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K cyclin encoded by Kaposi’s sarcoma-associated herpesvirus confers resistance to the cyclin-dependent
kinase (cdk) inhibitors p16"™***, p21<'*! and p27¥?! on the associated cdk6. We have previously shown that
K cyclin expression enforces S-phase entry on cells overexpressing p27<®! by promoting phosphorylation of
p27¥*! on threonine 187, triggering p27*"*! down-regulation. Since p21“"?! acts in a manner similar to that
of p27%iP! we have investigated the subversion of a p21“"?'-.induced G, arrest by K cyclin. Here, we show that
p21°"*! is associated with K cyclin both in overexpression models and in primary effusion lymphoma cells and
is a substrate of the K cyclin/cdk6 complex, resulting in phosphorylation of p21<' on serine 130. This
phosphoform of p21<"*! appeared unable to associate with cdk2 in vivo. We further demonstrate that phos-
phorylation on serine 130 is essential for K cyclin-mediated release of a p21“"*'-imposed G, arrest. Moreover,
we show that under physiological conditions of cell cycle arrest due to elevated levels of p21<'*" resulting from
oxidative stress, K cyclin expression enabled S-phase entry and was associated with p21©"*! phosphorylation
and partial restoration of cdk2 kinase activity. Thus, expression of the viral cyclin enables cells to subvert the
cell cycle inhibitory function of p21°* by promoting cdk6-dependent phosphorylation of this antiproliferative

protein.

Progression through the mammalian cell cycle is primarily
regulated during the G, phase. D-type cyclins complexed with
either cyclin-dependent kinase 4 (cdk4) or cdk6 collaborate
with cyclin E/cdk2 to phosphorylate the retinoblastoma pro-
tein, pRb. This multisite phosphorylation inactivates pRb,
hence removing its restraining influence on S-phase entry (1).
However, to prevent unscheduled progression through the
cell cycle, the G;-specific cyclin/cdk holoenzymes are held in
check by p21<P! and p27%P* (34). These inhibitory proteins
stoichiometrically bind to both the cyclin and cdk subunits
and inhibit their enzyme activity through steric hindrance
within the catalytic cleft (10, 15, 30, 32). p21<"! and p27%P!
can also prevent the activating phosphorylation of the cdk
subunit (2, 17). In addition to their inhibitory roles, p21<!
and p275"P! can promote D-type cyclin/cdk complex formation;
these heterotrimeric complexes retain substantial kinase activ-
ity (20, 36). Such trimeric complexes are believed to promote
cell cycle progression through the sequestration of p21<*! and
p27%iP! releasing cyclin/cdk2 complexes from inhibitory inter-
actions (28).
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Our understanding of the roles of endogenous cell cycle
regulatory proteins has been greatly increased through the
analysis of the functions of a variety of viral proteins that
promote proliferation. The cyclin encoded by Kaposi’s sarcoma-
associated herpesvirus (KSHV) (K cyclin) is the viral homo-
logue of the mammalian D-type cyclins, and it preferentially
interacts with endogenous cdk6 (7, 13). K cyclin/cdk6 com-
plexes have unusual properties, preeminent being their ability
to maintain kinase activity in the presence of p21<'P! and
p27%iP! (37). We have previously shown that K cyclin is able to
circumvent the G, blockades imposed by p21<"P! and p27%iP!
(37). To overcome the arrest imposed by p27P', K cyclin
promotes the cdk6-dependent phosphorylation of p27%P! on
threonine 187, thereby stimulating p27%P! degradation (11,
22). The phosphorylation-resistant T187A mutant of p27<iP! is
able to restrict cell cycle progression even in the presence of K
cyclin (22, 37). These data indicate that K cyclin expression
provides conditions that are permissive for cyclin/cdk2 activa-
tion by eliminating p27%P! and that the viral cyclin must facil-
itate the activation of endogenous cyclin/cdk complexes to
enable cell cycle progression (21, 34).

To further dissect the properties of the viral cyclin and shed
additional light on the control of cdk inhibitors in vivo, we
addressed the mechanism by which K cyclin can bypass the G,
arrest imposed by p21<'P!, given that this cdk inhibitor, like
p27%iP1 can inhibit the G-specific cyclin/cdk holoenzymes.
Our results demonstrate that K cyclin/cdk6 can phosphorylate
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p21<"P! on serine 130 (S130) in vitro and in vivo and that this
phosphorylation is essential for K cyclin-mediated release of a
p21<Plimposed G, arrest. Also, we show that K cyclin expres-
sion enabled S-phase entry under oxidative stress-induced cell
cycle arrest resulting from elevated levels of p21<'P', This was
associated with p21<"P! phosphorylation and partial restoration
of cdk2 kinase activity.

MATERIALS AND METHODS

Antibodies and plasmids. The antibodies used were against the following
proteins: p21€P! (C19-G), cdk6 (C-21), specificity protein 1 (Spl) (PEP-2),
B-tubulin (D-10), cdk2 (M2), and E2F-1 (KH95) from Santa Cruz; bromode-
oxyuridine (BrdU) from DAKO; hemagglutinin (HA; 12CAS5 or 3F10) from
Roche; Myc epitope (9E10) from Babco, Inc. (Berkeley, CA); and cdk4 (DCS-
35) from NeoMarkers (Fremont, CA). The mouse monoclonal antibody to
p21€iPt (SX118) was from BD PharMingen (Fremont, CA). A rabbit polyclonal
antibody to K cyclin was produced by BIOTREND Chemikalien GmbH, (Koln,
Germany). The p21<"P! phosphospecific antibody was raised in rabbits to the
peptide GEQAEGpSPGGPGDS, where pS represents phosphoserine 130. Wild-
type p21€iPL p21CP! amino acids 1 to 103 (cloned BamHI/Pstl) and p21<iP!
amino acids 102 to 164 (cloned PstI/EcoRI) were cloned into pGEX-KG (14)
and pRSET (Invitrogen). The S130A mutant of p21<P! was generated by site-
directed mutagenesis and subcloned into pGEX-KG. For mammalian expres-
sion, 2X Flag-tagged K cyclin, dominant negative cdk6 (38), and HA-tagged
p21€P! (and the mutants S130A, T145A, and S130A/T145A) were transferred
into the pcDNA3 vector (Invitrogen). pcDNA3-Myc-K cyclin was a kind gift
from Sibylle Mittnacht (The Institute of Cancer Research, London, United
Kingdom).

