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K-cyclin, encoded by Kaposi’s sarcoma-associated herpesvirus, has previously been demonstrated to activate
cyclin-dependent kinase 6 (Cdk6) to induce the phosphorylation of various cell cycle regulators. In this study,
we identified Cdk9 as a new K-cyclin-associated Cdk and showed that K-cyclin interacted with Cdk9 through
its basic domain. We hypothesized that K-cyclin served as a regulatory subunit for the activity of Cdk9. Recent
reports show that Cdk9 phosphorylates tumor suppressor p53, and we found that the K-cyclin/Cdk9 interaction
greatly enhanced the kinase activity of Cdk9 toward p53. The phosphorylation site(s) of K-cyclin/Cdk9 kinase
complexes was mapped in the transactivation domain of p53. We showed that the ectopic expression of K-cyclin
led to a sustained increase of p53 phosphorylation on Ser33 in vivo, and the phosphorylation could be inhibited
by a dominant negative Cdk9 mutant, dn-Cdk9. Using p53-positive U2OS and p53-null SaOS2 cells, we
demonstrated that K-cyclin-induced growth arrest was associated with the presence of p53. In addition,
K-cyclin-induced p53-dependent growth arrest was rescued by the dn-Cdk9- or Cdk9-specific short hairpin
RNA in SaOS2 cells. Together, our findings for the first time demonstrated the interaction of K-cyclin and
Cdk9 and revealed a new molecular link between K-cyclin and p53.

Kaposi’s sarcoma-associated herpesvirus (KSHV) or human
herpesvirus 8 is a DNA tumor virus and etiologic agent of
Kaposi’s sarcoma (KS), primary effusion lymphoma (PEL),
and multicentric Castleman’s disease (MCD) (13, 53, 72). KS is
one of the most common malignancies in AIDS patients and
the fourth most common cancer caused by infection worldwide
(4). PEL is a high-grade non-Hodgkin B-cell lymphoma with
poor prognosis and short survival time (6). MCD is a lympho-
proliferative disorder that has a very high risk of developing
into PEL (58). The majority of tumor cells in these neoplasms
are latently infected with KSHV, suggesting that viral latent
genes are important for KSHV-associated malignancies (5, 29,
79). K-cyclin, encoded by orf72, is one of the few KSHV latent
proteins that are expressed in the tumors, suggesting its patho-
logical role in oncogenesis (12, 19, 21).

KSHV encodes several homologues of cellular proteins, in-
cluding K-cyclin, vFLIP, vIRF, v-Bcl-2, and vIL-6. These viral
proteins enable the virus to manipulate and “hijack” cellular
machineries that regulate cell signaling pathways, gene expres-
sion, cell growth, and apoptosis (38, 51). K-cyclin shares about
30% sequence identity with cellular D-type cyclins and prefer-
entially interacts with cyclin-dependent kinase 6 (Cdk6) (11).
The K-cyclin/Cdk6 complexes show several unique differences
with their cellular counterparts, Cdk6/cyclin D complexes.
First, the K-cyclin/Cdk6 complexes exhibit higher kinase activ-
ity toward Rb and histone H1 (32, 46). Second, this kinase
activity is not regulated by Cdk-activating kinase (40) or Cdk
inhibitors p16Ink4, p21Cip1, and p27Kip1 (25, 48, 73). Therefore,
the K-cyclin/Cdk6 complexes in part mimic constitutively acti-

