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To investigate the mode of action of the p16”"*** tumor suppressor protein, we have established U2-OS cells
in which the expression of p16”™** can be regulated by addition or removal of isopropyl-p-p-thiogalactopy-
ranoside. As expected, induction of p16™** results in a G, cell cycle arrest by inhibiting phosphorylation of
the retinoblastoma protein (pRb) by the cyclin-dependent kinases CDK4 and CDK6. However, induction of
p16™%# also causes marked inhibition of CDK2 activity. In the case of cyclin E-CDK2, this is brought about
by reassortment of cyclin, CDK, and CDK-inhibitor complexes, particularly those involving p27*/"’, Size
fractionation of the cellular lysates reveals that a substantial proportion of CDK4 participates in active kinase
complexes of around 200 kDa. Upon induction of p16”™%#*, this complex is partly dissociated, and the majority
of CDK4 is found in lower-molecular-weight fractions consistent with the formation of a binary complex with
p16"™%#, Sequestration of CDK4 by p16”*# allows cyclin D1 to associate increasingly with CDK2, without
affecting its interactions with the CIP/KIP inhibitors. Thus, upon the induction of p16"™*#*, p27%™"! appears
to switch its allegiance from CDK4 to CDK2, and the accompanying reassortment of components leads to the
inhibition of cyclin E-CDK2 by p27%"" and p21“""’. Significantly, p16”V** itself does not appear to form
higher-order complexes, and the overwhelming majority remains either free or forms binary associations with

CDK4 and CDKe6.

In mammalian cells, the activity of cyclin-dependent kinases
(CDKb) is regulated in part by the expression of specific in-
hibitory proteins, termed CDK inhibitors (CKIs) (65). Al-
though their precise roles have yet to be established, the pre-
vailing view is that specific CKIs may be responsible for
diverting cells out of the proliferative cycle to facilitate termi-
nal differentiation or to maintain quiescence (14), and there is
considerable interest in their potential to act in tumor suppres-
sion (64). Based on primary sequence comparisons, two fam-
ilies of CKIs, commonly referred to as the CIP/KIP and the
INK4 proteins, respectively, have been identified in mamma-
lian cells, (14, 65); as well as having distinct structural charac-
teristics (46, 59), it is clear that these families have distinct
modes of action (19, 20).

The CIP/KIP proteins, p21</F/WAFISAL 5p7KIPL - and p5752
are grouped together largely because they share common se-
quence motifs that mediate interaction between the CKI and
cyclin-CDK complexes (8, 35, 36, 43, 50, 53, 71). It is in fact
possible to demonstrate direct interactions between p21<7%*
and p27<"" with cyclins in the absence of a kinase subunit (8,
16, 17, 20, 36, 71), although this may be an intermediate step in
the formation of a ternary cyclin-CDK-CKI complex (25, 43).
The CIP/KIP proteins can bind to a variety of cyclins and
CDKs and in assays based on expressing active complexes in
insect cells, using baculovirus vectors, it is clear that all three
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are capable of inhibiting the kinase activity of CDK4 and
CDK6 complexed to D cyclins and of CDK2 complexed to
either cyclin E or cyclin A (24, 25, 35, 43, 53, 71, 76). They
therefore have the potential to block cell cycle progression at
multiple points, but the situation is complicated by the fact that
CIP/KIP proteins can also participate in active kinase com-
plexes, both in vivo and in vitro (5, 8, 16, 25, 33, 66, 78). This
may reflect their ability to serve as assembly factors in some
circumstances, so that at low concentrations they may facilitate
the association of cyclins and CDKs whereas at higher concen-
trations they function as inhibitors (33, 78). There are also
indications that p27<**“, for example, is a more potent inhib-
itor of CDK2 than CDK4 (5), suggesting that there are impor-
tant subtleties to these interactions that have yet to be ex-
plored.

In contrast to the CIP/KIP family, the INK4 proteins,
ple™NKHe p15INKID 18IV "and pl19™VK# are highly related,
each comprising between three and five ankyrin-type repeats
with minimal amino- and carboxy-terminal extensions (re-
viewed in reference 58). All four INK4 proteins bind directly to
CDK4 and CDKG6, and there is no evidence that they associate
with other CDKs (7, 18, 19, 21, 28, 29, 52, 62). They therefore
serve as specific inhibitors of cyclin D-dependent kinases and
have the capacity to induce a G, cell cycle arrest by preventing
the phosphorylation of the retinoblastoma gene product, pRb
(18, 28, 32, 40, 47, 51, 61, 63, 69). The prototypic and most
illustrious member of the family, p16”™¥%#, is a bona fide tumor
suppressor that is incapacitated by homozygous deletion, mu-
tation, or promoter methylation in a wide variety of sporadic
human tumors (58). Germ line mutations in the p16™%* gene
are also associated with familial melanoma (58).

In trying to determine why it is p16"”~%#, rather than other
members of the INK4 family, that acts as a tumor suppressor,
we and others have noted that p16”%* levels increase signif-
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icantly as primary cells reach the end of their finite life span in
culture (2, 22, 37, 57, 75). This would be consistent with a role
for p16™%# in establishing the G, arrest associated with rep-
licative senescence. Indeed, ectopic expression of p16”~<# in
primary fibroblasts and some established cell lines elicits many
of the phenotypic characteristics associated with senescence
(45, 72, 74). A need to escape senescence would therefore
provide a strong selection against p16™%# function during the
establishment of an immortal cell clone.

