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The regulation of the D-type cyclin-dependent kinase
(CDK4 and CDK6) activity appears to be the key step in
the progression of eukaryotic cells through the G1 cell
cycle phase. One of the mechanisms involved in this
process is the binding of some small proteic inhibitors,
with a molecular mass ranging between 14 and 20 kDa,
to these CDKs. We have evaluated the amount of two
such inhibitors, namely p16INK4 and p18, in normal and
transformed cells, as well as the biochemical features of
the macromolecular complexes containing these pro-
teins. The results obtained indicated that (i) p18 gene
expression, unlike p16INK4 gene, is not regulated by pRb
status, (ii) no evident relationship exists between the
expression of p16INK4 and p18 genes, (iii) significant
amounts of the two proteins are not bound to CDKs but
occur as free molecules, (iv) each inhibitor forms a com-
plex with the CDK protein with a 1:1 stoichiometry, and
(v) a competition exists between cyclin D and the inhib-
itor protein toward the CDK protein resulting in the
absence of detectable cellular free kinase. Moreover,
employing the human native partially purified p16INK4

or the pure recombinant protein, we have been able to
demonstrate in vitro the dissociation of CDK4-cyclin D1
complex and the formation of CDK4-p16INK4 bimolecular
complex. Our findings suggest that during the cell divi-
sion cycle themembers of the p16INK4 protein family and
cyclin Ds compete for binding to CDK4/CDK6 and that
their quantitative ratio is essential for G13 S transition.

In eukaryotes the progression through the cell cycle is due to
a biochemical cycle in which distinct cyclin-dependent serine-
threonine kinases (CDKs)1 are sequentially activated by differ-
ent cyclins (1, 2). Then activated CDKs regulate their target
molecules by phosphorylation. Finally, these downstream mol-
ecules carry out the steps that ultimately allow the ordered
development of the cell division cycle (3–7). Thus, the regula-
tion of CDK activity is the key event in the cell cycle
progression.
The level of the various CDK proteins generally does not

vary remarkably during the cycle, whereas the amount of each
cyclin undergoes dramatic changes. During the early G1 phase,
in particular, there occurs the accumulation of three D-type
cyclins (D1, D2, and D3) (8–11), which assemble into holoen-
zymes with either CDK4 (5, 7, 12) or, in a minor number of cell
types, CDK6 (13, 14). Interaction between cyclin Ds and these
CDKs is not sufficient to activate the kinase activity of the
holoenzyme, since functioning CDKs also require phosphoryl-
ation at a single threonyl residue (15).
Additional proteins are normal constituents of complexes

formed between D-type cyclins and CDK4 (or CDK6), including
the proliferating cell nuclear antigen and a small protein
named p21. Proliferating cell nuclear antigen, the processivity
factor required by eukaryotic DNA polymerases d and e (16–
21), is involved in the control of the rate of chromosome repli-
cation as well as in the repair of damaged DNA (22, 23). p21 is
a negative regulator of all CDK multisubunit complexes, in-
cluding the kinases of this family involved in the progression of
the cycle through S, G2, and M phases (24–27). The protein is
a usual constituent of these holoenzymes in their active form
(24), but when the level of p21 increases, the stoichiometry of
the complexes appears modified with the subsequent inhibition
of the kinase activity (26).
A proteic inhibitor structurally and functionally linked to

p21, namely p27kip1, was also found to bind to and thus to
inhibit various cyclin-CDK enzymatic activities. This protein
seems to play a key role in the regulation of G1 cell cycle arrest
by transforming growth factor b, cAMP, and cell-cell contact
(28–30).
A further key CDK proteic inhibitor, in addition to the above

described, is a small peptide named p16INK4. Two main func-
tional and structural differences appear to exist between p21/
p27kip1 and p16INK4, namely (i) p21/p27kip1 are expressed
mainly as a consequence of external stimuli that inhibit cell
growth (25, 31, 32) and/or that might induce cell differentiation
(33, 34), whereas p16INK4 seems to belong to an intrinsic reg-
ulatory loop mainly related to the control of pRb phosphoryla-
tion status (35); and (ii) p21 (and p27kip1) forms multisubunit
complexes containing CDK and other proteins, whereas
p16INK4 seems to form a binary complex with CDK4 or CDK6,
thus destroying or preventing the formation of the kinase ac-
tive complexes. It is noteworthy, in this context, that very few
direct biochemical analyses have been carried out to investi-
gate the cellular amount and stoichiometry of complexes in-
volving p16INK4 that occur in the G1 phase (36).
The importance of a detailed characterization of in vivo oc-

curring p16INK4-containing complexes has greatly increased
since the discovery of a strict connection between p16INK4 gene
alterations and cancer development. Indeed a tremendous
number of studies clearly revealed the inactivation of this gene
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Università di Napoli, Via Costantinopoli 16, 80138 Napoli, Italy. Tel.:
39-81-441751; Fax: 39-81-441688.
§ Present address: Stazione Zoologica “Anton Dohrn,” Villa Comunale

1, 80121 Naples, Italy.
1 The abbreviations used are: CDK, cyclin-dependent serine-threo-

nine kinase; FPLC, fast protein liquid chromatography.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 271, No. 27, Issue of July 5, pp. 15942–15949, 1996
© 1996 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