Cells and baculovirus. NIH 3T3-K cells were isolated, cultured, and made
quiescent as previously described (37). K cyclin expression was induced with 1
mM IPTG (isopropyl-a-p-thiogalactopyranoside). Culture of U2-OS cells and
transfection has been previously described (16, 23). The U2-OS-K cyclin cell line
(U2-0OS-K) was a kind gift from Heike Laman (Division of Virology, Depart-
ment of Pathology, University of Cambridge) and Flag-tagged K cyclin expres-
sion was induced with 5 mM IPTG. Culture and infection of Sf9 cells with
recombinant baculoviruses were performed as previously described (22). The
BC-3 cell line (3) was kindly provided by Ethel Cesarman (Cornell Medical
College, New York City, NY). BC-3 and JOK-1 hairy cell leukemia cells (a kind
gift from Leif Andersson, University of Helsinki, Finland) were cultured in a
humidified 5% CO, atmosphere at 37°C in RPMI 1640 medium supplemented
with 15% fetal calf serum (Invitrogen, Carlsbad, CA). For treatment with hy-
drogen peroxide, NIH 3T3-K or U2-OS-K cells were cultured for 24 h in the
absence or presence of IPTG. For BrdU incorporation, hydrogen peroxide was
added to 250 wM to NIH 3T3-K cells, and the cells were incubated for 4.5 h.
BrdU was added for the last 30 min before the cells were harvested. For the
kinase assays, U2-OS-K cyclin cells were treated with 500 uM hydrogen peroxide
for 20 h before being harvested.

In vitro kinase assays and phosphopeptide analysis. Sf9 cells were infected
with the appropriate recombinant baculoviruses and lysed 72 h later by swelling
in K buffer (approximately 2.5 X 10° cells/ml; K buffer is 25 mM HEPES [pH
7.9], 5 mM MgCl, 0.1% 2-mercaptoethanol, and 0.1 mM EDTA) for 10 min on
ice. Cell debris was removed by centrifugation. Kinase assays were performed in
K buffer containing 0.5 to 1 pg of the appropriate substrate, 100 uM ATP, and
2.5 pCi [y-**P]ATP at 30°C for 30 min. Reactions were then terminated by the
addition of an equal volume of sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) loading buffer and resolved by SDS-PAGE. Primary
effusion lymphoma (PEL) cells, transfected cells, or U2-OS-K cells were lysed
into the ELB lysis buffer (150 mM NaCl, 50 mM HEPES [pH 7.4], 0.1% Igepal,
5 mM EDTA, 2 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride,
leupeptin [2 pg/ml], pepstatin [2 wg/ml], and aprotinin [1.5 pg/ml]) supple-
mented with 25 mM B-glycerophosphate. For measurement of in vitro kinase
activity towards pRb, histone H1, endogenous p21"P!, or glutathione S-trans-
ferase (GST)-p21<'P! lysates were incubated 2 h at 4°C with anti-K cyclin,
anti-CDK2, or anti-Myc antibody. Immunocomplexes were coupled to protein
A-Sepharose beads for an additional 1 h at 4°C and washed three times with lysis
buffer, followed by one wash with kinase buffer (20 mM Tris [pH 7.5], 50 mM
KCl, 7.5 mM MgCl,, 1 mM DTT, 25 mM B-glycerophosphate, leupeptin [2
pg/ml], pepstatin [2 pg/ml], and aprotinin [1.5 pg/ml]). Immunodepletion was
performed with three rounds of immunoprecipitation with either anti-cdk6, anti-
cdk4, anti-cdk2, or anti-p21<"P! antibody; the depleted lysates were immunopre-
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cipitated with anti-K cyclin antibody. For blocking treatments, 1 ug of K cyclin
antibody was pretreated with 10 ug of GST-K cyclin at room temperature for 2 h
prior to addition to the lysate. Kinase reactions were performed in the presence
of 2 pCi of [y-*?PJATP for 15 min at 30°C using 0.5 p.g of wild-type or SI30A
mutant GST-p21<"P! or 2 wg GST-pRb and histone H1 as a substrate or without
any exogenous substrates. Phosphorylated proteins were analyzed by SDS-PAGE
and autoradiography.

For the phosphopeptide analysis, in vitro kinase assays were performed as
described above except that 20 wCi [y->*P]JATP and GST-p21"P! were used. The
phosphorylated GST-p21<'P! products were resolved by SDS-PAGE and trans-
ferred to a polyvinylidene difluoride membrane. Radioactive bands were iden-
tified by autoradiography, excised, and digested with trypsin. Peptides were
resolved in two dimensions on thin-layer cellulose chromatography plates using
a Hunter Thin Layer Peptide Mapping Electrophoresis system as previously
described (22). The first dimension was resolved by electrophoresis in pH 1.9
buffer (25 ml formic acid, 78 ml acetic acid, and 897 ml distilled H,O) for 50 min
at 1,000 V, followed by chromatography with 3:10:12:15 acetic acid:pyridine:
water:butan-1-ol for 8 h for the second dimension. Plates were dried and sub-
jected to autoradiography. Phosphoamino acid analysis was performed as previ-
ously described (25).