However, the mechanisms through which the INK4 family
induce a cell cycle arrest are still a matter of debate. Most of
the evidence favors the competitive binding model in which the
direct association of INK4 proteins with CDK4 or CDKG6 pre-
vents them from interacting with their regulatory D cyclins. As
well as supporting in vitro data (19, 52), this mode of action has
the logical appeal that in vivo, the relatively unstable D-type
cyclins bound to CDK4/CDKG6 would be progressively replaced
by the more stable INK4 proteins (52). This would explain why
INK4 proteins are rarely found in immune complexes with the
D cyclins (19, 20, 28, 52, 60). However, the opposing model
holds that in some circumstances it is indeed possible to find
ternary complexes of INK4 proteins, D cyclins, and CDKs. The
strongest evidence is that recombinant INK4 proteins are
capable of inhibiting the kinase activity of cyclin D-CDK
complexes assembled by using baculovirus systems without
quantitatively disrupting these complexes (28, 55). Similarly,
in mammalian cells arrested by induced expression of p15/V&#
or pl9"V&#  the INK4 proteins have been reported to copre-
cipitate with D cyclins and to invoke a cell cycle arrest without
displacing CDK4/CDK6 from the cyclin D complexes (1, 55).

Because of these conflicting views, and the importance of
p16™¥%# a5 a senescence regulator and tumor suppressor, we
have investigated what happens to cyclin-CDK-CKI complexes
in cells engineered for inducible expression of p16™%#*, Most
of the previous studies have described the results simply in
terms of binary and ternary associations, with little focus on the
stoichiometry of the complexes or the proportions of the indi-
vidual components involved in each interaction. By using gel
filtration chromatography to distinguish complexes of different
size, we show that the G, arrest imposed by p16™V5# is
accompanied by a reassortment of components. By sequester-
ing CDK4 and CDKG6 in inactive binary complexes, p16”~<#
allows CDK2 to associate with cyclin D1 and releases enough
p275™! to inhibit cyclin E-CDK2. The data effectively elimi-
nate the possibility that p16”* forms stable ternary or high-
er-order complexes with D-type cyclins.

MATERIALS AND METHODS

Inducible cell lines. The human osteosarcoma cell line U2-OS was maintained
at 37°C in Dulbecco modified Eagle’s medium supplemented with 10% fetal calf
serum. Isopropyl-B-p-thiogalactopyranoside (IPTG)-regulatable p16/~5% was
obtained by using the Stratagene LAC-SWITCH system. The DNA fragment
encoding p16/V5#® was excised from a pcDNA3-based plasmid by using Xbal and
BamHI and subcloned into pBluescript to exploit the NotI sites in the polylinker.
The insert was then recovered by digestion with NotI and subcloned into the NotI
site in pOPRSVI. The orientation of the insert was determined by DNA se-
quencing. U2-OS cells were cotransfected with a 1:1 mixture of p16/V5# in
pOPRSVI and the regulatory plasmid p3’SS. Stable transfectants were selected
in hygromycin (150 pg/ml; Sigma) and geneticin (300 pg/ml; Gibco) followed by
the isolation of single colonies. Of 30 clones tested, two (designated EH1 and
EH2) were found to express p16"¥%#* under the control of the lac promoter. EH1
cells were maintained under selective conditions, but to ensure that the cells were
not metabolically challenged during various assays, the antibiotics were removed
from the medium 24 h prior to initiation of experiments. To induce expression,
EH1 cells were split at a ratio of 1:2 and 1 mM IPTG was added to the fresh
medium.

Antibodies. Inmunoblotting of the D cyclins was done with monoclonal anti-
bodies DCS6 for cyclin D1, DCS3.1 for cyclin D2, and DCS22 for cyclin D3 (3,
39). Corresponding immunoprecipitations used the polyclonal antibody 287.3 for
cyclin D1 (4) and the monoclonal antibodies DCS5.2 and DCS28, respectively,
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for cyclins D2 and D3. Monoclonal antibodies HE12 and HE172, used for
Western blot detection and immunoprecipitation of cyclin E, were provided
by E. Lees. p16/V5% was detected with monoclonal antibody JC8 supplied by
J. Koh, and pRb was detected with the Pharmingen monoclonal antibody
14001A. pRb phosphorylated at S780 was detected with a polyclonal antibody
provided by Y. Taya (31). The following polyclonal antibodies from Santa Cruz
were used for immunoprecipitation and/or Western blotting: CDK2 (sc-163),
CDK4 (sc-601), p21<7 (5c-397), p275I87 (s¢-528), and cyclin A (sc-751).

Immunoprecipitation and immunoblotting. Cells were recovered from the
culture flasks by treatment with trypsin and washed once with phosphate-buff-
ered saline by centrifugation and resuspension. Cells were then lysed by resus-
pension in Tween lysis buffer (50 mM HEPES [pH 8.0], 10 mM MgCl,, 0.1%
Tween 20, 1 mM dithiothreitol, 1 mM sodium fluoride, 0.1 mM sodium or-
thovanadate, 5 pg of aprotinin per ml, 100 pg of phenylmethylsulfonyl fluoride
per ml) followed by sonication for two 5-s pulses. Lysates were clarified by
centrifugation at 10,000 X g for 10 min, and the protein concentrations were
determined by using the Pierce bicinchoninic acid protein assay reagents accord-
ing to the manufacturer’s instructions.

Immunoprecipitations were performed with 800 ug of lysate plus 0.5 pg of
antibody and 25 pl of a 50% slurry of protein A- or protein A/G-Sepharose beads
(Pierce) by rotating overnight at 4°C. For Western blotting, samples were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and blotted onto Immobilon-P membrane (Millipore). Immunodetec-
tion was carried out by enhanced chemiluminescence (Amersham).