15942

 by guest on July 23, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


in a very large range of human tumors and transformed cell
lines (37–45), thus pointing to this gene as a new important
tumor suppressor gene.
It is noteworthy that 9p21 deletions, the locus of the p16INK4

gene, often involve a gene strictly linked to p16INK4, which is
named p15INK4B gene or p14INK4B gene (46, 47). Such a gene
codifies for a protein that presents a noticeable degree of struc-
tural homology with p16INK4 and also a superimposable mech-
anism of action. However, the few regulatory data available
(46) indicate that p15INK4B gene expression is up-regulated by
external cellular stimuli (tumor growth factor b treatment),
while p16INK4 appears to be an intrinsic and constitutive brake
of cell proliferation.
Recently, a third member of the p16INK4 gene family has

been identified and cloned (47). This gene codifies for a protein,
named p18, which also shows considerable structural and func-
tional homology with p16INK4, being able to bind to and inhibit
strongly CDK6 and, perhaps in a weaker way, CDK4. Interest-
ingly, the p18 gene is localized at the 1p32 chromosomal region,
which is an area well known in molecular oncology, being
altered in several tumors (47).
Due to the strict linkage between CDK inhibitors, including

p16INK4 and p18, and cancer development we have begun re-
search aimed at investigating the amount and distribution of
these putative tumor suppressor proteins in normal and trans-
formed cells. In order to get information on these aspects we
have analyzed the stoichiometry and the levels of the p16INK4-
and p18-containing complexes in some established cell lines by
means of gel filtration chromatography followed by immuno-
blotting analysis of the single fractions. We have also at-
tempted to reproduce in vitro the effect of p16INK4 protein on
the structure of cellular CDK4-containing complexes.
Our results allow (i) a direct evaluation of the type of com-

plexes involving p16INK4 and p18 and (ii) the determination of
the stoichiometry of complexes involving these CDK inhibitors.
Moreover, in this paper we propose a new methodology to
investigate the interactions existing between the molecules
involved in the cell division cycle. The findings are discussed in
light of the possible meaning of p16INK4 and its homologue p18
in cell division cycle progression and in cancer development.

EXPERIMENTAL PROCEDURES

Materials—Alkaline phosphatase-conjugated goat anti-rabbit IgG,
3-bromo-4-chloro-3-indolyl phosphate, nitro blue tetrazolium, phenyl-
methylsulfonyl fluoride, tosylphenylalanyl chloromethyl ketone, re-
duced dithiothreitol, Nonidet P-40, chymostatin, isopropyl-b-D-thiogal-
actoside, soybean trypsin inhibitor, and leupeptin were supplied by
Sigma. ECL Western blotting detection system was supplied by Amer-
sham (Buckinghamshire, United Kingdom). The p16INK4 coding se-
quence cloned into the pRSET-A vector (Invitrogen, San Diego, CA) was
kindly given by Dr. Jiri Lukas (Division of Tumor Biology, Danish
Cancer Society, Copenhagen, Denmark). GST-p16INK4 antibodies were
provided by Drs. M. Serrano and D. Beach of the Cold Spring Harbor
Laboratory, New York (35) or obtained from PharMingen (San Diego,
CA). Rabbit polyclonal antibodies directed against human CDK4 and
cyclin D1 were kindly given by Drs. G. Draetta and M. Pagano (Mitotix
Inc., Boston, MA). Antibodies against p18 were a kind gift of Dr. Y.
Xiong (Department of Biochemistry and Biophysics, University of
North Carolina, Chapel Hill, NC). p21, p27kip1, and p15INK4B antisera
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The
cell lines employed were grown as reported in Ref. 48. Primary cultures
of osteoblasts, condrocytes, and fibroblasts were prepared as in Ref. 49.
All other chemicals were obtained from commercial sources and were of
the highest grade available.
Preparation of Recombinant p16INK4—The recombinant protein was

prepared essentially as reported in Ref. 36. Briefly, Escherichia coli
BL21(DE3)pLysS were transformed with the p16INK4 pRSET-A vector,
and the expression of the protein was induced by the addition of 1 mM

isopropyl-b-D-thiogalactoside. The hexahistidine-tagged p16INK4 was
then recovered from the inclusion bodies and solubilized in 6 M urea.
Finally, the protein was purified by affinity chromatography on chelat-

ing Sepharose, dialyzed to remove urea, and concentrated by
ultrafiltration.
Preparation of Cell Extracts—All the cell lines employed were grown

up to 70–80% confluency in 100-mm dishes following the methodology
reported in Ref. 48. After the removal of the medium, the cultures were
washed 3 times with cold phosphate-buffered saline (120 mM NaCl, 2.7
mM KCl, 10 mM sodium phosphate, pH 7.4). The cells were then scraped
from the dishes in 2 ml of phosphate-buffered saline and centrifuged at
800 3 g. The cell pellet was resuspended at an approximate density of
5–10 3 107 cells/ml in the lysis buffer (50 mM Tris/HCl, pH 7.4, 150 mM

