in the latter setting (50%
versus 75% inhibition of kinase activity, respectively) (see the
legend to Fig. 4). cdk4 kinase activity was not detectably af-
fected by p21 induction at these levels in OSp21.1 (Fig. 4B),
but cyclin A expression was moderately inhibited (data not
shown). p21 induction alone at these levels also inhibited DNA
synthesis by 40 and 75%, respectively, compared to that in
uninduced cells (Table 2) (versus >90% with p16 [Table 1]).
We conclude that induction of p21 alone to the level observed
in pl6-inhibited cells is sufficient to significantly inhibit cyclin
E-cdk2 complex activity, cyclin A expression, and DNA syn-
thesis, but it does not quantitatively account for p16’s effects
(see Discussion).

p21 is required for efficient p16-mediated cell cycle arrest in
HCT 116 cells. We sought to determine whether the effects of
p16 on p21 can be observed in other cell lines and whether p21
is required for p16 to efficiently arrest the cell cycle. We there-
fore extended our studies to HCT 116 colorectal carcinoma
cells. A p21-null derivative of these cells was generated by two
rounds of targeted homologous recombination (104). Colorec-
tal carcinoma cell lines nearly uniformly express full-length,
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FIG. 3. Inhibition of cdk2 by p21 in cells with p16 induction. (A) Increased association of p21 with cdk2 and decreased association with cdk4 following p16 induction.
Extracts were prepared from cells cultured with or without p16 induction for 1 and 3 days and were normalized for protein content. cdk2 (K2) or cdk4 (K4) complexes
were immunoprecipitated and probed for coprecipitated p21 or p27 by immunoblotting. Un, uninduced; Ind, induced. (B) Inhibition of cdk2 kinase activity in
p21-bound complexes. Extracts were prepared from cells with p16 induction for 3 days, and p21 and cdk2 were immunoprecipitated. The immunoprecipitates were
normalized for cdk2 protein level and assayed for cdk?2 activity with gstRB as a substrate. Quantitation of the relative band intensity is provided below each lane. (C)
Immunodepletion of cyclin E bound to p21 following 3 days of p16 induction. Extracts were prepared from cells with (+) or without (=) TET for 3 days and subjected
to three successive immunoprecipitations with antibodies directed against p21 or p27. Cyclin E, actin (act; a negative control), p21, and p27 levels in the starting extracts
and in the supernatant following the third IP were assessed by immunoblotting. Clearing of a major fraction of cyclin E from the supernatant occurred only following
p21 IP, and only in extracts prepared from cells with p16 induction in this and two other experiments (data not shown). Parallel IPs with a negative-control antiserum
(anti-hemagglutinin [12CAS5]) had no effect on the level of any of these antigens (data not shown). (D) Overexpression of cyclin E or A can prevent the arrest mediated
by p16. OSp16.1 cells were cotransfected with a CMV vector expressing -gal together with an empty expression vector (V) or one expressing cyclin E (E) or cyclin
A (A). A portion of the vector-transfected (transf.) cells was replated in the presence of TET as a positive control for BrdU incorporation. p16 was induced in the
remaining cells by replating in the absence of TET for 24 h. The cells were then incubated with BrdU for 8 h, fixed, and stained for B-gal and BrdU. One hundred
B-gal-positive cells per condition were scored by an observer blinded to the treatment groups, and the results confirmed by a second, similarly blinded observer. The

mean percentage of BrdU-positive cells from three experiments is depicted. Error bars indicate standard deviations.

apparently intact pRB (3, 42). Although pl6 mutations are
uncommon in these cell lines, most show hypermethylation of
the p16 promoter, and in one study about 40% of primary
colon carcinomas also showed this modification, consistent
with a possible role for p16 in suppression of these tumors (6,
41). In HCT 116 cells, the promoter of one pl6 allele is hy-
permethylated, the other allele bears a frameshift mutation,
and functional p16 is not expressed (71).