Analysis of 3*S-labeled proteins. To metabolically label the cellular proteins,
EHI1 cells (approximately 50% confluent) were incubated for 30 min in Dulbecco
modified Eagle’s medium lacking methionine and cysteine and supplemented
with 10% dialyzed fetal calf serum. The cells were then labeled for 2 h in the
same medium containing 50 pCi of [**S]methionine-cysteine (Promix; Amer-
sham plc) per ml. Cell lysates were prepared by using Nonidet P-40 lysis buffer
and processed as described previously (4). Labeled proteins were detected by
autoradiography.

Sequential immunoprecipitations. To determine the proportion of p2
associated with different cyclins and CDKs, sequential immunoprecipitations
were performed with antibodies covalently coupled to agarose beads. Typically,
450 pg of lysate was subjected to two rounds of precipitation with 30 pl of beads
(50% slurry) at 4°C for 2 h. After each incubation, the beads were pelleted and
the supernatants were transferred to the next set of beads. Each precipitate was
then subjected to SDS-PAGE and immunoblotted for p27%/#/. Mock immuno-
precipitations were carried out in parallel with anti-rabbit immunoglobulin G
bound to beads (Sigma), and the supernatant from this control set of precipita-
tions served as the control for the total amount of p275"*/ present in the lysate.

Gel filtration chromatography. Gel filtration chromatography was carried out
by using a Superdex 200 HR 10/30 column (Pharmacia) with a fast protein liquid
chromatography system (BioLogic system; Bio-Rad). Samples of 4 mg of cell
lysate in 250 pl of Tween lysis buffer were loaded onto the column and separated
at a flow rate of 0.4 ml per min. The molecular mass standards (Sigma) used to
calibrate the column were thyroglobulin (669 kDa), apoferritin (443 kDa), alco-
hol dehydrogenase (150 kDa), bovine serum albumin (66 kDa), ovalbumin (43
kDa), carbonic anhydrase (29 kDa), myoglobin (17.6 kDa), and cytochrome ¢
(12.4 kDa). Lysates from untreated and IPTG-treated cells were analyzed se-
quentially on the same column followed by a subset of molecular mass standards
to ensure that the efficiency of separation and calibration of the column was
being maintained.

CDK assays. Kinase assays were carried out essentially as described by Mat-
sushime et al. (44) except that the substrate was a glutathione S-transferase
(GST) fusion protein containing only the carboxy-terminal region of pRb (48).
Lysates from untreated and IPTG-treated EH1 cells were immunoprecipitated
with antisera to CDK4, CDK6, or CDK2 as described above except that the
incubation time was reduced to 5 h. Immune complexes were washed three times
with Tween lysis buffer and twice with kinase reaction buffer (50 mM HEPES,
pH 8.0, 10 mM MgCl,, 2.5 mM EGTA, 1 mM dithiothreitol, 25 mM ATP); 25 pl
of kinase assay buffer containing 2 p.g of GST-Rb and 10 p.Ci of [y->*P]ATP was
added to each sample, and after incubation at 30°C for 20 min, reactions were
stopped by adding 25 pl of 2X dissociation buffer (23). Samples were boiled for
2 min and resolved by SDS-PAGE in a 10% gel. The phosphorylated substrate
was detected initially by autoradiography and quantitated by PhosphorImager
(Molecular Dynamics) analysis using Imagequant software.

7KIP1

RESULTS

Cell cycle arrest by inducible p16™*#*, To examine the ef-
fect of p16™%#* on G, CDK activity and investigate its mode of
action, stable cell clones that express p16”~*#* under the con-
trol of an IPTG-inducible promoter were derived. The osteo-
sarcoma cell line U2-OS was chosen as the recipient because it
retains functional p53 and pRb (11) and does not express
endogenous p16™%# due to methylation of the exon la pro-
moter (70). The clone selected for these studies, EH1, showed
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FIG. 1. Reversible growth arrest and effects on cell cycle regulators after in-
duction of p16/NK# EHI1 cells were grown from 48 h in the absence or presence
of 1 mM IPTG, as indicated, or for an additional 48 h following removal of IPTG
(Wash out). (A) The levels of p16"¥5# and the phosphorylation status of pRb
were evaluated by direct immunoblotting of cell lysates. (B) Cell cycle profiles
were determined by staining the cells with propidium iodide followed by fluo-
rescence-activated cell sorting. (C) Equal amounts of protein from EHI1 cells
grown in the absence or presence of IPTG were fractionated by SDS-PAGE and
immunoblotted for the indicated cell cycle regulatory proteins. D1, D2, etc., refer
to the different cyclins analyzed.

a low basal level of p16™** expression in the absence of IPTG,
reflecting leakiness in the regulatable system (Fig. 1A). How-
ever, the levels were comparable to the low amounts of
p16™%# expressed in early-passage human diploid fibroblasts
and had no discernible effect on the growth of the cells (data
not shown). Upon addition of IPTG, the expression of
p16™%# increased in a dose-dependent manner, reaching a
maximum level at around 1 mM IPTG (70). Under these con-
ditions, the cells expressed p16™¥%# at levels equivalent to
those in senescent human fibroblasts (Fig. 1A and data not
shown).