NaCl, 0.1% Nonidet P-40, 100 mg/ml phenylmethylsulfonyl fluoride, 100
mg/ml tosylphenylalanyl chloromethyl ketone, 1 mg/ml leupeptin, 0.83
mg/ml chymostatin, 10 mg/ml soybean trypsin inhibitor, and 0.5 mM

dithiothreitol) and left to incubate for 1 h at 4 °C. Cellular extracts were
then centrifuged at 15,000 3 g for 15 min in order to remove the cell
debris, and the supernatants were harvested and stored at 280 °C if not
used immediately. Nuclear and cytosolic extracts were prepared as
described in Ref. 50.
Purification of Cell Extracts on Gel Filtration Chromatography—500

ml of sample (2–10 mg of proteins) were loaded on a Superdex-75 HR
column (Pharmacia, Uppsala, Sweden) connected to a fast protein liq-
uid chromatographic system (FPLC) (Pharmacia). The elution was car-
ried out by employing 50 mM Tris/HCl, pH 7.4, 200 mM KCl, as eluent
at a flow rate of 0.5 ml/min, and fractions of 250 ml were collected. The
flow-through of the column corresponded, under these conditions, to
fractions 28–30. The column was standardized by employing a proteic
mixture containing bovine serum albumin (68 kDa, eluted in fractions
38–39), ovalbumin (43 kDa, fractions 42–43), carbonic anhydrase (30
kDa, fractions 49–50) and cytochrome c (12.4 kDa, fractions 61–63).
The standards were run before and after three sample analyses to verify
the efficiency of separation. Less than 5% variation in the elution times
was noticed among all the chromatographic analyses carried out. The
fractions were added with protease inhibitor mixture (final concentra-
tions as indicated above for the lysis buffer) and stored at 4 °C when
immediately analyzed or at 280 °C when stored for prolonged time
periods.
Effect of Partially Purified p16INK4 or Recombinant p16INK4 on U-118

Cell Extracts—Three fractions (53, 54, and 55) obtained from three
different FPLC chromatographic analyses of HBL-100 extract were
pooled (total volume, 1.8 ml). 200 ml of such partially purified free
p16INK4 protein (about 3–6 mg of protein) were added to 300 ml of U-118
cell extract (about 2 mg of protein) and incubated for 30 min at 30 °C.
The assay mixture was then applied onto a Superdex-75 HR column and
chromatographed as described above. Each fraction was then analyzed
by immunoblot for cyclin D1, CDK4, and p16INK4 proteins. Moreover an
additional 200-ml aliquot of the p16INK4 pool was analyzed by FPLC,
and the fractions were studied by immunoblotting employing anti-
p16INK4 antibodies.
An identical experimental scheme was used to investigate the effect

of human recombinant pure p16INK4 on naturally occurring cyclin D1-
CDK4 complex. In this case, different amounts of protein (namely 1, 10,
or 100 ng of p16INK4) were added to 2 mg of U-118 extracts, and the
mixture was processed as described above.
In the investigations employing partially purified native p16INK4, we

also performed a negative control experiment using 200 ml of the
p16INK4 pool that were depleted by this polypeptide as follows. 15 ml of
antiserum anti-p16INK4 were incubated for 3 h with 100 ml of protein
A-agarose (diluted 1:2 in phosphate-buffered saline). The gel was then
washed 3 times with 100 mM Tris/HCl, pH 7.4, and the anti-p16INK4-
protein A-agarose was incubated with 300 ml of the pool of fractions
containing HBL-100-free p16INK4 protein for 3 h at 4 °C. The superna-
tant was then recovered, and a 40-ml aliquot was analyzed by immu-
noblotting to confirm the p16INK4 protein depletion. Finally, 200 ml of
the p16INK4-depleted sample were incubated with U-118 cell extract
and analyzed by FPLC as described above.
Immunoblotting and Immunoprecipitation—About 40 ml of each

FPLC fraction or 50–200 mg of cell extracts were analyzed by SDS-
polyacrylamide gel electrophoresis employing a 15% polyacrylamide
resolving gel, transferred to a nitrocellulose membrane, and incubated
with different antisera (48). The immunocomplexes were detected by
the alkaline phosphatase method or by the ECL techniques as described
in Ref. 48. Immunoprecipitation experiments on cell extracts were
carried out essentially as described in Ref. 51, employing various anti-
bodies. The immunoprecipitates were then analyzed by immunoblotting
as described above.
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RESULTS

p16INK4 and p18 Protein Level in Human Cells—Although
both p16INK4 and p18 proteins have been demonstrated to be
capable of binding to and inhibiting CDK4 and CDK6 activities,
few data on the amount of these two proteins in a specific cell
type are available. To clarify this point, we have examined
their levels in three primary cultures obtained from normal
mesenchymal tissues and in a number of transformed cell lines
by means of immunoblotting technique. Some of them, like
many established cell lines, do not express p16INK4 protein as a
consequence of the homozygous deletion of the codifying gene.
As reported in Table I, all the primary cell cultures express

clearly evident and quite similar levels of both p16INK4 and p18
proteins (Fig. 1): in particular, the osteoblastic cells appear to
produce remarkably high levels of p16INK4 protein. On the
other hand, due to either their malignant condition or their
different histological origin, signals of different intensity were
obtained by analyzing the established cell lines (Fig. 1).
Moreover, and more importantly, no relationship seems to

exist between the level of p16INK4 and p18, thus suggesting the
absence of common regulatory loop(s) that could control the
expression of the two genes. Table I also reports the informa-
tion available on the status of RB1 gene in some of the cells
analyzed. These data confirm that the functional inactivation
of pRb is a strong signal for p16INK4 gene expression and, more
interestingly, suggest that this mechanism does not control the
p18 gene.
The probable independence of the p16INK4 and p18 gene