vated Cdk/cyclin kinases of G1 and S phases. Third, K-cyclin
interacts with a broad range of Cdks, including Cdk2, Cdk4,
and Cdk5 (32, 43, 46, 48, 63, 75). Fourth, K-cyclin/Cdk6 com-
plexes have an extended spectrum of substrates. These include
histone H1 (32, 46), p27Kip1 (25, 48, 68, 75), p21Cip1 (37, 75),
Bcl-2 (57), Id-2 (48), Cdc25A (48), Cdc6 (43), Orc1(43), and
caldesmon (17). Finally, K-cyclin is involved in the deregula-
tion of cellular gene expression. K-cyclin inhibits STAT3-me-
diated gene activation (47) and upregulates proproliferative
genes, such as the cyclin A gene (23). These properties dem-
onstrate a great potential for K-cyclin to disrupt the regulatory
mechanisms of cellular growth control and support the notion
that it is an oncogenic protein of KSHV. Indeed, ectopic ex-
pression of K-cyclin prevents G1 arrest imposed by many cell
cycle inhibitors (48, 73) and stimulates cell cycle progression in
quiescent fibroblasts (14, 73).

Similar to many oncogenic proteins, K-cyclin can also trigger
apoptosis and induce cell growth arrest under certain circum-
stances. For example, K-cyclin induces apoptosis in the pres-
ence of high levels of Cdk6 (56, 57) or stress signals (78). The
proapoptotic effect is at least in part associated with its ability
to induce the phosphorylation and inhibition of the antiapop-
totic protein Bcl-2 (57). K-cyclin-associated apoptosis and ab-
errant cell growth are also closely related to tumor suppressor
p53 during tumorigenesis (76, 78). Tumor suppressor p53 is a
crucial component of the cellular machinery that mediates cell
growth arrest and apoptosis in response to a wide range of
internal and external stress signals. The ectopic expression of
K-cyclin in mouse embryonic fibroblasts (MEFs) causes p53
accumulation, which is likely to contribute to K-cyclin-induced
growth arrest and apoptosis in MEFs (78). In transgenic-
mouse models, K-cyclin induces tumor formation in p53�/�

mice but not in mice expressing functional wild-type p53 (76).
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These results indicate the existence of interplay between p53
and K-cyclin.

p53 is tightly controlled by multiple posttranslational modi-
fications. Among them, phosphorylation plays a special role in
fine-tuning the activity of p53. A variety of cellular kinases can
phosphorylate serine or threonine residues at the N and C
termini of p53 (3, 7). Recently, Cdk9 was found to phosphor-
ylate p53 on serine 33, 315, and 392 (15, 64). Cdk9 belongs to
the category of Cdk that is involved in transcriptional regula-
tion (16, 20). The major function of Cdk9 is to regulate mRNA
synthesis during initiation or elongation steps (24). In com-
plexes with cyclin T1, T2a, T2b, or K, Cdk9 can phosphorylate
the C-terminal domain of the large subunit of RNA polymer-
ase II (RNA pol II) (28, 49, 60) and inhibitory elongation
factors, such as 5,6-dichloro-1-�-D-ribofuranosylbenzimidazole
sensitivity-inducing factor and the negative elongation factor
(30). In addition, the Cdk9 gene is located on chromosome
9q34.1, a region involved in nonrandom chromosome alter-
ations, suggesting a possible involvement of Cdk9 in some
human neoplasms (10).

In the search for new K-cyclin partners, we found that K-
cyclin interacts with Cdk9. This led us to hypothesize that
K-cyclin regulates the kinase activity of Cdk9 to phosphorylate
p53. We found that the K-cyclin/Cdk9 interaction activated
Cdk9 to induce the phosphorylation of p53. We demonstrated
that the phosphorylation site was located within the transacti-
vation domain (TAD) of p53, specifically on Ser33. Moreover,
cell growth arrest caused by K-cyclin was linked to the pres-
ence of p53 and apparently required the kinase activity of
K-cyclin/Cdk9 complexes. Our study demonstrated that Cdk9
is a K-cyclin target and revealed a novel link between K-cyclin
and the p53 pathway.