Cell extractions and immunological methods. For immunoblotting, cells were
washed twice with phosphate-buffered saline (PBS), lysed in situ in SDS-PAGE
sample buffer, and collected by scraping. Samples were then boiled and subjected
to SDS-PAGE using 10% polyacrylamide gels to resolve cyclins and cdk’s and
12.5% polyacrylamide gels for p21<P!, Inmunoblotting was performed as de-
scribed previously (9). Blots were analyzed by autoradiography or by data cap-
ture via a Fuji LAS-3000 and quantification with Fujifilm Science Lab 2003
ImageQuant 4.21 software. Phosphatase treatment was performed by incubation
of the cell extract with calf intestinal alkaline phosphatase (Roche) at 37°C for 30
min prior to immunoblotting.

For immunoprecipitations, NIH 3T3-K cells were washed twice with PBS,
lysed in situ in IP-K buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA,
2.5mM EGTA, 0.1% Tween-20, 50 mM NaF, 0.1 mM Na,VO;, and 1 mM DTT)
and collected by scraping, followed by five passes through a 21-gauge needle.
Samples were incubated for 30 min at 4°C before centrifugation to remove cell
debris. Immunoprecipitations were performed at 4°C for 2 h using protein A- or
protein G-Sepharose beads and the appropriate antibody. The immunoprecipi-
tates were washed three times in IP-K buffer prior to resuspension in SDS-PAGE
loading buffer and immunoblot analysis or kinase assay (9).

BrdU incorporation was determined as previously described (9) 24 h after
addition of the BrdU. Cells were cotransfected with histone H2B-green fluores-
cent protein (GFP) fusion construct, and at least 100 GFP-positive cells were
scored for BrdU incorporation. For half-life determinations, NIH 3T3-K cells
were metabolically labeled for 120 min with approximately 100-p.Ci/ml [**S]me-
thionine and cysteine (27) in the absence and presence of K cyclin expression,
and p21“P! was immunoprecipitated as described above. For immunohistochem-
ical analysis, transfected cells were fixed with 3.5% (wt/vol) paraformaldehyde
and permeabilized with 0.1% Triton X-100 for 5 min. Immunofluorescence
labeling was performed as previously described (16).

Nuclear-cytoplasmic fractionation. For nuclear-cytoplasmic extractions, NIH
3T3-K cells were trypsinized, washed in PBS, and resuspended in buffer A (10 mM
HEPES [pH 7.9]-10 mM KCI-1.5 mM MgCl,-0.34 M sucrose-10% glycerol-1
mM DTT). Triton X-100 was added to 0.1%, and the sample was incubated on
ice for 5 min. Nuclei were pelleted by centrifugation at 3,500 rpm for 4 min at 4°C
and washed once in buffer A. The cytoplasmic supernatant solution was clarified
by centrifugation at 14,000 rpm for 10 min at 4°C. For PEL cell fractionation,
BC-3 cells were resuspended in hypotonic lysis buffer (20 mM Tris [pH 7.5], 10
mM NaCl, 1.5 mM MgCl,, 2 mM EDTA, 0.1% Triton X-100, 10 mM MnCl,,
20% glycerol, 1 mM DTT, 25 mM B-glycerophosphate, 2 pg/ml leupeptin, 2
wg/ml pepstatin, and 1.5 wg/ml aprotinin) to a concentration of 5 X 107 cells/ml.
Samples were incubated on ice for 5 min with gentle mixing. Nuclei were pelleted
by being spun at 800 rpm for 5 min at 4°C. The supernatant (cytosol) was then
carefully removed from the pellet, which was washed with PBS. The cytosolic
extract was further clarified by centrifugation at 14,000 rpm for 15 min at 4°C.
The clarified supernatant was collected and represents the cytosolic fraction. The
nuclear pellet was resuspended in hypotonic lysis buffer plus 0.5 M NaCl and
vortexed twice for 10 s. Nuclei were spun at 14,000 rpm for 15 min. The super-
natant (nuclei) was collected and represents the nuclear fraction.

Gel filtration chromatography. Cell lysates prepared in ELB lysis buffer were
passed through a 0.22-wm-pore-size MILLEX-GS filter (Millipore) and fraction-
ated on a Superdex 200 HR column with a fast-performance liquid chromatog-
raphy system (Pharmacia Biotech, Uppsala, Sweden). Samples were loaded onto
the column and separated in gel filtration buffer (50 mM HEPES [pH 7.5], 150
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FIG. 1. K cyclin promotes the phosphorylation of p21<"! on serine 130 in vitro. (A) K cyclin/cdk6 was expressed in Sf9 cells by infection with
recombinant baculoviruses and used in kinase assays with [y->>P]JATP and GST-p21“P! from bacteria as a substrate. Sf9 cells infected with
wild-type baculovirus were used for the negative control. Products of the phosphorylation reactions were resolved by SDS-PAGE and subjected
to autoradiography. (B) GST-p21“P! phosphorylated by K cyclin/cdk6 was subject to two-dimensional tryptic phosphopeptide mapping with
electrophoresis in the horizontal direction and chromatography in the vertical direction. The point of sample application is marked by “x.” (C) The
phosphopeptide shown in panel B was eluted from the cellulose plate and subjected to acid hydrolysis. The resulting hydrolysate was resolved by
electrophoresis and subjected to autoradiography. The positions of phosphoamino acid standards are shown. (D) Wild-type and indicated mutant
forms of p21<'P! [N indicates p21(;_103) and C indicates p21;0_164y] Were synthesized in bacteria as GST fusion proteins and used as substrates

in kinase reactions with K cyclin/cdk6, as shown in panel A.

mM NaCl) at a flow rate of 0.3 ml/min. Column calibration was performed under
the same conditions with blue dextran (2,000 kDa) thyroglobulin (669 kDa),
apoferritin (443 kDa), B-amylase (200 kDa), alcohol dehydrogenase (150 kDa),
bovine serum albumin (66 kDa), and carbonic anhydrase (29 kDa). For each
fractionation, 30 fractions of 0.5 ml each were collected. A total of 50 pul of each
fraction was used for immunoblotting, and 450 pl of each fraction was used for
immunoprecipitation experiments.