expression along with the notion that both of these proteins are
known to form complexes with CDK4 and CDK6 prompted us
to investigate the biochemical features of the complexes involv-
ing these CDK inhibitors by using cell extracts prepared from
some of the cell lines reported in Table I. Indeed, as stated in
the Introduction, while several studies have been carried out by
following the inhibition of the kinase activity and by using
recombinant proteins, few biochemical investigations have
been performed by employing cellular extracts.
We used the data obtained (Table I and Fig. 1) to select three

cell lines (namely U-118, HBL-100, and Saos-2) in order to

characterize the composition and stoichiometry of the com-
plexes involving p16INK4 and p18 proteins. The rationale of this
choice was the following. U-118, like a large number of glioma
cell lines, does not express p16INK4 protein; thus, it seems an
excellent source to analyze only complexes involving p18 pro-
tein. Saos-2, an osteosarcoma-derived cell line, contains a sig-
nificant amount of both p16INK4 and p18 proteins. Although
this cell line has an inactivated RB1 gene, the levels of both
p16INK4 and p18 are similar to those of its normal counterpart,
namely human osteoblasts (Table I). Thus, Saos-2 could repre-
sent an appropriate model to investigate the type and amounts
of complexes containing these two CDK inhibitors. Finally, the
HBL-100 cell line showed a high level of p16INK4 and scarce
amounts of p18; thus, it might be an excellent source of human
native p16INK4 protein.
The cellular contents of CDK4, cyclin D1, p15INK4B, p21, and

p27kip1 were then analyzed in the selected lines by using direct
immunoblotting with specific antibodies. The levels of these
proteins were evaluated since they represent either proteins
potentially interacting with p16INK4 and p18 or additional CDK
inhibitors. The results of direct immunoblotting analyses of
extracts from these cell lines were reported in Fig. 2. CDK4 was
clearly expressed in U-118, Saos-2, and HBL-100, although the
amount of the kinase was higher in Saos-2 and U-118 than in
HBL-100. Cyclin D1 was distinctly detectable only in U-118,
whereas it appeared lacking in HBL-100 and Saos-2. p21 (data
not reported) and p15INK4B signals were not evident in the cell
extracts while faint bands (probably a doublet) of p27kip1 pro-
tein were observable in all three cell lines.
The levels of cyclin D2 and D3 and of CDK6 were not inves-

tigated, since these proteins were not expressed in these cell
lines with the only exception of small amounts of CDK6 in
U-118 (14, 51).
On the basis of these results, we hypothesized that U-118

cells should contain complexes formed by CDK4-p18 and/or
CDK4-cyclin D1, while both CDK4-p16INK4 and CDK4-p18
might be present in Saos-2 and only CDK4-p16INK4 in HBL-
100. Moreover, the high level of p16INK4 protein demonstrated
in HBL-100 allowed us to choose this cell line as an optimal
source of this protein in order to prepare adequate amounts of
native p16INK4 protein, possibly free from other components of
the cell cycle.
Characterization of p16INK4- and p18-containing Complexes

in HBL-100, Saos-2, and U-118 Cell Lines—Although we could
not rule out the possibility that the entire amount of p16INK4

was bound to CDK4, the high level of this protein in HBL-100
suggested to us the possible presence of free protein. To inves-
tigate this possibility, we decided to analyze the molecular
mass of the complexes involving the CDK inhibitors in this cell
line by separating an HBL-100 cellular extract on a gel filtra-
tion column and analyzing the amount of p16INK4 and CDK4
occurring in each fraction by direct immunoblotting. The cellu-
lar extracts were separated by means of a Superdex-75 HR

TABLE I
p16INK4 and p18 protein levels and pRb function in human cell

preparations
Details on the panel of cells surveyed are reported in Refs. 48 and 49.

The status of pRb in each cell was evaluated by references in literature
(51) or by means of specific antibodies (F. Della Ragione, C. Mercurio, V.
Delle Pietra, S. Mastropietro, A. Borriello, A. Oliva, and V. Zappia,
unpublished results). p16INK4 and p18 levels were determined by im-
munoblotting as reported under “Experimental Procedures.” NA, not
available.

Cell type Origin p16INK4 p18 pRb function

Normal
Osteoblasts Bone 111 111 1
Fibroblasts Skin 11 111 1
Condrocytes Cartilage 11 111 1

Transformed
ZR-75 Breast 11 11 1
HBL-100 Breast 11111 1 2
MCF-7 Breast 2 1 1
MDA-231 Breast 2 11 1
JR-8 Melanoma 11 111 NA
Saos-2 Osteosarcoma 111 111 2
U-118 Glioma 2 1111 NA
MG-P Glioma 2 11111 1
Caco-2 Colon 2 11 NA
LAN-5 Neuroblastoma 6 11 1
K562 Leukemia 2 6 1
CCRF-CEM Leukemia 2 11111 1
OC-A Ovary 2 11 1
Hep-LT Liver 2 1 1