We first asked whether p16 expression in the parental cells is
associated with an increase in total cellular and/or cdk2-bound
p21. We expressed p16 for 24 h, using a replication-defective
adenovirus (Ad5p16), and compared p21 levels in these cells to
those in cells that were either mock infected or infected with a
control adenovirus expressing 3-gal (Ad5lacZ). Immunofluo-
rescence staining of cells exposed to similar viral multiplicities
of infection (determined on 293 cells) demonstrated that p16
expression occurred in about 25% of the Ad5p16-infected cells
and that B-gal expression occurred in about 40% of the
Ad5lacZ-infected cells (data not shown). (Use of higher mul-
tiplicities of infection resulted in nonspecific toxicity and was
therefore avoided.) We observed induction of p21 and in-
creased binding of p21 to cdk2 in the Ad5pl6-infected cells
compared to the two controls (Fig. 5). When the fraction of
pl6-expressing cells is taken into account, induction of p21
mediated by p16 in the HCT 116 cells appears to be somewhat
stronger than that in U2-OS cells.

We then assayed the ability of p16 to inhibit DNA synthesis
in the parental and p21-null cells. To facilitate comparison of
the effects of p16 expression in these cells with those of both
negative and positive controls, we employed cotransfection of
test plasmids in the presence of a constant amount of marker
plasmid, as described above (Fig. 3D). We monitored DNA
synthesis by performing serial additions of BrdU at between 24

and 48 h after transfection. Transfection of the p16 expression
vector strongly inhibited DNA synthesis in the parental cells,
relative to transfection with the empty vector, but was ineffec-
tive in the p21-null derivative (Fig. 6A and B). A similar result
was observed in a comparison of Ad5p16- and AdSlacZ-in-
fected cells, although the level of BrdU incorporation was
moderately lower in the virus-infected cells than in the trans-
fected cells (data not shown). Immunofluorescence staining
demonstrated that expression of the B-gal marker (Fig. 6A)
and p16 (data not shown) in the culture of cells with wild-type
p21 was similar to that in the p21-null cell cultures. We then
asked whether the p21-null cells were nonspecifically insensi-
tive to cdk inhibition by transfecting a vector expressing a
dominant-negative mutant of cdk2 (cdk2DN) (103). Although
the p21-null cells showed a trend toward more BrdU incorpo-
ration at baseline than the parental cells, cdk2DN showed the
same percentage of inhibition of DNA synthesis in the two
cultures, in marked contrast to p16 (Fig. 6B).

We then sought to confirm by flow cytometry that the effects
of pl6 represented an inhibition of cell cycle progression
rather than an effect on DNA repair synthesis or on BrdU
uptake. We cotransfected cells with a vector expressing a cell
surface marker (CD20) and used flow cytometry to focus the
analysis on successfully transfected cells. Equivalent fractions
of cells for each set of transfection conditions were identified
as successfully transfected (see the legend to Fig. 6C), and
histograms of anti-CD20 fluorescence intensity and direct
staining for pl6 expression in parallel transfections showed
that the levels of expression of the transfected proteins were
similar in the two cell types (data not shown). The flow cytom-
etry results showed that p16 expression inhibited S phase entry
by 65% in the parental cells but by only 29% in the p21-null
derivative (Fig. 6C). The large difference between the re-
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FIG. 4. Inhibition of cyclin E-associated kinase activity by induction of p21
alone to levels induced by P16. (A) OSp21.1 cells were either maintained in
medium with suppressive levels of TET (1.5 pg/ml; uninduced [Un]) or treated
with concentrations of TET (0.1 and 0.01 wg/ml; Ind) chosen to induce p21 to a
level (right) similar to that observed in OSp16.1 cells upon full induction of p16
(left). p21 levels in extracts normalized for protein content were determined by
immunoblotting. Protein content was documented by immunoblotting for actin.
(B) Inhibition of cyclin E-associated kinase activity by p21 induction in OSp21.1
cells. Extracts were prepared from OSp21.1 cells maintained for 3 days in media
containing different concentrations of TET, as described for panel A. Cyclin E
was immunoprecipitated. The complexes were normalized for cdk2 (K2) content
and assayed for kinase activity with histone H1 as a substrate. cdk4 (K4) activity
was also assayed, in a like manner, using gstRB as a substrate (normalization
data are not shown). Quantitation of these signals revealed that cyclin E-asso-
ciated kinase activity was inhibited in OSp21.1 cells by 40 and 75% in 0.1 and 0.01
g of TET/ml, respectively. Since p21 levels under these conditions were, re-
spectively, slightly lower and higher than that observed with p16 induction, we
estimate that 50% inhibition of cyclin E-associated kinase activity can be ex-
pected for a comparable level on p21 induction alone. This compares with 75%
inhibition of cyclin E-associated kinase activity seen with p16 induction (Fig. 1C).