RESULTS

K cyclin/cdk6 phosphorylates GST-p21<**! in vitro on S130.
Initially, we tested if p21<'P' was a direct substrate for K
cyclin/cdk6-mediated phosphorylation using bacteria to gener-
ate a GST fusion protein of full-length p21<'P'. The GST
fusion protein was employed in kinase assays with K cyclin/
cdk6 complexes from baculovirus-infected Sf9 cells. K cyclin/
cdk6 readily phosphorylated GST-p21<'P! (Fig. 1A), while
GST itself was not a substrate for K cyclin/cdk6 (negative data
not shown). Similar data were obtained with poly(His)-p21<"!
fusion proteins (Fig. 2). Phosphopeptide map analysis of phos-
phorylated GST-p21<'P! indicated the presence of a single
major phosphorylated species (Fig. 1B) which, when subjected
to phosphoamino acid analysis, was found to contain only
phosphoserine (Fig. 1C). To localize the site of phosphoryla-
tion, the amino-terminal [p21(,_;o3)] and carboxy-terminal
[P21(102-164)] Portions of p21P* were generated in bacteria as
GST fusion proteins and used as substrates for in vitro kinase
assays. K cyclin/cdk6 phosphorylated the carboxy-terminal por-
tion of p21<'P! but not its amino-terminal fragment (Fig. 1D).
The carboxy-terminal form of p21<"P! contained a single con-
sensus cdk phosphorylation site at S130. Mutation of this site
to an alanine residue abolished the ability of K cyclin/cdk6 to
phosphorylate p21<"! (Fig. 1D). The S130A mutant of GST-

p21<"P! was indistinguishable from the wild-type GST-p21<!
fusion in its ability to inhibit cyclin/cdk2 complexes (data not
shown).

K cyclin/cdk6 phosphorylates p21<"*! in vivo on S130. To
address the ability of K cyclin to promote p21<"P* phosphory-
lation in vivo, we initially employed an immunoblotting ap-
proach using NIH 3T3-K cells (37) that inducibly express K
cyclin in response to treatment with IPTG. Strikingly, K cyclin
expression was associated with the accumulation of a retarded
mobility form of p21<"P! (Fig. 2A). Phosphatase treatment of
extracts prior to immunoblotting collapsed this p21<'P! doublet
to a single species that comigrated with the fastest-moving
form (Fig. 2B), indicating that K cyclin expression promoted
the appearance of a phosphorylated species of p21<P! in vivo.
To substantiate this observation, we transfected U2-OS cells
with HA-tagged p21<P!, K cyclin, and either wild-type or ki-
nase-dead cdk6 and assayed p21<P! phosphorylation status by
immunoblotting. Kinase-dead cdko6 effectively abolished the
appearance of the phosphorylated p21<"! species (Fig. 2C).

To determine if this phosphorylation event promoted by K
cyclin and causing retarded mobility of p21<"P! on SDS-PAGE
was related to the S130 phosphorylation observed in vitro (Fig.
1), we raised an antibody to the phosphopeptide GEQAEGp
SPGGPGDS, where pS represents phosphoserine 130. In vitro
characterization indicated that this antiserum reacted only with
serine 130-phosphorylated p21<?! (Fig. 2D). Moreover, im-
munoprecipitation with the phosphospecific serum from ly-
sates of NIH 3T3-K cells expressing the viral cyclin specifically
isolated the slower-migrating form of p21<"P!, while an anti-
body against a p21<'P! carboxy-terminal peptide immunopre-
cipitated both forms of the cdk inhibitor (Fig. 2E). Taken
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FIG. 2. K cyclin can promote the phosphorylation of p21CIpl on serine 130 in vivo. (A) NIH 3T3-K cells were cultured for 3 days in the absence
(—) or presence (+) of IPTG to induce K cyclin expression. Cells were then lysed and subjected to immunoblotting for endogenous p21<P! and
K cyclin. (B) NIH 3T3 cell lysates were heated to 95°C for 5 min, denatured protein was removed by centrifugation, and the resulting extract was
incubated in the absence (—) or presence (+) of calf intestinal alkaline phosphatase prior to immunoblotting for p21<P!. (C) U2-OS cells were
transfected with plasmids directing the expression of HA-K cyclin, wild-type p21<P!, and either wild-type cdk6 or kinase-dead cdk6. After 48 h,
cells were lysed and subjected to immunoblotting for p21<P*, (D) Poly(His)-tagged p21<"' (His-p21) was isolated from recombinant bacteria and
used as a substrate in kinase reactions, as described in the legend to Fig. 1, with nonradioactive ATP. Products of the phosphorylation reactions
were resolved by SDS-PAGE and immunoblotted using either an anti-carboxy-terminal p21<! antibody (pan) or the anti-S130 phosphospecific
serum (pS130). (E) NIH 3T3-K cells induced to express K cyclin were lysed and subjected to immunoprecipitation with either an anti-carboxy-
terminal p21<"P! antibody (pan) or the anti-S130 phosphospecific p21<"?! serum (pS130). The products of the immunoprecipitates (IP) were
immunoblotted with the anti-carboxy-terminal p21“"! antibody and compared to a sample of the starting material (Total).

together, these data demonstrate that K cyclin can promote the
phosphorylation of p21"! on S130 in vitro and in vivo and
that this phosphorylation leads to reduced mobility of p21<iP!
on SDS-PAGE. We note that Kim et al. (18) demonstrated
that p38 kinase can phosphorylate p21<'P'on S130 in vivo. In
our hands, the p38 inhibitor SB203580 had little effect on the
presence of the S130 phosphoform of p21“"*! in our asynchro-
nous cultures (data not shown).