FIG. 1. Immunoblotting detection of p16INK4 and p18 in human
normal and transformed cells. The analyzed cellular extracts are as
follows: fibroblasts (lane 1), condrocytes (lane 2), osteoblasts (lane 3),
Saos-2 (lane 4), U-118 (lane 5), MCF-7 (lane 6), HBL-100 (lane 7), JR-8
(lane 8). 80 mg of protein were separated by denaturing polyacrylamide
gel electrophoresis, transferred to a nitrocellulose membrane, and in-
cubated with antibodies to the indicated proteins.
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column, which allows a very high resolution of native proteins
with a molecular mass lower than 80 kDa. Fig. 3A shows a
typical result of these experiments; each fraction obtained
after the chromatographic separation was analyzed by immu-
noblotting for the p16INK4 and CDK4 content. Cyclin D1 was
not investigated, since such a cell line lacks this protein (see
Fig. 2).
Two clear peaks of p16INK4 were detectable: one occurring at

a molecular mass of about 45–55 kDa and the other one at
about 15–20 kDa. The two peaks are completely resolved, and
no additional signals were evident in other areas of the chro-
matographic analysis, even when high amounts of sample (10
mg of total proteins) were applied to the column (data not
reported). When CDK4 occurrence was analyzed in the same
fractions, only a peak of about 45–55 kDa could be detected.
Totally superimposable results were obtained when Saos-2 cell
extracts were analyzed by means of this methodology (data not
shown). Indeed, also in this cell line, two distinct pools of
p16INK4 protein occurred, one probably bound to CDK4 and a
second free of bound protein(s). Moreover, when Saos-2 was
analyzed for p18, only a peak corresponding to the unbound
p18 form was observed (data not shown).
The fractions containing free p16INK4 protein from HBL-100

cell line were rechromatographed under the same conditions,
and the protein was again eluted with an estimated molecular
mass between 15 and 20 kDa (data not shown).
From a rough estimation of the p16INK4 content of each

elution area by scanner analysis we could calculate that the
free protein represented more than 80% of its total content in
HBL-100, whereas in Saos-2 it was about 60%. These findings
indicate that in these two cell lines a significant amount of
p16INK4 protein occurs in a free form, which largely exceeds
that bound to CDK4. Moreover, in order to confirm the inter-
action between CDK4 and p16INK4 protein in HBL-100, the
cellular extract and the relevant fractions were immunopre-
cipitated with anti-p16INK4 or anti-CDK4 antisera, and then
the immunocomplexes were analyzed using antibodies against
CDK4 and p16INK4. The results showed the occurrence of
both p16INK4 and CDK4 in the immunoprecipitates, thus con-
firming the presence of the interaction between these two pro-
teins (Fig. 3B).
Successively, we analyzed the complexes occurring in U-118

cells employing the same methodology described above. In this
case, we evaluated in each fraction the occurrence of p18,
CDK4, and cyclin D1, since this cell line lacks p16INK4 protein
while presenting a detectable amount of the D-type cyclin (Fig.
2). As showed in Fig. 4, like for p16INK4 in HBL-100, two peaks
of p18 were identified corresponding to the free form and to
that bound to CDK4. This cyclin-dependent kinase was clearly

detectable in the flow-through of the column, occurring in com-
plexes with a molecular mass higher than 80 kDa. Moreover, a
faint but distinct CDK4 signal, representing about 5–10% of
the total, was observable at a molecular mass around 45–55
kDa. Cyclin D1 was detectable exclusively in the flow-through
fractions, and no additional cyclin signals could be evidenced
(Fig. 4).
Moreover, to gain additional information on the distribution

of the two CDK inhibitors, we investigated the cellular distri-
bution of p16INK4 and p18 in Saos-2, since this cell line contains
a level of these two proteins similar to that of the normal
counterpart. The results obtained (data not shown) suggest
that both the inhibitors are localized at the nuclear and cyto-
plasmic level. When, the localization of p16INK4 protein was
investigated in HBL-100, we observed large amounts at the
cytoplasmic compartment probably due to the unphysiological
overexpression.
Direct in Vitro Effect of p16INK4 Protein on CDK4 Com-

FIG. 2. Immunoblotting detection of CDK4, cyclin D1, p15INK4B,
and p27kip1 in HBL-100, Saos-2, and U-118 cells. 80 mg (for CDK4
and cyclin D1 analyses) or 200 mg of protein (for p27kip1 and p15INK4B

analyses) were separated by denaturing polyacrylamide gel electro-
phoresis, transferred to a nitrocellulose membrane, and incubated with
the antibodies to the indicated proteins.

FIG. 3. Immunoblotting analyses of CDK4 and p16INK4 in HBL-
100 extracts after gel filtration separation. A, analysis of fractions
obtained by gel filtration chromatography on Superdex-75 HR column.
Aliquots (40 ml) of the indicated fractions were separated by denaturing
polyacrylamide gel electrophoresis, transferred to a nitrocellulose mem-
brane, and incubated with the antibodies to the indicated proteins. At
the top of the panel, the arrows show where the molecular mass protein
standards are eluted. B, association of CDK4 with p16INK4 in HBL-100.
Cellular extracts were immunoprecipitated either by anti-p16INK4 (a-
p16INK4 lane) or by anti-CDK4 (a-CDK4 lane) serum. The immunopre-
cipitates were analyzed by immunoblot and probed with an antiserum
directed against CDK4 (a-p16INK4 lane) and against p16INK4 (a-CDK4
lane)