sponses to pl6 of the two cell types was maintained across all
levels of CD20 staining intensity (data not shown). We con-
clude that in the absence of the p21 gene, p16 inhibits DNA
synthesis in HCT 116 cells much less efficiently than in its
presence.

DISCUSSION

We have investigated the mechanism of cell cycle inhibition
by the tumor suppressor pl6. In U2-OS osteogenic sarcoma
cells, p16 induction causes a marked reduction in the specific
activity of cyclin E-cdk2 complexes. Binding of p16 to cdk4 and

TABLE 2. Inhibition of [*H]thymidine incorporation by induction
of p21 in OSp21.1

% Inhibition of [*H]thymidine

TET concn incorporation”
(ng/ml)
Expt 1 Expt 2
1.0 0 0
0.1 3514 44 =4
0.01 754 76 =6

@ Values, normalized to percent [*H|thymidine incorporation in uninduced
cells, are means *+ standard deviations of data from three determinations.
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FIG. 5. Increase in total cellular and cdk2-associated p21 levels mediated by
pl6 expression in HCT 116 cells. (A) Induction of p21 by pl6 in adenovirus-
infected cells. Parental HCT 116 cells (p21*/") were mock infected (Un), in-
fected with Ad5lacZ (Z), or infected with Ad5p16 for 24 h. Extracts were
prepared and normalized for protein content. p21 was detected by immunoblot-
ting. The same extracts were probed for actin by immunoblotting (below) as a
control to assess protein content. An extract prepared from OSp21.1 cells main-
tained for 3 days in the absence of TET served as a positive control (C). (B) p16
mediates an increase in association of p21 with cdk2 (K2) in adenovirus-infected
cells. cdk2 complexes were immunoprecipitated from the extracts described
above, and associated p21 was detected by immunoblotting.

cdk6 blocks the binding of cyclin D1, p21, and p27 to these
cdk’s. Concomitantly, the total cellular level of p21 increases
severalfold. The majority of cyclin E complexes become bound
by p21, and these complexes retain little catalytic activity. In-
duction of p21 alone can substantially reproduce this effect and
is sufficient to significantly inhibit DNA synthesis without de-
tectably affecting cdk4 activity. p21 induction and its binding to
cdk2 are also observed following pl6 expression in HCT 116
colorectal carcinoma cells. Targeted deletion of the p21 genes
in these cells severely compromises p16’s ability to arrest the
cell cycle.

Cyclin A expression is moderately inhibited by induction of
pl6 or p21 alone. This suggests that p21 induction can also
account, at least in part, for the effect of p16 on cyclin A. We
found that overexpression of cyclin A, as with cyclin E, can
prevent pl6 from arresting the cells. Thus, our results are
consistent with the following model: cyclin E kinase activity
stimulates the expression of cyclin A, which then initiates DNA
synthesis or cooperates with cyclin E to do so. This model
remains speculative, however, because this study did not ad-
dress whether cyclin A expression is directly regulated by cyclin
E kinase activity and because, when overexpressed, these cyc-
lins may gain functional capabilities not present at normal
expression levels.