As expected, EH1 cells treated with 1 mM IPTG arrested in
the G, phase of the cell cycle (Fig. 1B). The effects were ap-
parent within 24 h and maximal by 48 h, at which time over
90% of the cells had accumulated with a G,/G; DNA content.
This arrest was reversible; upon removal of IPTG, an asyn-
chronous cell cycle profile was restored within 48 h (Fig.
1B), correlating with reduced expression of p16™V%# (Fig. 1A).
The p16™*#*-mediated arrest also correlated directly with the
phosphorylation status of pRb. Induction of p16™%# caused
pRb to accumulate in the faster-migrating, hypophosphor-
ylated state, whereas removal of IPTG restored pRb to its
hyperphosphorylated state (Fig. 1A). However, despite the
analogies to senescent fibroblasts, EH1 cells maintained in
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FIG. 2. Inhibition of CDK4 and CDK2 by induction of p16"¥%#_ (A) EH1
cells were grown for 48 h with or without IPTG and CDK4 immunoprecipitates,
prepared with or without competing peptide antigen, were tested for the ability
to phosphorylate the carboxy-terminal domain of pRb in vitro. (B) Thirty-mi-
crogram aliquots of lysates from EH1 cells grown in the presence or absence of
IPTG were immunoblotted with an antibody specific for pRb phosphorylated at
serine 780 (31). (C) Lysates from IPTG-treated and untreated cells were immu-
noprecipitated with a control nonimmune serum (immunoglobulin G [IgG]) or
with antisera against CDK2, cyclin E, or cyclin A as indicated. The immune
complexes were then tested for kinase activity using the carboxy-terminal domain
of pRb as the substrate. The results were quantitated by phosphorimaging and
expressed as the percentage reduction in kinase activity after induction of
pl16/VK#_ The values presented are from two independent experiments.

IPTG did not express other phenotypic markers of senescent
cells, such as increased size and granularity or expression of
senescence associated B-galactosidase activity (12, 45).

We next asked whether the induction of p16™%# had al-
tered the steady-state levels of other cell cycle components that
might have contributed to the G, arrest. Compared to the
marked change in p16”¥%% expression, no significant changes
were observed in the levels of the CKlIs p21<** and p27~/**
(Fig. 1C). Likewise, the steady-state levels of cyclins D1, D2,
and E were unaffected, but substantially lower amounts of
cyclins D3 and A were detected in the IPTG-treated cells (Fig.
1C). No significant changes were observed in CDK4 and CDK6
levels, but there was a modest down regulation of CDK2 (Fig.
1C). The reduction was more striking for the active, phosphor-
ylated form of CDK2 (faster-migrating band) so that in the
IPTG-treated cells, CDK2 appeared to be primarily in its in-
active, unphosphorylated state (slower-migrating band).

Inhibition of CDK-associated kinase activity by inducible
p16™%#, Since p16"~** binds directly to CDK4 and CDKG®,
and not to CDK2 (21, 52, 62), induction of p16™~** in EH1
cells should principally affect the kinase activity associated with
cyclin D-CDK complexes. CDK4 immunoprecipitates from
EHI1 cells, before and after IPTG treatment, were therefore
tested for the ability to phosphorylate the carboxy-terminal
domain of pRb in vitro. The specificity of the signal was con-
firmed by blocking the precipitation of CDK4 with an excess of
the cognate peptide antigen. Upon induction of p16™%#* with
IPTG, there was a reduction of the CDK4 activity to almost
background levels (Fig. 2A).

To substantiate this finding, we exploited an antibody that
specifically recognizes pRb phosphorylated on serine 780, a
specific target for cyclin D-dependent kinases (31). Whereas
the S780 phosphorylation was clearly detected in asynchro-
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nously growing EH1 cells, induction of p16™%# resulted in a

complete loss of signal, consistent with a direct effect on cyclin
D-associated kinase activity (Fig. 2B).

In view of the altered pattern of CDK2 isoforms noted in
IPTG-treated EH1 cells, we also measured the kinase activity
associated with CDK2 immunoprecipitates. Total CDK2 activ-
ity, measured by using the carboxy-terminal region of pRb
as the substrate, was drastically reduced by the induction of
p16™¥%# (Fig. 2C). Moreover, the effects were observable with
both cyclin E- and cyclin A-associated CDK2.

Rearrangement of cyclin-CDK complexes upon expression
of p16™%#, Since p16™%#* does not bind directly to CDK2, we
were interested in exploring the mechanisms behind its impact
on CDK2 activity. In the case of cyclin A, the most likely
explanation would be the reduced expression of the cyclin (Fig.
1C), but since cyclin E levels remained constant in IPTG-
treated cells, the reduced kinase activity presumably occurred
through a change in its association with other proteins, such as
CIP/KIP type CKIs (55, 56). To address this possibility, se-
lected cyclins and CKIs were immunoprecipitated from EH1
cells before and after p16™%# induction, and the associated
CDKs were detected by immunoblotting (Fig. 3A). As ex-
pected, although the total levels of CDK4 remained the same
(lanes 1 and 2), there was significantly less CDK4 associated
with cyclin D1 and significantly more CDK4 associated with
p16™%# in cells treated with IPTG. This would be consistent
with the down regulation of CDK4-associated kinase activity.
The redistribution of CDK4 was also apparent in the p27<™*/
immunoprecipitates. Thus, in untreated EH1 cells, CDK4 and
p27 participated in a complex, presumably including D cyclins,
that appeared to be substantially disrupted upon the induction
of p16™%# Although a similar trend was apparent for com-
plexes containing p21<**%, the effects were less pronounced
(Fig. 3A).

Interestingly, these changes in CDK4-containing complexes
were largely mirrored by changes in CDK2-containing com-
plexes. For example, the reduced association of CDK4 with
cyclin D1 was accompanied by an increased interaction be-
tween CDK2 and cyclin D1. Likewise, the p27%™7 displaced
from CDK4 complexes appeared to move into CDK2 com-
plexes. Although the amounts of CDK2 bound to cyclin E were
unaltered, the activation state of CDK2 associated with cyclin
E changed, with a higher proportion of the unphosphorylated,
inactive form in IPTG-treated cells.