FIG. 4. Immunoblotting analyses of CDK4, cyclin D1, and p18
in U-118 cells. U-118 cell extracts (about 2 mg of proteins) were
fractionated by gel filtration as described under “Experimental Proce-
dures.” Aliquots (40 ml) of the reported fractions were separated by
denaturing polyacrylamide gel electrophoresis, transferred to a nitro-
cellulose membrane, and incubated with the antibodies to the indicated
proteins. At the top of the panel, the arrows show the fractions in which
the indicated molecular mass protein standards were eluted.
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plexes—In order to demonstrate that the observed free p16INK4

protein is functionally active and does not represent an inactive
form of the inhibitor, we studied the effect of fractions contain-
ing free p16INK4 protein on the CDK4 complexes occurring in
U-118 extracts. Indeed, U-118 cells do not express p16INK4

protein (see Fig. 1) and show the great majority of CDK4 (more
than 90%) occurring in multisubunit complexes with a molec-
ular mass higher than 80 kDa (Fig. 4). Since this cell line
contains remarkable levels of cyclin D1 (and not cyclin D2 and
D3), it is highly probable that such complexes also include
cyclin D1 and/or additional proteins. The addition of p16INK4 to
preformed cyclin D1-CDK4 complexes should also provide in-
formation on the possibility of forming ternary complexes.
Prior to carrying out these experiments, the fractions con-

taining unbound p16INK4 protein (prepared from HBL-100 ex-
tracts) were analyzed by immunoblotting by using sera di-
rected against p15INK4B, p18, p21, and p27kip1 protein. Such
analysis was performed to rule out possible interference due to
additional known small CDK inhibitors. As shown in Fig. 5, the
pool of fractions containing free p16INK4 did not show any of the
above mentioned inhibitors.
The sample containing partially purified HBL-100 p16INK4

was then added to U-118 cell extracts and incubated at 30 °C
for 30 min. The mixture was then applied to a Superdex-75 HR
and separated as described above. Finally, each fraction was
analyzed by immunoblotting for CDK4, cyclin D1, and p16INK4

content. Similar experiments were also carried out by employ-
ing various amounts of human recombinant pure p16INK4. As
seen in Fig. 6A, a clear shift of CDK4 molecules from fractions
at high molecular mass to fractions around 45–55 kDa was
observable by using both partial purified native p16INK4 or
known amounts of recombinant protein. Moreover, the amount
of CDK4-p16INK4 complex formed appeared to be strictly de-
pendent on the quantity of the added recombinant protein (Fig.
6C). The displacement of CDK4 from the complex with cyclin
D1 and the formation of the CDK4-p16INK4 complex was also
confirmed by the shift of p16INK4 protein from the molecular
free form to that bound to CDK4 (Fig. 6B).
Several negative control experiments were carried out to

verify that the effect on CDK4-cyclin D1 containing complexes
of the partially purified preparation from HBL-100 was due to
p16INK4. In particular, we observed that incubation of U-118

extracts with (i) fractions from FPLC chromatography lacking
p16INK4 protein or (ii) fractions depleted of p16INK4 by treat-
ment with specific antibodies (see “Experimental Procedures”
for details) did not modify the elution pattern of the U-118
CDK4-complexes (data not shown). The efficacy of immunolog-
ical depletion was verified by immunoblotting and by silver
staining analyses of the samples (data not shown).
Very interesting was the fact that in repeated experiments

we were unable to detect any shift of U-118-derived cyclin D1,
which, conversely, was detected in the same fractions before
and after the addition of partially purified p16INK4 protein or
recombinant pure protein (data not shown).

DISCUSSION

The data reported in the present paper allowed a direct
biochemical evaluation of the amount and composition of the

FIG. 5. Immunoblotting detection of p16INK4, p15INK4B, p18,
p21, and p27kip1 in partially purified p16INK4 preparations. Frac-
tions containing free p16INK4 protein partially purified by gel filtration
from HBL-100 were pooled (see “Experimental Procedures” for details).
40-ml aliquots were separated by denaturing polyacrylamide gel elec-
trophoresis, transferred to a nitrocellulose membrane, and incubated
with the antibodies to the indicated proteins. At the top of the panel are
shown the antisera employed for the detection, while on the left were
reported the masses of protein markers expressed in kDa.

FIG. 6. Effect of p16INK4 protein on the U-118 CDK4-cyclin D1
complexes. A, U-118 cell extracts were incubated without or with
different preparations of p16INK4. Specifically (from top to bottom), no
p16INK4, 1 ng of recombinant p16INK4, 100 ng of recombinant p16INK4,
and 200 ml of partially purified p16INK4 protein (from HBL-100) were
added to 2 mg of proteins of U-118 and processed as described under
“Experimental Procedures.” The assay mixtures were fractionated by
the gel filtration FPLC, and 40-ml aliquots of the reported fractions
were analyzed by immunoblot and probed with antibodies against
CDK4. At the top of the panel, the arrows show fractions in which the
indicated molecular mass protein standards were eluted. B, 200 ml of
partially purified p16INK4 protein were separated by gel filtration FPLC
as described in Fig. 4 and analyzed by immunoblot employing anti-
p16INK4 serum (top section of panel B). The bottom immunoblot shows
the analysis of the identical fractions as in the bottom of panel A by
using anti-p16INK4 serum. At the top of the panel, the arrows show
fractions in which the indicated molecular mass protein standards were
eluted. C, effect of different quantities of recombinant p16INK4 protein
on the preformed CDK4-cyclin D1 complex. The amount of the CDK4-
p16INK4 complex was determined by scanning the immunoblotting anal-
yses (carried out in triplicate) and reported as percentage of total
CDK4. The amount of recombinant p16INK4 protein employed was
reported in nanograms.
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cellular complexes containing p16INK4 and p18 proteins, two
important CDK inhibitors and putative tumor suppressor pro-
teins. These results have been obtained by analyzing total cell
extracts and thus should correspond to the native condition.
Moreover, the methodology we developed allowed an accurate
estimation of the molecular mass of the complexes evidenced
and consequently a clear definition of the stoichiometric ratio of
their components.
Some main conclusions could be drawn by our findings. First