K cyclin associates with and promotes phosphorylation of
p21€®! in both transfected and PEL-derived cells. We have
previously shown that K cyclin associates with p27%! in vivo in
transfected cells and PEL-derived cells (16). To assess the
potential physical interactions between K cyclin and p21<®!,
we expressed HA-tagged versions of wild-type and phosphosite
mutants of p21"P! in the presence of Myc-tagged K cyclin in
U2-0S cells. Cell lysates from transfections were immunopre-
cipitated with anti-Myc antibody and either subjected to an
in vitro kinase assay without adding any exogenous sub-
strates or immunoblotted for p21<"P'. As shown in Fig. 3A,
K cyclin associated with both wild-type p21<"P! and the
phosphosite mutants of p21“"P', The coimmunoprecipitated
wild-type p21<'P! displayed two immunoreactive species, in
contrast to the SI30A mutant p21<'P', which migrated as a
single species. Mutation of the site of Akt phosphorylation
(T145A) in p21<'P! (31, 42) did not prevent either the associ-
ation of K cyclin and p21“*! or the appearance of the retarded
mobility form of p21“"P!. The double mutant S130A/T145A

migrated in a manner indistinguishable from the S130A mu-
tant protein. A similar mobility shift of p21<'P" was also seen
when total p21<'P! was immunoblotted from the total lysates.
Addition of [y-**PJATP to the K cyclin immunoprecipitates
resulted in the phosphorylation of coimmunoprecipitated
p21<"P! only when the S130 site was present (Fig. 3A, top).
Next, we analyzed whether p21<'P! is associated with K cyclin
in BC-3 PELs, which are latently infected with KSHV and
express latent viral proteins like K cyclin. BC-3 cell lysates were
immunoprecipitated with either anti-K cyclin or anti-p21<®"
antibodies, and coimmunoprecipitated proteins were analyzed
by immunoblotting. As shown in Fig. 3B, p21<""* and K cyclin
were in complex in BC-3 cells, confirming our results from
transfected cells and in agreement with recently published data
(39). JOK-1 is a KSHV-negative leukemia cell line, which
served as a negative control.

Gel filtration analysis was performed using BC-3 cell lysates
to provide a qualitative estimate of the proportion of p21<!
complexed with K cyclin in PEL cells. Column fractions were
analyzed by immunoblotting. K cyclin eluted in complexes be-
tween 29 to 170 kDa, partially overlapping the p21<"P! elution
profile (90 to 220 kDa) (Fig. 4A). Thus, only a subpopulation
of p21<"P! was associated with K cyclin in vivo. To ascertain if
such p21<P! was a substrate of K cyclin/cdk in PEL lysates,
samples from fractions containing K cyclin and p21“"! were
immunoprecipitated with anti-K cyclin antisera and subjected
to an in vitro kinase assay without the addition of exogenous
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FIG. 3. K cyclin associates with and promotes phosphorylation of
p21€P! both in transfected cells and in PEL-derived cells. (A) Wild-
type and indicated mutant forms of p21<P! were transfected into
U2-0S cells, together with Myc-K cyclin or control expression vectors.
After 48 h, cells were lysed and subjected to immunoprecipitation
using anti-Myc antibody. Immunoprecipitates were assayed for kinase
activity towards coprecipitated proteins and analyzed by SDS-PAGE
and autoradiography (top). The K cyclin-associated p21<"P! was ana-
lyzed by immunoblotting with anti-p21“"P* antibody. Total lysates were
immunoblotted with anti-p21P! and anti-Myc antibodies. (B) Lysates
of the PEL and JOK-1 cells were immunoprecipitated using either
anti-K cyclin or anti-p21“! antibodies and analyzed for associated
proteins on SDS-PAGE by immunoblotting for K cyclin and p21€P!,
Total lysates of PEL cells (50 ug) were resolved by SDS-PAGE (12%)
and subjected to immunoblotting for endogenous p21<"*! and K cyclin.

substrates. The reaction products were then separated by SDS-
PAGE and analyzed by either immunoblotting with anti-
p21<P! antibodies or autoradiography. Results from a repre-
sentative fraction are shown (Fig. 4B), indicating that K cyclin
immunoprecipitates contained kinase activity against the co-
immunoprecipitated p21<'P!. Repeating the experiment using
anti-K cyclin antibody pretreated with the antigen (recombi-
nant full-length K cyclin) demonstrated the specificity of the
experiment. In addition, immunodepletion of p21<"P* prior to
immunoprecipitation with K cyclin antibodies abolished the
phosphorylation of the 21-kDa species, indicating that K cyclin
induces the phosphorylation of associated p21<"!' (Fig. 4C).
p21<"P! was also immunoblotted from total lysates as a control
for the depletion efficiency.