This change in the activation state of CDK2 was accompa-
nied by a substantial increase in the amount of p27<""/ asso-
ciated with cyclin E, consistent with the formation of inactive
cyclin E-CDK2-p27%"** complexes (Fig. 3B). However, there
was no concomitant loss of p27<"”/ from cyclin D1-containing
complexes as might have been expected from the release of
p27%%! from CDK4. A possible explanation would be that the
disruption of cyclin D1-CDK4-p27%""” complexes by p16™V<#
is balanced by the formation of cyclin D1-CDK2-p27*"” com-
plexes. There was also an increased association of p21<“*7 with
cyclin E, but again the effects with p21<”/ were less striking
than those with p27<7%~,

An obvious question posed by these findings was the source
of the p27<""! that had entered the cyclin E-CDK2 complex,
given that there was no apparent diminution in the amount
bound to cyclin D1. To address this issue, lysates from induced
and uninduced cells were subjected to sequential immunopre-
cipitations with antisera to cyclins D1 plus D2, cyclin D3, cyclin
E, and cyclin A. Two rounds of immunoprecipitation were
performed with each antibody, and the final supernatant was
then precipitated with an antibody against p27<** to deter-
mine the residual fraction of the protein not bound to these
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FIG. 3. Altered cyclin-CDK-CKI associations upon induction of p16/V&#.
(A) Equal amounts of cell lysates (~1 mg) prepared from EH1 cells grown with
(+) or without (—) IPTG were immunoprecipitated with antisera against cyclin
D1, cyclin E, p16"™V&% p21€1P! "and p275/"7 as indicated. After fractionation by
SDS-PAGE, the precipitated proteins were immunoblotted for CDK4 (upper
panels) and CDK2 (lower panels). The total amounts of CDK4 and CDK2 were
monitored by direct immunoblotting of a portion of the cell lysates (Lysate). (B)
Levels of p275F" or p21"* associated with cyclin D1 or cyclin E were deter-
mined as for panel A. (C) Lysates from untreated or IPTG-treated cells were
subjected to sequential immunoprecipitation with antibodies against cyclins D1
plus D2, cyclin D3, cyclin E, and cyclin A as indicated. Each antibody was co-
valently coupled to agarose beads so that the supernatant from each immuno-
precipitation could be quantitatively recovered and used in the subsequent pre-
cipitation. Two rounds of precipitation were conducted with each antibody. The
final supernatant (Residual p27) was then precipitated with antiserum against
p27KIP1. As a control, a sample of the starting lysate was subjected to repeated
cycles of precipitation with nonimmune serum (Total p27). The amounts of
p27%'"! in the various precipitates were then compared by immunoblotting.

cyclins. The amount of p27<"*/ in each precipitate was directly
compared by immunoblotting. In asynchronously growing EH1
cells, p275™! was found associated with all of the cyclins,
although the major proportions were bound to cyclins D1 plus
D2 and cyclin A. Less than 10% seemed to be associated with
cyclin E complexes. In the presence of IPTG, the pattern
changed dramatically with little if any p27<""/ associated with
either cyclin D3 or cyclin A, and a substantial fraction now
precipitating with cyclin E. Again, there was no appreciable
decrease in the amount associated with cyclins D1 and D2.
Although there was a considerable amount of p27°**/ in the
supernatant that was not precipitated with the cyclin antisera,
it is not clear whether this residual fraction reflects binding to
other, as yet unidentified proteins or the fact that the immu-
nodepletions were not exhaustive.

Size fractionation of cyclin-CDK-CKI complexes. One of the
limitations of this simple coprecipitation approach is that it
does not provide information about the stoichiometry of the
various multicomponent complexes. To try to address this
question, protein lysates from IPTG-treated or untreated EH1
cells were subjected to gel filtration to separate complexes of
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FIG. 4. Altered size distribution of cyclins, CDKs, and CKI after induction of
pl6/VK# Equal amounts (4 mg) of lysate from EH1 cells before (—) and after
(+) treatment with IPTG were subjected to gel filtration chromatography. Indi-
vidual fractions were separated by SDS-PAGE and immunoblotted directly with
antibodies against various cell cycle components, as indicated on the left. The
elution positions of molecular weight standards are indicated at the top.

different sizes. The fractionated lysates were first analyzed di-
rectly by immunoblotting to determine the proportions of each
protein in different size fractions (Fig. 4). In asynchronously
proliferating EH1 cells, p21<"* and p27<"** were found exclu-
sively in high-molecular-mass complexes of around 200 kDa,
with the p21<”* complex consistently appearing marginally
larger than the p27%™’ complex. These complexes appeared
unchanged when p16™%# expression was induced with IPTG.
Interestingly, the induced p16™%* was distributed between
two major peaks, the smaller of which would be consistent with
free p16/~*#. The larger peak, running at approximately 50
kDa, would be compatible with binary complexes between
p16"~%#@ and either CDK4 or CDK®6, but not with the forma-
tion of ternary complexes incorporating a D cyclin. However,
since this main peak tailed into higher-molecular-mass frac-
tions, it remains possible that a small percentage of the in-
duced p16™%# entered complexes containing both cyclins and
CDK:s (see below).