of all, p18 expression is largely independent of pRb status, and
no relationship seems to exist between the expression on
p16INK4 and p18 genes. Second, the occurrence (as demon-
strated in U-118 cells) of CDK4-cyclin D1 complexes in the
presence of high levels of free p18 indicates that the ratio of
CDK inhibitors to cyclins plays a key role in establishing the
very delicate equilibrium among the various CDK-containing
complexes. Third, significant amounts of cellular p16INK4 and
p18 proteins might occur in a free active form. This finding has
been demonstrated in all three cell lines analyzed and, in
particular, in one (namely Saos-2) that contains levels of inhib-
itors superimposable to those of normal osteoblasts, its un-
transformed counterpart.
Finally, this paper reports, for the first time, direct biochem-

ical experiments demonstrating the in vitro disassembling of a
CDK4-cyclin D1 complex after the addition of human p16INK4

protein with the contemporaneous formation of a CDK4-
p16INK4 complex.
The interest in p16INK4 protein has enormously increased

since the almost definitive demonstration that the p16INK4

gene is inactivated in a tremendous number of different human
cancers (37, 38, 40, 42–45). This finding along with p16INK4

function as an intrinsic cell cycle brake molecule has been
considered as a strong indication of its tumor suppressor role.
Additional proofs that p16INK4 gene is a key tumor suppressor
gene derive from experiments of cDNA transfection that have
demonstrated the inhibition of cell growth of p16INK4-negative
cell lines after the expression of the recombinant protein (46).
On the other hand, few attempts have been made to charac-

terize in detail the complexes involving the p16INK4 in vivo (36),
while almost all of the studies on this protein have been based
on cell labeling followed by the analysis of specific immunopre-
cipitates. Although this experimental approach has given a
very rich harvest of qualitative information, it furnishes few
data on the quantitative percentage of a specific protein occur-
ring contemporaneously in various complexes. Moreover, the
different protein turnover strongly influences the polypeptide
labeling, thus making very difficult a precise evaluation of the
stoichiometry of the investigated complexes. All of these draw-
backs are, in our view, particularly critical in a process, like the
cell division cycle, where several proteic elements might form a
number of different complexes.
In order to overcome these potential difficulties, we have

chosen to use direct immunoblotting as the detection method
and to fractionate total cellular extracts on a gel filtration
column. The latter technique has been selected, since the com-
plexes involving p16INK4 and p18 are in a range of molecular
mass that is very well resolved by the FPLC methodology
described under “Experimental Procedures.” This method ap-
pears to be more sensitive and reliable than fractionation by
glycerol gradient centrifugation, which has been used in a very
recent study (36).
By using our experimental approach we surprisingly found

that a large percentage of p16INK4 and p18 proteins occurred in
a free form. This is particularly interesting in Saos-2, since this
cell line has a content of the two inhibitors and of the CDK4
protein superimposable to those of normal osteoblasts. Two

points arise from this finding, namely (i) free p16INK4 (and its
homologue proteins) might always be present in cells during
the cell cycle, and (ii) these division cycle braking proteins
could play additional roles other than that of binding their
CDK partners. The data obtained in U-118 cells give some
indirect inferences on the first of these two questions. U-118
cells contain high level of cyclin D1-CDK4 complexes in the
presence of a high amount of free p18 protein. Thus, it appears
that the ratio between cyclin Ds and CDK inhibitors (and their
relative affinity toward the various CDKs) regulates the
amount of CDK occurring in active or inactive complex and, in
turn, the level of inhibitor in a free form.
As for the second question, it should be remembered that the

structure of proteins belonging to the p16INK4 family shows
several ankyrin motifs (35, 46, 47, 52, 53), a feature of the
peptides involved in protein-protein interactions. Moreover,
these proteins are, at least partially, homologues to Notch
proteins, which are important factors involved in the differen-
tiation process (47). Although the extraction conditions used in
the present study were unable to destroy the interactions be-
tween the proteins involved in cell cycle, they could be strong
enough to alter the physical interaction of p16INK4 (or p18) with
other cell molecular structures. Thus, we cannot rule out the
possibility that the members of p16INK4 protein family might
play additional roles in cell physiology and that the occurrence
of free CDK inhibitors could be due to the release of these
proteins from different types of complexes. In this scenario, it is
intriguing that a novel p16INK4 homologue, p19 (52, 53), has
been recently isolated by means of the yeast two-hybrid screen
system employing a Gal4 fusion construct including the bind-
ing domain of Nur77 protein, which is totally unrelated to CDK
protein (52). Therefore, the function of some of (or even all) the
members of the so-called p16INK4 family should be carefully
analyzed.
Our results conclusively demonstrate that the binary com-