Even though K cyclin forms complexes with cdk2, cdk4,
cdk5, and cdk6 in BC-3 cells, we have shown that cdk6 is the in
vivo catalytic subunit of K cyclin in PEL cells using GST-pRb
and histone H1 as substrates (16, 29). To extend our analysis,
we depleted cdk2, cdk4, and cdk6 from BC-3 cell lysates to see
which kinase partner was important for the K cyclin-induced
phosphorylation of p21<'P!, Three consecutive rounds of im-
munoprecipitation resulted in an almost complete depletion of
the target cdk from the lysate (Fig. 4D, bottom). The cdk-
depleted lysates were then subjected to immunoprecipitation
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with anti-K cyclin antibody, and K cyclin-associated kinase
activity was measured by an in vitro kinase assay using GST-
p21<'P! as a substrate. Only depletion of cdk6 resulted in a
substantial decrease of K cyclin-associated kinase activity to-
wards GST-p21<"P! (Fig. 4D, top). Our results demonstrate
that cdko6 is the major catalytic subunit associated with K cyclin
that is involved in the phosphorylation of p21<'P'. To deter-
mine what site K cyclin-cdk6 from PELs phosphorylates on
p21<P! Iysates from BC-3 cells were subjected to an in vitro
kinase assay using GST-p21"P! and GST-p21<"P! S130A as
substrates. The phosphorylation of GST-p21<"P! was greatly
diminished, with the S130A mutant supporting our data from
the in vitro and transfection experiments that S130 is the major
phosphorylation site on p21<"P* for K cyclin (Fig. 4E).

K cyclin-mediated phosphorylation of p21<®' on S130 has
little effect on p21'P' protein stability or localization but
appears to abolish cdk2 binding. We next began to dissect the
physiological consequences of p21<"P' S130 phosphorylation.
Phosphorylation of cdk inhibitors has been shown to modulate
their activity via two major mechanisms: protein stability and
subcellular localization. We assessed the effects of S130 phos-
phorylation on each of these parameters. NIH 3T3-K cells
were metabolically labeled with [*’S]methionine and cysteine
for 120 min prior to chasing in the presence of excess unlabeled
amino acids in the absence or presence of K cyclin and the
abundance of p21<"P! assessed over time by immunoprecipita-
tion (Fig. 5A and B). Quantitation of p21<"! in immunopre-
cipitates following resolution by SDS-PAGE indicated that the
turnover of p21"! was not appreciably altered by K cyclin
expression. Similar results were obtained using the transla-
tional inhibitor cycloheximide (not shown). Thus, K cyclin ex-
pression had little effect on p21<'P! turnover.

p21<'P! has been shown to be regulated through subcellular
distribution by phosphorylation of T145 (42). Thus, we ana-
lyzed the relative distribution of p21<'P! in the absence and
presence of K cyclin. NIH 3T3-K cells were fractionated into
nuclear and cytoplasmic samples in the absence or presence of
K cyclin expression. Immunoblotting these samples for p21<iP!
demonstrated that the phospho-p21<'P' was enriched in nu-
clear fractions but was also present in the cytoplasmic fractions
(Fig. 5C). As controls for the integrity of the fractionation
protocol, extracts were probed sequentially with cytoplasmic
(a-tubulin) and nuclear (E2F-1) markers (Fig. 5C). To study
the distribution of p21<"P! in a more physiological setting, the
BC-3 PEL cells were fractionated into nuclear and cytoplasmic
samples and immunoblotted with p21<'P! antibody (Fig. 5D).
The purity of the nuclear and cytoplasmic fractions was verified
using markers for the nucleus (Spl) and cytosol (B-tubulin).
Again, p21“P! was detected in both compartments. The slower-
migrating form of p21<"P! corresponding to the phosphorylated
p21<P! was also present in both compartments, supporting our
fractionation data from NIH 3T3 cells expressing K cyclin.
These biochemical data were further verified by immunofluo-
rescence studies in which K cyclin-induced phosphorylation of
p21"P! on S130 had no discernible effect on the nuclear re-
tention of p21<"P!, However, K cyclin expression caused a
slight increase in the proportion of p21<P! in the cytoplasm,
although this was independent of S130 phosphorylation (data
not shown).

To address the function of S130 phosphorylated p21<'P! as a
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FIG. 4. K cyclin/cdk6 phosphorylates p21<'P! in PEL cells. (A) Lysates from the BC-3 cell line were separated by gel filtration chromatography
on a Superdex 200 column. Fractions were resolved by SDS-PAGE (12%) and immunoblotted with antibodies to K cyclin and p21<"P!. The elution
profile of the molecular mass standards is indicated in kilodaltons. (B) A representative fraction (eluting at 110 kDa) was immunoprecipitated with
anti-K cyclin antibody and either assayed for kinase activity towards coprecipitated endogenous p21<"P! by autoradiography or immunoblotted for
the indicated proteins. “Block” indicates that the immunoprecipitating antibody was pretreated with the antigen (+) or treated with a nonspecific
protein (—). (C) The same fraction shown in panel B was immunodepleted of p21<P" with three consecutive rounds of immunoprecipitation using
anti-p21“"P! antibody (depleted, +) or with rabbit immunoglobulin G for control (—). The two panels show immunoblots for the indicated protein
after these cycles of immunodepletion. The p21<'P!- and control-depleted extracts were then immunoprecipitated with anti-K cyclin antibody and
subjected to an in vitro kinase assay of coprecipitated endogenous p21<'P!, Kinase activity was determined by autoradiography after SDS-PAGE
(12%) (right, top). Immunoprecipitated (IP) proteins were analyzed by immunoblotting for K cyclin and p21<®* (right, middle and bottom).
(D) Lysates from BC-3 cells were immunodepleted for cdk2, cdk4, and cdk4 by three consecutive rounds of immunoprecipitation with anti-cdk2,
anti-cdk4, or anti-cdk6 antibodies. In the control (—), lysate was immunoprecipitated with rabbit immunoglobulin G (IgG). Depleted lysates were
subjected to immunoprecipitation by anti-K cyclin antibody and an in vitro kinase assay of GST-p21“"P!. Kinase activity was determined by
autoradiography after SDS-PAGE (12%). cdk-depleted lysates (40 pg) were resolved by SDS-PAGE (12%) and immunoblotted with antibodies
against cdk2, cdk4, and cdké. (E) BC-3 cells were lysed and subjected to immunoprecipitation using anti-K cyclin antibody. Immunoprecipitates
were assayed for kinase activity with wild-type or S130A mutant GST-p21<"P! as a substrate. Products of the phosphorylation reactions were
resolved by SDS-PAGE (12%) and subjected to autoradiography.