As expected, the most striking differences were in the dis-
tribution of CDK4 and CDKG6. In untreated EH1 cells, CDK4
was found in three distinct size ranges. A significant proportion
eluted close to the void volume of the column with an esti-
mated size of over 450 kDa, but the major peak was around 200
kDa, the same size range as the peaks of p21#7, p275™  and
cyclins. There was also a considerable amount of CDK4 in
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50-kDa complexes that would be consistent with binary asso-
ciations with INK4 family members. In the case of CDKGO, this
peak was much more prominent than the 200-kDa fraction, as
previously shown in a mouse T-cell line (42). Upon induction
of p16™%# there was a noticeable shift in the CDK4 distri-
bution into the 50-kDa complex, presumably reflecting its in-
creased association with p16™%# A similar effect was ob-
served with CDK6. With CDK2, on the other hand, there was
little change in the size distribution, and the most obvious
difference was the increased ratio of inactive to active config-
urations. In contrast to CDK4 and CDK®, there appeared to be
a considerable amount of free CDK2 in the cells, irrespective
of the induction of p16™%#,

Cyclins D1, E, and A were also predominantly in ~200-kDa
complexes, but induction of p16”~Y*#** resulted in a broadening
of the cyclin D1 peak. The change in molecular mass would be
compatible with removal of CDK4 from a proportion of the
complexes, suggesting that the replacement of CDK4 by CDK2
may be incomplete. Cyclin E did not shift in its distribution,
continuing to remain in a broad-molecular-mass peak, ranging
from 150 to 250 kDa. However, the ratio of the different forms
of cyclin E recognized by the antibody did change, with a
higher proportion of the more slowly migrating band being
present when cells were arrested with p16™%#,

Changes in composition of CDK complexes upon induction
of p16"™¥%#, Direct immunoblotting provided information
about the distribution of cell cycle components in complexes of
different sizes but not about the composition or kinase activity
of the various complexes. Individual fractions were therefore
immunoprecipitated with antibodies against either CDK4 or
CDK2, and the associated cyclins and CDK inhibitors were
visualized by immunoblotting. As well as separating equal
amounts of lysates by gel filtration, care was taken to analyze
the immunoblots from IPTG-treated and untreated cells under
identical conditions (simultaneously) in order to assess quan-
titative differences in the proteins bound to the CDKs. The
CDK4 and CDK2 immunoprecipitates from untreated cells
were also assayed for kinase activity on pRb as the substrate.
The immunoprecipitated CDK4 recapitulated the distributions
observed in Fig. 4, with three major peaks at =450, 200, and 50
kDa (Fig. 5A). Kinase activity was predominantly associated with
the 200-kDa peak, corresponding with peaks in the distribution of
D cyclins, p21<""/, and p27<™" that coprecipitated with CDK4.

Upon treatment of the cells with IPTG, the majority of the
CDK4 shifted to a 50-kDa complex which coprecipitation con-
firmed as a binary complex with p16"V%* (Fig. 5B). As a
consequence, the amounts of D cyclins associated with CDK4
were significantly reduced (Fig. 5B). No p275#/ was detected
in CDK4 complexes after induction of p16™%# (as in Fig. 3A),
but there was little change in either the amount or the size
distribution of p21<*7 associated with CDK4 (Fig. 5B). Note
that although the D cyclins and CDK4 can be found in com-
plexes of 70 to 100 kDa, these do not appear to include p16™%#,
ruling out the existence of stable ternary complexes.

In the parallel analysis of CDK2 complexes, kinase activity
was again predominantly in the 200- to 250-kDa size range, but
the peak of activity was noticeably broad (Fig. 6A). This peak
colocalized with the cyclin E, cyclin A, and p21<*” that coim-
munoprecipitated with CDK2. As expected, no kinase activity
was associated with the free pool of CDK2, which represented
at least 50% of the total CDK2 in the lysates and contained
both the phosphorylated and unphosphorylated isoforms.
When p16”V5# was expressed, cyclin A was no longer detect-
able in the immunoprecipitates (as previously shown in Fig. 1
and 4), whereas the amounts of cyclin E associated with CDK2
remained unchanged (Fig. 6B). As in Fig. 3A, the levels of
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FIG. 5. Reassortment of CDK4 complexes upon induction of p16/V5#. Fol-
lowing gel filtration as for Fig. 4, individual fractions were immunoprecipitated
with antibodies against CDK4. The precipitates were separated by SDS-PAGE
and immunoblotted with antisera against different components, as indicated on
the left. Fractions from untreated (A) and IPTG-treated (B) cells were immu-
noblotted under identical conditions to allow quantitative comparisons. CDK4-
associated kinase activity directed against the carboxy-terminal domain of pRb
was determined for fractions from untreated cells. No kinase activity was de-
tected in the IPTG-treated cells (Fig. 2).

p27%""7 coprecipitated with CDK2 were significantly increased in

the peak fractions. In addition, much higher amounts of the D
cyclins were associated with CDK?2 in cells treated with IPTG.

Time course of p16”™**.induced changes. Although we found
no evidence for ternary complexes at 48 h postinduction, it re-
mained formally possible that a transient association of p16™2%#
with cyclin D1 and CDK4 was responsible for the inhibition of
CDK4-associated kinase activity and G, arrest. To explore this
possibility, we prepared lysates from EH1 cells at various times
after addition of IPTG and examined the association of CDK4
with either cyclin D1 or p16/¥%#* by immunoprecipitation and
Western blotting. Upon addition of IPTG, the steady-state
levels of p16™%# increased over the first 6 to 8 h and then
remained relatively constant (Fig. 7A and additional data not
shown). This was paralleled by an increase in the association of
CDK4 with p16™%# as assayed by immunoprecipitation of
either CDK4 or p16"%# (Fig. 7A). However, no cyclin D1 was
detected in the p16™%* immunoprecipitates at any time point,
and vice versa (negative data not shown).