Induction of p21 by p16. The induction of p21 (and inhibi-
tion of cdk2) does not appear to be simply secondary to cell
synchronization at the p16 arrest point in late G, (58), because
it does not occur in cells lacking p16 during synchronous transit
of these cells through late G, or during an early G, arrest
imposed by lovastatin. If p16 is expressed during the lovastatin
block, then p21 is induced, without marked changes in the cell
cycle profile. p21 levels also do not change significantly when
the lovastatin block is relieved and the cells become arrested by
effects of pl6. Thus, the induction of p21 appears to be a
specific consequence of pl6 induction rather than simply a
result of arresting cells at a point at which p21 levels are
normally high. On the other hand, it would not be surprising if
induction of p21 by pl6 were dependent in part on the cell
cycle position; for example, we do not know yet whether ex-
pression of pl6 can cause an increase in p2l levels or an
inhibition of cdk2 within S or G,/M phase.

p21 induction in response to p16 was not observed in studies
of a U2-0OS cell clone which were published while this work
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was under review (65). The reason for this discrepancy is not
clear. We have observed that in dense U2-OS cell cultures, p21
levels can increase as cells not subjected to pl6 induction
approach confluence, counterbalancing to some extent the in-
duction of p21 due to pl6. Our studies were routinely per-
formed with cell cultures that were less than 50% confluent.

Our initial studies of the mechanism of p21 induction by p16
in U2-OS cells suggest an increase in translation of the p21
mRNA. Most known means of p21 regulation occur at the
mRNA level (21, 22, 74). Evidence for translational control of
p21 has been found previously during serum stimulation of
quiescent normal breast epithelial cells and during a second
phase of p21 induction in irradiated breast carcinoma cells that
follows the initial increase in its mRNA (34). cdk4, p27, and
the yeast cyclin CLN3 are three other proteins for which trans-
lational regulation is thought to play a significant role in influ-
encing entry into the cell cycle (25, 40, 69, 77). However, we did
not detect changes in p27 or cdk4 levels in our experiments,
and there is no evidence at this point for a common mechanism
regulating their translation. p21 induction by p16 is, likewise,
not obviously accounted for known effects of pRB or p53, but
further work will be required to define the mechanism in de-
tail.
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FIG. 6. pl6 expression strongly inhibits S phase entry in p2 cells but not
in p217/~ cells. (A and B) BrdU incorporation. Parental (p21*/*) and p21~/~
HCT 116 cells were cotransfected with a constant amount of a CMV vector
expressing B-gal and either the same empty vector or one expressing pl6 or
c¢dk2DN. BrdU was added in several additions 24 to 48 h after transfection, and
the cells were fixed and stained for B-gal and BrdU. (A) Quantitative fluorescent
micrographs were obtained from a single field of p21™/* cells (top) or p21~/~
cells (bottom) transfected with the p16 expression vector. B-Gal is stained red,
BrdU is stained green (giving a yellow tinge when combined with red), and
nuclear DNA (detected with bisbenzimide) is stained blue. (B) One hundred
B-gal-positive cells per transfection condition were scored through direct micro-
scopic examination of random medium-power fields by an observer blinded to
the treatment groups. The results were confirmed by a second, similarly blinded
observer. The mean percentage of BrdU-positive cells from three experiments is
depicted. Error bars indicate standard deviations. (C) Flow cytometry. The
respective cells were cotransfected with a constant amount of a CMV vector
expressing CD20 and either the same empty vector or one expressing p16. Single,
CD20-positive (green fluorescent) cells were identified by flow cytometry 36 h
after transfection and analyzed for DNA content. One hundred thousand events
were collected for each transfection condition and subjected to identical gating
parameters. This analysis yielded a similar number of cells from each transfection
condition: 3,812 (p21*/*; vector), 2,810 (p21*/*; p16), 2,718 (p21~'~; vector),
3,503 (p217/7; p16), and 49 (mock transfected; data not shown). The S phase
fraction is highlighted with cross-hatching and quantitated above each profile.
Comparable results were obtained in a second experiment (data not shown).