MATERIALS AND METHODS

Plasmids. Plasmids encoding human cyclin T1 (pCI-86) and a dominant-
negative mutant of human Cdk9 (dn-Cdk9; pFlag-CMV2-hCdk9-D167N) were
generously provided by Andrew P. Rice (Baylor College of Medicine, Houston,
TX). pEF1/myc-his A and pcDNA3 plasmids were purchased from Invitrogen.
pEF1A-K-cyc-myc-his, pEF1A-K-cyc-D1/2-myc-his, pEF1A-K-cyc-D2-myc-his,
pEF1A-K-cyc-D2/3-myc-his, and pEF1A-K-cyc-D1/3-myc-his were constructed
using a standard PCR cloning technique. pGEX-4T-p53, pGEX-4T-p53-N2,
pGEX-4T-p53-C2, pGEX-4T-p53-TAD, pGEX-4T-p53-SH3, pGEX-4T-p53-
DBD, pGEX-4T-p53-TD, and pGEX-4T-p53-BD plasmids, expressing full-
length human p53 and its series of deletion mutants, were constructed as previ-
ously described (54).

Cell culture and DNA transfection. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), Opti-MEM, and other routinely used cell
culture reagents were purchased from Invitrogen. 293FT, AD-293, U2OS, and
SaOS2 cells were maintained in DMEM supplemented with 10% heat-inacti-
vated FBS at 37°C with 5% CO2. For the coimmunoprecipitation assay, 6 � 105

293FT cells were seeded in a six-well plate and cotransfected with either 0.4 �g
of pEF1A-K-cyc-myc-his, 0.4 �g of pcDNA3-flag-Cdk9, or both. A control plas-
mid, pEF1A-myc-his or pcDNA3, was added to maintain equivalent (total, 0.8
�g) DNA inputs. Transfections were performed with TransFectin reagent ac-
cording to the manufacturer’s instructions (Bio-Rad).

Western blot analysis. Transfected or adenovirus-infected cells were collected
after being washed once with ice-cold phosphate-buffered saline (PBS). To
prepare total cell lysate (TCL), cells were lysed in 500 �l of total cell lysis buffer
(1� PBS, 1 �g/ml pepstatin A, 0.5 �g/ml leupeptin, 0.5 �g/ml aprotinin, 0.5 mM
phenylmethylsulfonyl fluoride, 0.3 �g/ml E-64, 8 mM NaF, 25 mM NaVO3, and
20 mM sodium pyrophosphate) containing 0.5% NP-40 and sonicated for 10 s.
Supernatants were then collected after centrifugation at 14,000 � g for 20 min at
4°C. Standard Western blotting was performed by using the TCL, and the
targeted proteins were visualized with an enhanced chemiluminescence detec-
tion system. The primary antibodies used in the Western blots were purchased

from the following companies: anti-Flag-horseradish peroxidase (HRP) (M2)
antibody and antitubulin monoclonal antibody (MAb), Sigma; rabbit antibodies
against p53, phospho-p53 (Ser33), phospho-p53 (Ser315), and phospho-p53
(Ser392), Cell Signaling Technology; and anti-Cdk9 (D-7) MAb, Santa Cruz
Biotechnology. Anti-myc MAb was produced from the MYC 1-9E10.2 hybrid-
oma cell line (American Tissue Culture Collection). HRP-conjugated secondary
antibodies were purchased from Rockland Immunochemicals (Gilbertsville, PA).

Coimmunoprecipitation. For the transfected 293FT cells, TCL was prepared
as described above and then was gently mixed with an appropriate antibody on
a rotator for 2 h at 4°C. Five microliters of Protein G Plus-agarose beads (Santa
Cruz Biotechnology) was then added, and samples were continuously mixed for