1€7P1 appears specifically unable to bind cy-

cdk inhibitor directly, we assessed the proportion of each phosphorylated p2

p21<'P! species in complex with different cyclin/cdk’s in vivo.
We immunoprecipitated cdk2 or cyclin D1 from NIH 3T3-K
cells and immunoblotted the precipitates for p21<'P! (Fig. 5E).
Cyclin D1 immunoprecipitates contained both mobility forms
of p21<P! while cdk2 immunoprecipitates displayed only the
faster-migrating form of p21©"! lacking S130 phosphorylation.
Total cell lysates clearly demonstrated the presence of p21<iP!,
displaying its typical dual mobility. In reciprocal experiments,
the antiserum directed against the S130 phosphoform of
p21<P! did not coimmunoprecipitate cdk2 but did associate
with cyclin D1; both of these cell cycle regulators were found in
immune complexes and captured with antibodies directed
against total cellular p21<'P" (Fig. 5F). Thus, in vivo, S130-

clin/cdk2.

Phosphorylation of p21°®' on S130 is required for G, re-
lease. We next addressed whether the phosphorylation of
p21<"P! on S130 was important for K cyclin-mediated bypass of
a p21“"Pl-imposed G, arrest by measuring S-phase entry by
BrdU incorporation (Fig. 6A). Wild-type and S130A mutant
p21<'P! were expressed at similar levels (Fig. 6B) and efficiently
prevented S-phase entry (Fig. 6A). Coexpression of K cyclin
readily circumvented the cell cycle arrest imposed by wild-type
p21<P! but was ineffective against the S130A mutant p21<!
(Fig. 6A and C). Similar results were obtained by flow cytom-
etry (data not shown). Importantly, the increase in S phase
enforced by K cyclin in the presence of wild-type p21<"P" was
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analysis. (C) NIH 3T3-K cells (cultured in either the absence or presence of

IPTG for 24 h) were fractionated into nuclear and cytoplasmic samples

prior to immunoblotting for p21°P!, E2F-1, and a-tubulin. (D) BC-3 cells were separated into cytosolic and nuclear extracts. The resulting fractions
were resolved by SDS-PAGE (12%) and analyzed by immunoblotting for p21“'', Spl, and B-tubulin. c¢dk2 or cyclin D1 (E) or p21“P! or
S130-phosphorylated p21<! (F) were immunoprecipitated from NIH 3T3-K cells (cultured in the presence of IPTG), and the immune complexes

were immunoblotted for the indicated proteins.

accompanied by retardation of the migration of ectopic p21<iP!
on SDS-PAGE (Fig. 6B). The S130A mutation of p21<"!, like
the wild-type protein, was ineffective in the inhibition of K
cyclin/cdk6 kinase activity but was as efficacious as the wild
protein in inhibiting cyclin D2/cdk6 or cyclin E/cdk2 (Fig. 6D
and data not shown), demonstrating that the S130A mutation
did not impair p21<"P! inhibitory function.

To assess the significance of K cyclin-mediated bypass of a
p21“’PLimposed cell cycle arrest under more physiological
conditions, we utilized the DNA-damaging agent hydrogen
peroxide. We have previously shown that treatment of fibro-
blasts with hydrogen peroxide leads to up-regulation of p21<"!
and cell cycle arrest; K cyclin is able to enforce S-phase entry
under these conditions (4). We repeated and extended these

observations to assess the phosphorylation status of p21<P!
and the kinase activity associated with cdk2. Figure 7A illus-
trates that hydrogen peroxide treatment of NIH 3T3-K cells
caused an elevation of the endogenous level of p21<'P!. Im-
portantly, the K cyclin-dependent reversal of S-phase progres-
sion was associated with an accumulation of the S130 phos-
phorylated p21<'P' species (Fig. 7A and B). In addition,
treatment of U2-OS-K cyclin cells with hydrogen peroxide led
to p21<'P! up-regulation and reduced cdk2 kinase activity by
approximately 50%, compared to activity in untreated cells
(Fig. 7C). Upon expression of K cyclin, p21<"P* levels remained
elevated after hydrogen peroxide treatment, but cdk2 activity
was restored to the levels found in untreated cells; p21<iP!
association with cdk2 was reduced (Fig. 7). As expected, K
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PAGE.

cyclin-associated kinase activity was unaffected by treatment
with the DNA-damaging agent (data not shown). Thus, K
cyclin expression led to subversion of p21<"! cdk inhibitory
function, as demonstrated by the restoration of cdk2 kinase
activity, consistent with the cell cycle progression maintained in
the face of oxidative damage that we previously described (4).

DISCUSSION

Here, we show that expression of the cyclin encoded by KSHV
promotes the cdké6-dependent phosphorylation of p21<P' on
S$130 both in vitro (Fig. 1) and in vivo (Fig. 2 to 4) and that this
phosphorylation is essential for the K cyclin-mediated bypass
of a p21“P'-imposed G, blockade (Fig. 6 and 7). Aspects of
these observations are reminiscent of the K cyclin-mediated
release of a p27%Pl-imposed G, arrest; in this situation, ex-
pression of K cyclin directs cdk6 to phosphorylate p27%P! on
threonine 187, leading to ubiquitin-mediated proteolysis of the
inhibitor (11, 22), and on serine 10, leading to nuclear exclu-
sion of p27%iP! (33). This phosphorylation-stimulated degrada-

tion of p27%'P! is essential for S-phase entry by allowing acti-
vation of endogenous cyclin/cdk2 complexes (11, 22).