Inhibition of cdk2 through CIP/KIP redistribution and in-
duction of p21. The effect of induction of p21 on cdk2 com-
plexes is likely augmented by pl6-mediated displacement of
cyclin D1 from cdk4 and cdk6. This prevents binding of p21
and shunts preexisting and newly synthesized protein to other
binding partners, including cdk2. Because the half-life of p21 in
U2-0S cells is only an hour, redistribution of preexisting p21 is
likely to have a minimal impact. We also observed a transient
increase in p27 levels associated with cdk2 during p16 induc-
tion, even though total cellular levels of p27 remained con-
stant. These results are consistent with prior studies with ker-
atinocytes that revealed a redistribution of CIP/KIP inhibitors
from cdk4/6 to cdk2 on induction of p15 (82, 83) and with two
recent, independent studies demonstrating redistribution of
p21 and/or p27 on induction of p16 for 24 h in U2-OS cells (43,
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65). These findings confirm the recent predictions, derived
from the X-ray crystal structure of p16 bound to cdk6, that p16
binding likely antagonizes the binding of cyclin D and the
CIP/KIP inhibitors (89). pl6-mediated shunting of p27 and p21
to cdk2 may account for the residual gap between the effects of
p21 induction alone and p16’s ability to inhibit cyclin E kinase
activity (e.g., 50% versus ca. 75%, respectively, at day 3 in the
U2-0S clones) and DNA synthesis (e.g., 50% versus ca. 90%),
respectively).

An exact accounting of the relative contributions of p21
induction and CIP/KIP redistribution to pl6’s effects is not
possible with these data, because the latter and/or other effects
of p16 may accentuate (or, conceivably, mute) the effects of the
former assayed in isolation. However, our results suggest that
redistribution of p21 and p27 is likely markedly potentiated by
the increase in the total cellular level of p21. p21 induction
begins within the first 24 h of p16 expression in both U2-OS
cells and HCT 116 cells, and it continues, at least in U2-OS
cells, over the next 2 days. By day 3, the majority of cyclin E in
the cells is associated with p21. Moreover, the absence of p21
at between 24 and 48 h of p16 expression in HCT 116 cells
abrogates efficient cell cycle arrest.

Our finding, and that of others (43, 65), that p16 induction
results in inhibition of cyclin E complex activity differs from
that of an earlier study (59). One potential explanation for this
difference is that in our hands, the monoclonal antibody used
in the latter study did not efficiently immunoprecipitate CIP/
KIP-bound cyclin E complexes (data not shown). Under con-
ditions in which the antibody was limiting, we found that it did
not detect CIP/KIP-mediated inhibition of cyclin E kinase ac-
tivity.

Our observations suggest that pl6-mediated inhibition of
cdk4/6 per se may not be sufficient to impose a cell cycle arrest.
Support for this notion comes from recent results of Jiang et al.
(43), who found that a dominant-negative mutant of cdk4
(cdk4DN) could effectively inhibit endogenous cyclin D1-asso-
ciated kinase activity without imposing an arrest. It will also be
interesting to examine whether expression of cdk4DN yields
induction of p21. In this setting, cdk2 activity is unaffected and
pRB remains in a slow-migrating, apparently hyperphosphory-
lated form (43). Thus, inhibition of cdk4 and cdk6 appears to
be dissociated from hypophosphorylation of pRB or cell cycle
arrest. If p21 is not induced in this setting, then one (or both)
of these latter features is likely required to achieve p21 induc-
tion, in addition to inhibition of cdk4 and cdk6. Alternatively,
p21 may be induced by inhibition of cdk4 and cdk6 per se, and
the additional cyclin D-cdk4DN complexes may sequester p21,
preventing it from binding and inhibiting cdk?2.