FIG. 1. Interaction of KSHV K-cyclin and Cdk9. (A) 293FT cells
were transfected with myc-tagged K-cyclin and/or Flag-tagged Cdk9
expression plasmids. Forty-eight hours after transfection, TCLs were
used for immunoprecipitation (IP), followed by Western blotting
(WB) with the antibodies indicated (top two panels). TCLs of trans-
fected 293FT cells were analyzed by Western blotting with anti-Flag or
anti-myc antibody to show the expression of Cdk9 or K-cyclin (bottom
two panels). �, anti. (B) BJAB and BCBL-1 cells were treated with 1
mM of butyric acid. Forty-eight hours after treatment, Co-IP and WB
were performed with the antibodies indicated above (top panel). TCLs
of BJAB and BCBL-1 cells were analyzed by WB to show the expres-
sion levels of endogenous Cdk9 and K-cyclin (bottom two panels).
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an additional 2 h at 4°C. The agarose beads were washed three times with cold
total cell lysis buffer, and the immunoprecipitated protein complexes were eluted
in sodium dodecyl sulfate (SDS) sample buffer for Western blot analysis. For the
KSHV-infected BCBL-1 and control BJAB cells, 107 cells were treated with 1
mM of butyric acid for 48 h and then lysed in total cell lysis buffer containing 1%
NP-40. Five hundred microliters of the lysates was diluted with 1,000 �l of PBS
containing protease inhibitors. Coimmunoprecipitation was performed in two
steps. First, 5 �l of rat anti-K-cyclin antibody (Santa Cruz Biotechnology) was
added and the samples were mixed on a rotator at 4°C for 3 h. Second, 1 �l of
rabbit anti-rat antibody (Santa Cruz Biotechnology) was added, followed by
mixing for another 3 h. Ten microliters of protein A-agarose beads (Sigma) was
then added, and the coimmunoprecipitation was performed overnight at 4°C.
The immune complexes were analyzed by Western blotting as described above.

In vitro kinase assay. Transfected 293FT cells were lysed on ice for 10 min in
500 �l of kinase lysis buffer (50 mM Tris-HCl, pH 8.0, 120 mM NaCl, 5 mM
dithiothreitol, 0.5% NP-40, 1 �g/ml pepstatin A, 0.5 �g/ml leupeptin, 0.5 �g/ml
aprotinin, 0.5 mM phenylmethylsulfonyl fluoride, 0.3 �g/ml E-64, 20 mM sodium
pyrophosphate, and 1 mM NaF). The cell lysates were clarified by centrifugation,
and subjected to immunoprecipitation with anti-Flag or anti-Cdk9 antibody as
described above. The agarose beads were rinsed three times with the kinase lysis
buffer and once with a kinase reaction buffer (100 mM Tris-HCl, pH 7.5, 20 mM
MgCl2, 10 mM dithiothreitol, and 5 �M ATP). The beads were resuspended in
20 �l of the kinase reaction buffer containing 0.5 �Ci of [�-32P]ATP
(PerkinElmer Life Sciences) and purified glutathione S-transferase (GST)–p53.
The kinase reaction was performed at 30°C for 1 h. The samples were resolved
by SDS-polyacrylamide gel electrophoresis, and autoradiography was performed
at �70°C with an intensifying screen.

Recombinant adenovirus. Recombinant adenoviruses Ad-GFP and Ad-p53
were described previously (54). Recombinant adenovirus expressing Cdk9, dn-
Cdk9, or K-cyclin was constructed using the AdEasy system (Quantum Biotech-
nologies). Briefly, the PCR products of Cdk9 and dn-Cdk9 were cloned into the
pAdTrack-CMV shuttle vector at BglII and XhoI sites, and Flag-tagged K-cyclin

was cloned at HindIII and XbaI sites. After being linearized with PmeI, the
pAd-Cdk9, pAd-dn-Cdk9, or pAd-F-K-cyclin plasmid was individually cotrans-
formed with pAdeasy-1 DNA into BJ5183 cells by electroporation. Homologous
recombinants were selected with kanamycin and confirmed by PacI or BstXI
digestion. The plasmid DNA was then amplified in MJ109 cells and purified by
the standard CsCl2 density gradient method. To produce adenovirus, the PacI-
linearized recombinant plasmid was transfected into AD-293 cells (Stratagene)
with TransFectin. Seven to 10 days after the transfection, the AD-293 cells and
media were collected, and the recombinant viruses were isolated by three re-
peated freeze-thaw cycles. Virus-containing supernatants were subjected to fur-
ther amplification. The titer of stock virus was determined by a plaque formation
assay after a series of dilutions.