Whereas the mechanism of p27%P! inactivation occurs
through phosphorylation-promoted degradation, this did not
appear to be the primary cause of p21<"! inactivation. Previ-
ous studies have produced conflicting data on the effects of
modification of this residue of p21<'P' on inhibitor stability.
Kim et al. (18) observed a stabilization of p21"P! correlating
with S130 phosphorylation by p38 kinase, whereas Bornstein
et al. (6) reported that the ability of active cyclin E/cdk2 to
promote p21“"! ubiquitylation in vitro was partially dependent
on the presence of serine at position 130 of p21<P!; that is, the
S130A mutant was stabilized. Ubiquitylation of p21<' has
been intimately linked to turnover of this cdk inhibitor (for a
review, see reference 5), although recent studies have ques-
tioned this view (8). Whatever the mechanism of p21<"* pro-
teolysis, our data indicate that protein degradation is not a
major cause for K cyclin-mediated release of a p21<'P'-induced
G, arrest.

p21"P! inactivation through phosphorylation has also been de-
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were immunoblotted for the proteins indicated.

scribed by enforcing its cytoplasmic retention: phosphorylation of
p21<"P! in the carboxy-terminal region on residue T145 by Akt led
to relocalization of p21<P! to the cytoplasm (42), thereby restrict-
ing inhibition of nuclear cyclins/cdk’s. Our subcellular fraction-
ation and immunohistochemical studies indicated that such a
mechanism is not involved in the inactivation of p21<'P! by K
cyclin described here (Fig. 5 and data not shown). Another po-
tential mechanism of inactivation is p21P' sequestration in pro-
tein/protein complexes. D-type cyclins are known to regulate cdk
inhibitor function through sequestration (28). K cyclin is most
similar in amino acid sequence to the D-type cyclins (21). Here,
we demonstrate association between K cyclin and p21<"! in vivo
(Fig. 3 and 4), although only a small fraction of the p21<®!
cofractionates with K cyclin (Fig. 4A), making it unlikely that
sequestration can explain the phosphorylation-dependent inacti-
vation of p21<P!,

Our most striking observations concerning the mechanism of
p21€P! inactivation through S130 phosphorylation is the lack of
association of the S130 phosphoform of p21<'P! with cyclin/cdk2
(Fig. 5), resulting in restoration of cdk2 kinase activity in the
presence of p21<'P! (Fig. 7). The mechanism through which S130
phosphorylation of p21<'P* negates its cdk-binding function is
unclear at present. Preliminary experiments indicate that in vitro-
phosphorylated p21<P! can still interact with cyclin/cdk2 com-
plexes (E. S. Child and D. J. Mann, unpublished observations),

ruling out the possibility that an autonomous structural change
due to S130 phosphorylation is responsible for the lack of inter-
action with cyclin/cdk2 seen in vivo. A number of accessory pro-
teins are known to be recruited to p21<'P*, and some of these have
been reported to modulate its cdk inhibitory activity: TOK-1
interacts with p21“P! close to the PCNA-binding region and
enhances the inhibitory action of p21<"P! towards cdk2 (26), while
SET also binds to the p21<"P! carboxy-terminal region and mod-
ulates the inhibitory action of p21<'P! towards cyclin A/cdk2 but
not cyclin E/cdk2 complexes (12). Although neither of these mod-
ulatory proteins would seem to account for the loss of cdk2 bind-
ing observed here, phosphorylation-dependent recruitment of a
regulatory protein remains an attractive hypothesis to explain
our data.

Inactivation of p21<"P!* by phosphorylation may play an im-
portant role in hyperproliferative disorders promoted by viral
infection and in tumorigenesis. KSHYV is the causative agent of
Kaposi’s sarcoma and is associated with a number of other
lymphoproliferative diseases (for a review, see reference 40).
Expression of the KSHV-encoded K cyclin may contribute to
these proliferative disorders. K cyclin expression leads to the
functional inactivation of the two major antiproliferative Cip/
Kip proteins: p27<"!, through phosphorylation-triggered pro-
teolysis (11, 22) and p21<"P!, apparently through phosphoryla-
tion-mediated functional inactivation, as described here. Thus,
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a cell expressing K cyclin will essentially be devoid of inhibitory
p21<iP! and p27¥P! proteins, favoring activation of endoge-
nous cyclin/cdk2 kinases and, hence, cell cycle progression.
Although it is uncertain whether the viral cyclin contributes to
the oncogenic properties of KSHYV, it is strikingly evident that
K cyclin is fully equipped to undermine the normal prolifera-
tive control pathways.

The inactivation of p21<P! described here through the use
of the viral cyclin reveals another level of p21<"! molecular
biology that is likely to be of importance in vivo. Our data
indicate the existence of a p21<'P! S130 kinase in vivo in the
absence of K cyclin, although the expression of the viral cyclin
greatly enhanced this phosphorylation (Fig. 2). Through the
use of the viral cyclin, we have demonstrated a role for this
phosphorylation event in the inactivation of the cell cycle ar-
rest function of p21“P', It is noteworthy that some tumor
tissues express high levels of p21<"P! but proliferate rapidly (19,
24, 35, 41), raising the intriguing possibility that the endoge-
nous p21<P! is functionally inactivated, perhaps through S130
phosphorylation.
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