A similar situation prevailed when metabolic labeling was
used to examine the fate of newly synthesized components. In
this experiment, cells were treated with IPTG for different
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FIG. 6. Reassortment of CDK2 complexes upon induction of p16/V5#. Fol-
lowing gel filtration as for Fig. 4, individual fractions were immunoprecipitated
with antibodies against CDK2. The precipitates were separated by SDS-PAGE
and immunoblotted with antisera against different components, as indicated on
the left. Fractions from untreated (A) and IPTG-treated (B) cells were immu-
noblotted under identical conditions to allow quantitative comparisons. CDK2-
associated kinase activity directed against the carboxy-terminal domain of pRb
was determined for fractions from untreated cells. No kinase activity was de-
tected in the IPTG-treated cells (Fig. 2).

times and pulse-labeled with [**S]methionine-cysteine for the
2 h prior to harvesting. The synthesis of p16™¥%#* increased to
maximum levels by about 8 h, whereas the synthesis of CDK4
remained constant throughout the time course. Immunopre-
cipitation of p16”%#* revealed an increased association with
newly synthesized CDK4; conversely, there was an increase in
the amount of labeled pl6"™¥%** entering complexes with
CDKA4. Since a relatively small proportion of the total CDK4 in
the cell is likely to be in a complex with cyclin D1 (Fig. 4), the
signal for coprecipitating cyclin D1 was relatively faint in this
experiment. Nevertheless, there was a significant decrease in the
amount of cyclin D1 coprecipitating with CDK4 at 24 h. No
labeled cyclin D1 was detected in the p16™%* immunopre-
cipitates.

DISCUSSION

The induction of p16™%#* in EH1 cells had a number of
striking effects on the composition of cyclin-CDK complexes,
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FIG. 7. Association of CDK4 and p16"V5# at different times after induction.
(A) EHI cells were harvested at 0, 4, 8, and 24 h after addition of IPTG, and the
lysates were immunoprecipitated with antisera to CDK4 (left) and p16/V<#
(right). After fractionation by SDS-PAGE, coprecipitating proteins were de-
tected by immunoblotting with antisera against CDK4 and p16/V5% as indicated
on the right. (B) EH1 cells were induced with IPTG for 0, 4, 8, and 24 h and
metabolically labeled with [>>S]methionine-cysteine for 2 h prior to harvesting.
The cell lysates were immunoprecipitated with antisera against CDK4 (left) or
pl16/VK4 (right), and the labeled proteins were detected by autoradiography. The
positions of cyclin D1, CDK4, and p16"¥5#® are as shown on the right.

the combined result of which was a G, arrest. A major aim
of this work was to determine whether the primary effect of
pl6™ ¥ was to divert CDK4 from active complexes, as pre-
dicted by the competitive binding model, or to inhibit preex-
isting cyclin D-CDK4 by joining ternary or higher-order com-
plexes. In this respect, the gel filtration results effectively
preclude the latter model since the overwhelming majority of
p16"V%# in IPTG-treated EH1 cells was found in fractions in
the 50- and 15- to 20-kDa size ranges. Selective immunopre-
cipitation and Western blotting confirmed that these peaks cor-
respond to CDK-bound and free p16™%%, respectively, and
attempts to find cyclin D1 and p16"¥%#* in the same fractions
were consistently negative. Although we cannot formally ex-
clude the transient formation of higher-order complexes, we
estimate that in a steady-state situation, 48 h postinduction,
less that 1% of the total p16™%* in the cells eluted in com-
plexes larger than 50 kDa.

Previous studies using similar inducible expression systems
demonstrated coprecipitation of D cyclins and either p15~%#
or p19’V&# byt did not address the proportions of the INK4
proteins in such complexes (1, 55). While it is possible that
different INK4 proteins have different properties in this regard,
the structural data suggest that they adopt similar three-dimen-
sional conformations (6, 38, 46, 73). Another possibility is that
the rapid induction of artificially high levels of INK4 protein
leads to a transient association with cyclin-CDK complexes
that is rarely seen under physiological conditions. In the pre-
vious studies, the cells were harvested relatively soon after
induction (1, 55). However, we found no evidence for copre-
cipitation of cyclin D1 and p16/Y%* during a time course of
p16™%# induction (Fig. 7 and data not shown). On the con-
trary, the interactions of newly synthesized components ob-
served at various time points would be entirely consistent with
a competitive binding model in which the unstable cyclin is
gradually replaced by the more stable inhibitor. The rate at
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which the different complexes appear to change would of
course depend on the stoichiometry of the different compo-
nents.

Another feature of our data that contrasts with conclusions
drawn elsewhere (55) is that the induction of p16™%* demon-
strably affected the composition of cyclin D-CDK complexes.
In this respect, our data are more in line with those reported by
Adachi et al. and Sandhu et al., both of whom showed a
reduction in cyclin D-CDK4 interactions when INK4 levels
were elevated (1, 60). We are also in complete agreement with
a recent report by Jiang et al. based on inducible expression of
p16™%# (30). Thus, in IPTG-treated EH1 cells a substantial
proportion of the CDK4 relinquished its association with cyclin
D1 to form complexes with p16”%#**, One consequence was
the broadening of the cyclin D1 peak on the gel filtration
column, and it will be interesting to determine whether the
smaller cyclin D1 complexes, at around 120 to 150 kDa, con-
tain any kinase subunits. However, much of the cyclin D1
remains in the 200-kDa peak and the total amounts in the cell
are unchanged, ruling out the increased turnover of cyclin D1
when it is dissociated from CDK4. A likely reason is that the
CDK4 is replaced in the complex by CDK2.