Lentivirus production and transduction. Empty control lentiviral vector pLKO.1
and pLKO.1-shRNA-Cdk9 (oligonucleotide identification: TRCN0000000496) were
purchased from Addgene and Open Biosystems, respectively. Lentivirus produc-
tion was performed with the four-plasmid transfection system (66). Briefly, 106

293FT cells were seeded in six-well plates. pLKO.1 or pLKO.1-shRNA-Cdk9 (0.3
�g), pVSV-G (0.1 �g), pRSV-Rev (0.1 �g), and pMDL-gag/pol (0.2 �g) Rev-
responsive element packaging plasmids were cotransfected into 293FT cells with
TransFectin reagent. Forty-eight and 72 h after transfection, the virus-containing
media were harvested, clarified at 20,000 � g for 5 min, and used for transduc-
tion. To generate Cdk9 knockdown cells, 2 � 105 SaOS2 cells were seeded in
six-well plates and transduced with 4 ml of lentivirus and 10 �g/ml of Polybrene
(Sigma) by spin inoculation (1,000 � g for 2 h at room temperature). After
spinning, cells were incubated at 37°C with 5% CO2 for 2 h. The virus-containing
media were then removed and replaced with fresh medium. Forty-eight hours
posttransduction, cells were subjected to puromycin (0.5 �g/ml) selection over a
period of 5 days. The SaOS2 cells were then plated in 96-well plates at a density
of 2.5 � 103 cells per well and infected with recombinant adenoviruses for cell
proliferation assays.

Cell proliferation assay. Sixteen to 18 hours before infection, U2OS or SaOS2
cells were plated in 96-well culture plates at a density of 2.5 � 103 cell per well.

FIG. 2. Identification of K-cyclin domain(s) that binds to Cdk9. (A) Schematic representation of the K-cyclin domains and deletion mutants.
Positive and negative binding of Cdk9 with the K-cyclin mutants is denoted by � and �, respectively, on the right. (B) Interactions of Cdk9 and
the deletion mutants of K-cyclin. myc-tagged full-length K-cyclin (lane 2) or its mutants (lanes 3 to 6) were transiently coexpressed with Flag-tagged
Cdk9 in 293FT cells. TCLs from transfected cells were used for immunoprecipitation (IP) with anti-myc antibody, followed by Western blotting
(WB) with anti-Flag antibody (top). Expression of K-cyclin, its mutants, and Cdk9 was confirmed by Western blotting with anti-myc or anti-Flag
antibody as indicated (middle and bottom). �, anti.
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Cells were infected with recombinant adenoviruses at the desired multiplicity of
infection (MOI). Cell proliferation was assessed using the CellTiter-Glo lumi-
nescent cell viability assay kit (Promega), according to the manufacturer’s pro-
tocol. The luminescence signal was measured with the Clarity luminescence
microplate reader (BioTek Instruments Inc., Winooski, VT). Five wells were
measured for each time point. The average value and the standard deviation
were calculated and graphed.