In considering the time course of p16’s effects, we note that
there is currently no known physiologic setting in which p16 is
acutely induced. Expression of the protein appears to increase
gradually and persist at high levels during cellular senescence
(1, 36, 84, 86, 113). Although little is yet known about pl6
regulation during tumorigenesis, high-level pl6 expression is
found in some tumors, presumably reflecting sustained expres-
sion (4, 14a, 28, 30). We find that the cell cycle arrest mediated
by induction of p16 for 24 h in U2-OS cells is reversible if TET
is restored and pl6 levels are allowed to return to baseline
(14a). In contrast, following sustained induction of p16 for 3
days, a significant fraction of cells are no longer able to resume
growth during the ensuing 12 days, long after the return of p16
expression to the baseline. This latter state is accompanied by
features of cellular senescence (14a, 48, 66, 102). Thus, the
events occurring within the first 24 h of p16 induction, includ-
ing the conversion of most of the pRB to a hypophosphory-
lated form and redistribution of preexisting CIP/KIP inhibi-
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tors, appear to be insufficient to mediate a durable cell cycle
inhibition. This observation suggests the importance of delin-
eating subsequent elements of the response to p16, such as the
increasing inhibition of cdk2 activity described in this study.

p21 and tumor suppression. If p21 is a key mediator of p16’s
effects, then why is p21 not also a major tumor suppressor?
This question has, in fact, been posed since the identification of
p21 as an effector for p53 (10, 16, 22). A variety of recent data
suggest that p21 does have tumor suppressor properties. p21
mutations are found at a low frequency in several human
tumors (61), and a p21 mutation demonstrated to specifically
abrogate its binding to cdk’s was identified in a primary breast
tumor (5). The human papillomavirus E7 transforming protein
interacts with p21, disrupting its interaction with cdk’s (29, 44).
Keratinocytes from p21-null mice are more highly tumorigenic
than their wild-type counterparts following expression of an
activated ras allele (70), and high-intensity Raf signaling is
opposed by p21 (97). Finally, mice doubly nullizygous for p21
and pRB are more tumor prone than those that are null for
pRB alone (9). The latter finding also reinforces evidence that
p21 does not act solely through its effects on pRB.

Several possible explanations for why p21 gene alterations
are not found more frequently in tumors have been put for-
ward. p21 does not appear to be required for most forms of
p53-mediated apoptosis (10), and it may protect against apo-
ptosis in myocytes (105). Therefore, the loss of p21 in some
neoplastic cells may avoid a G, arrest but yield apoptosis in-
stead. p21 has several properties that may be useful to tumor
cells, potentially negating the growth advantage of a loss of the
protein. These include the abilities to interact with proliferat-
ing cell nuclear antigen and DNA methyltransferase and to
promote assembly of cyclin-cdk complexes (11, 13, 53, 109).
Our results and those of others suggest that p27 may, in some
instances, act redundantly with p21 in mediating cell cycle
arrest (43, 82, 83). Finally, in some tumors, a loss of E2F-
dependent transcription and/or other effects of pRB activation
might eventually be sufficient to cause cell cycle arrest, without
the need for CIP/KIP-mediated inhibition of cdk2. Our data
suggest that p21 is not absolutely essential for p16 to mediate
cell cycle inhibition, because some inhibition was reproducibly
observed in the p21-null HCTI16 cells, albeit at a much lower
efficiency than in the parental cells.

Potential interactions of the pl6 response pathway. The
identification of p21 as an effector for p16 and cdk2 as a target
of its actions delineates a new branch of the pl6 response
pathway. Therefore, other influences on p21 and cdk2 activi-
ties may affect p16’s ability to mediate cell cycle arrest. An
example is presented by the ARF/pS53 pathway. p16 and ARF
are often coexpressed in tumors, tumor cell lines, and senesc-
ing cells, even though transcription of the two proteins is not
always coordinately regulated (47, 85, 112, 113). Our results
indicate that p21-mediated inhibition of cdk2 is a common
element of the ARF/p53 and p16/pRB response pathways and,
thus, a potential point of cooperation between them.
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