plex formed between p16INK4 and CDK4 shows a 1:1 stoichi-
ometry as indicated by the molecular mass of the complex
determined under native conditions (about 45–55 kDa), which
is very near to the theoretical molecular mass of 50–52 kDa (34
kDa of CDK4 plus 16–18 kDa of p16INK4 protein). This repre-
sents definitive evidence of the stoichiometric composition of a
complex formed in the cell cycle including a CDK inhibitor of
p16INK4 family. Moreover, on the basis of the molecular mass,
we could also rule out the possibility that additional proteins
could interact with the binary complex. The data obtained on
U-118 also allow us to conclude that p18 protein forms com-
plexes with a stoichiometry of 1:1 with CDK4. In this context,
the results obtained analyzing extracts of Saos-2 cells, which
contain high levels of CDK4, p16INK4, and p18 molecules, are
particularly interesting. In this cell line only p16INK4 seems to
bind CDK4, whereas p18 mainly appears as a monomer. This
finding might represent a proof of the proposed major affinity of
p16INK4 toward CDK4 when compared with p18 (47) or might
suggest that p18 plays other roles not related to the cell divi-
sion cycle.
We were also able to reproduce the formation of the CDK4-

p16INK4 complex in vitro by adding p16INK4 protein (both native
and recombinant) to cell extract that did not contain p16INK4

protein. Under these circumstances, we observed a clear shift
of CDK4 from a form bound to cyclin D1 to a form bound to
p16INK4 protein. Interestingly, no cyclin D1 was observed in the
fractions containing CDK4 and p16INK4, thus allowing the ex-
clusion of the formation of a ternary complex. It has been
previously reported that when recombinant p16INK4 is added to
a preassembled cyclin D-CDK complex, it forms a stable ter-
nary complex and inhibits the kinase activity without displac-
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ing the cyclin (53). Conversely, our data rule out the formation
of ternary complexes and argue in favor of a competition be-
tween p16INK4 and cyclin D toward CDK. It is of note that we
used partially purified p16INK4 protein and total cellular ex-
tracts in an attempt to carry out experiments under conditions
similar to the in vivo situation.
From a regulatory point of view, the results shown in Fig. 1

and Table I further support the idea of an inverse relationship
between the level of functioning pRb1 and the level of p16INK4

protein (47), which suggests that the p16INK4 gene is under the
control of pRb1 status (35, 36, 47). The same regulatory loop
does not appear to involve the p18 gene, since cell lines that
lack functioning pRb1 protein do not express a p18 level higher
than that of cell lines containing a wild-type RB1 gene (Table
I). In the U-118 cell line, which lacks active p16INK4 gene, we
observed a strong p18 signal (Fig. 1), and a similar result was
obtained in three additional glioma cell lines with a homozy-
gous deletion at the p16INK4 gene level (Fig. 1 and data not
shown). These findings initially suggested to us the possibility
that p18 overexpression might compensate for the absence of
p16INK4 protein, allowing the hypothesis of a regulatory loop
involving the two CDK inhibitor genes. However, our succes-
sive screening on a panel of cell lines did not confirm this view,
since we did not observe any clear up-regulation of p18 gene
expression in p16INK4 gene-deleted cell lines (Table I and Fig.
1). Possibly, the high levels of p18 in glioma cells are related to
the pattern of p18 tissular expression (47, 53).
An additional consideration is that the occurrence of high

levels of p18 might cast some doubts on the role of p16INK4 gene
as a tumor suppressor gene since the two proteins have appar-
ently similar functions. However, the very great amount of
data on the inactivation of p16INK4 gene in human cancers
seems to be an excellent indication for its role in cancerogen-
esis. In addition, the p18 gene, given its chromosomal localiza-
tion on 1p32 chromosome, has also been proposed as a further
potential tumor suppressor gene. However, experiments car-
ried out in our laboratory on primary tumors (acute lympho-
blastic leukemias, neuroblastomas, and rhabdomyosarcomas)2

and on malignant cell lines of various origin (Table I) seem to
rule out the p18 gene inactivation in human cancer. Such a
conclusion also suggests that p18 protein, unlike p16INK4,
might have a different function in the control of the cell division
cycle (or other processes) irrespective of the apparent struc-
tural and functional similarities between these two CDK
inhibitors.
Overall the data obtained in normal and transformed cells

suggest that the cellular content of the members of the p16INK4

family is redundant, especially taking into consideration that
apparently all of them seem to have the same function. Thus, it
is totally conceivable that an important aliquot of cellular
CDK4 and CDK6 is present as inactive binary complexes in all
the phases of cell cycle, whereas only a fraction of this kinases
pool is activated in G1 phase by the build-up of cyclins. Our
findings indirectly support this hypothesis, since we were un-
able to detect free CDK4. We can therefore hypothesize that the
amount of CDK4/CDK6-p16INK4 (and CDK4/CDK6-p15INK4B/
p18/p19) complexes varies during the cell cycle as a conse-
quence of cyclin D1 level changes.
In conclusion, we strongly believe that in the future major

efforts should be devoted to characterizing the molecular struc-
ture and the precise quantity of each complex involved in the
cell cycle progression and that the methodology we have pro-
posed might be particularly useful to this aim. Moreover, these
analyses should be carried out mainly by employing primary

cell cultures from adult mammalian tissues and by holding in
due account the specific cell lineage origin.
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