Cyclin D1 has been previously shown to interact with CDK2
in some cell types (4, 77), and this association is increased in
senescent fibroblasts (13). However, it is predominantly the
unphosphorylated, inactive form of CDK2 that coprecipitates
with cyclin D1, consistent with the change in the ratio of the
two forms when p16”~*# is induced in EH1 cells. It has been
formally demonstrated that cyclin D1-CDK2 complexes are
inactive as kinases and insensitive to activation by cyclin H-
CDK?7 (27), but the situation is less clear for cyclins D2 and
D3; coexpression with CDK2 in baculovirus-based systems has
been shown to produce active kinases (15).

Replacement of CDK4 by CDK2 puts a different complexion
on the reassortment of the various components in IPTG-
treated EH1 cells. It has been previously surmised that induc-
tion of INK4 proteins causes p27<’"” to move off cyclin D1-
CDK4 complexes and onto cyclin E-CDK2 (30, 55, 56, 60), but
our data show little if any displacement of p27°** from cyclin
D1. A more likely interpretation, therefore, is that p27</*/
remains associated with cyclin D1, to which it can bind directly
in the absence of a CDK (8, 16, 17, 20, 36, 71). The substitution
of CDK2 for CDK4 in this complex would then explain the
dramatic shift in allegiance of p27°*/ from CDK4 to CDK2
shown in Fig. 3 and elsewhere (30, 55, 56, 60). The one facet
of the data not explained by this model is the increase in
the amount of p27/ and p21<*** bound to cyclin E after
p16™%# induction (Fig. 3 and reference 30). Several possibil-
ities can be considered. The first is that the levels of cyclin E
are generally much lower than those of cyclin D1 so that a
severalfold increase in the amount of p27%/*7 that coprecipi-
tates with cyclin E may represent a very small proportion of the
amount normally bound to cyclin D1. Another is that there is
an appreciable reduction in the expression of cyclin D3 in
IPTG-treated EH1 cells which, together with the inability to
activate cyclin A expression, leads to a surplus of p27%/*/ that
accumulates on cyclin E-CDK2 complexes. The immunodeple-
tion experiments shown in Fig. 3C favor the latter interpreta-
tion since there is a substantial reduction in cyclin D3-p27</"*
complexes in the arrested cells. What causes this reduction
remains a matter of conjecture, but one possibility would be
that, at least in some cell systems, cyclin D3 expression is
delayed relative to that of cyclins D1 and D2. Cyclin D3 ex-
pression may therefore be partially dependent on the activa-
tion of CDK4 or CDKG6.

The net effect of these changes is a marked reduction in the
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kinase activity associated with CDK2, whether it is bound to
cyclin E or to cyclin A. However, it remains unclear whether
this inhibition of CDK2 activity is an essential factor in the cell
cycle arrest imposed by p16"™¥%# or is simply an adjunct to the
direct inhibition of cyclin D-associated CDK4 and CDK6. Our
data are clearly at odds with a previous report that cotransfec-
tion of p16”V%* can prevent the phosphorylation of pRb with-
out inhibiting the activity of cyclin E-CDK2 (41) but agree with
those recorded for inducible or ectopic expression of p15/V&#
(55, 56) and p16™%# (30). The IPTG-treated EH1 cells arrest
with pRb in its hypophosphorylated state, consistent with the
observed inhibition of CDK2, -4, and -6, but this would also be
consistent with models in which the hyperphosphorylation of
pRD by cyclin E-CDK2 is dependent on prior phosphorylation
by cyclin D-dependent kinases (26, 41). Nevertheless, it is clear
from Fig. 2 that upon pl16"V**.mediated arrest, pRb is not
phosphorylated on Ser780, a site specifically targeted by cyclin
D-dependent kinases (31).

It is now well established that cyclins and CDKs are found in
multicomponent complexes within mammalian cells, although
the exact composition of these complexes is not fully under-
stood (10, 42, 49, 54, 67). Most cyclins show a major peak of
around 150 to 220 kDa, although size estimates vary in differ-
ent studies, and our data are in broad agreement. CDK4 and
CDKG6 are found primarily in three distinct complexes of very
different sizes. As recently reported for CDK6 (42), a signifi-
cant proportion of the CDK4 eluted with an apparent molec-
ular mass in excess of 400 kDa. The other components of this
complex have not been identified but may include the molec-
ular chaperones HSP90 and CDC37 (9, 34, 42, 68). In the case
of CDK6, Mahony et al. noted that the minor peak at 170 to
200 kDa corresponded to active kinase (42), and our data for
EH1 cells concur (not shown). However, a much higher pro-
portion of the CDK4 is present in the active kinase complex at
the 170- to 200-kDa peak, and in contrast to CDK®6, only a
minor fraction of the CDK4 is found in binary complexes with
INK4 proteins at ~50 kDa. Since current methods do not allow
quantitative comparisons of the CDK4- and CDK6-associated
kinase activity, it is not possible to assess the relative contri-
butions of the two kinases to G, progression. Nevertheless, our
data indicate that both active complexes are affected by the
induction of p16™V%#,

It is clear that the interactions between cell cycle regulatory
components are integrally connected. By making one alter-
ation, such as increasing the levels of p16™%* we find that
several multicomponent complexes undergo reassortment and
that the impact of the inhibitor is more pleiotropic than simply
altering the activity of the proteins to which it directly binds.
Moreover, the debate over the ability of INK4 proteins to
associate with or disrupt binary cyclin D-CDK4 complexes in
vitro may be largely irrelevant since there is no evidence that
such binary complexes ever exist in vivo.
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