RESULTS

KSHV K-cyclin interacts with Cdk9. It has been well studied
that KSHV K-cyclin can interact with and activate cellular
Cdk6, a Cdc2-related kinase. To identify a new K-cyclin-regu-
lated kinase partner, we examined the ability of K-cyclin to
interact with Cdk9, another member of Cdc2-related kinases,
by coimmunoprecipitation. myc-tagged K-cyclin and Flag-
tagged Cdk9 were transiently expressed in 293FT cells, and
immunoprecipitation was performed with anti-myc antibody to
pull down K-cyclin-associated complexes. The immunocom-
plexes were then analyzed by Western blotting with anti-Flag
antibody to determine the existence of Cdk9. As shown in Fig.
1A, top, Cdk9 was readily detected in K-cyclin-associated im-
munocomplexes. Reciprocally, K-cyclin was detected in Cdk9
kinase complexes (Fig. 1A, second panel from the top). The
successful immunoprecipitation was confirmed by Western
blotting with anti-K-cyclin or anti-Cdk9 antibody (data not
shown). The expression levels of Cdk9 and K-cyclin in TCLs
are shown in Fig. 1A, third and fourth panels, respectively.
These results demonstrated the molecular interaction between
K-cyclin and Cdk9. The interaction of K-cyclin with endoge-
nous Cdk9 was also demonstrated in KSHV-infected BCBL-1
cells. The expression of K-cyclin in BCBL-1 cells was detect-
able, but at a low level. To increase the expression of K-cyclin,
we pretreated BCBL-1 cells with 1 mM of butyric acid for 48 h.
The butyric acid-treated BCBL-1 and control BJAB cells were
subjected to coimmunoprecipitation with anti-K-cyclin anti-
body. As shown in Fig. 1B, Cdk9 was detected in K-cyclin-
associated complexes, confirming K-cyclin/Cdk9 complex for-
mation in the virally infected cells.

KSHV K-cyclin contains three major domains, domain 1
(neutral domain), domain 2 (basic domain [BD]), and domain
3 (acidic domain). To determine the domain(s) of K-cyclin
involved in the interaction with Cdk9, myc-tagged K-cyclin
variants containing full-length, domains 1 and 2, domain 2,
domains 2 and 3, and domains 1 and 3 were constructed (Fig.
2A). They were used for coimmunoprecipitation with anti-Flag
antibody. As shown in Fig. 2B, only the deletion of domain 2
disrupted the interaction of K-cyclin with Cdk9 (Fig. 2B, lanes
3 to 6). This result suggested that domain 2 (BD) of K-cyclin
was involved in K-cyclin/Cdk9 complex formation.

KSHV K-cyclin enhances the phosphorylation of p53 by
Cdk9. The identification of the K-cyclin/Cdk9 interaction sug-
gests that K-cyclin may serve as a regulatory subunit in Cdk9
kinase complexes. Two recent studies showed that Cdk9 is able
to phosphorylate tumor suppressor p53 (15, 64), implying that
the K-cyclin/Cdk9 interaction may alter the kinase activity of
Cdk9 toward p53. Therefore, we performed in vitro kinase
assays to determine the effect of K-cyclin on Cdk9-mediated
p53 phosphorylation. The kinase assay was carried out with
Cdk9 kinase complexes immunoprecipitated from lysates of
Cdk9- and/or K-cyclin-transfected 293FT cells. Recombinant

GST or GST-p53 was used as a substrate in the reaction.
Consistent with previous reports from others (15, 64), our
results confirmed that Cdk9 phosphorylated GST-p53 but not
the GST control (Fig. 3A). In the presence of K-cyclin, the
phosphorylation of p53 was noticeably increased, indicating
the enhancement of Cdk9 kinase activity by K-cyclin (Fig. 3A).
To further confirm the capability of K-cyclin to activate Cdk9,
endogenous Cdk9 complexes immunoprecipitated with anti-
Cdk9 antibody were used for in vitro kinase assays. The phos-
phorylation of p53 by endogenous Cdk9 was observed (Fig. 3B,
lane 2), and a significant increase of p53 phosphorylation was

FIG. 3. Enhancement of p53 phosphorylation by K-cyclin/Cdk9
complexes. (A) Phosphorylation of p53 by exogenously expressed
Cdk9 and K-cyclin. A Flag-tagged Cdk9 expression plasmid was trans-
fected alone (lanes 1 and 2) or with a myc-tagged K-cyclin expression
plasmid (lanes 3 and 4) into 293FT cells. Forty-eight hours after trans-
fection, Cdk9-associated kinase complexes were immunoprecipitated
from TCLs with anti-Flag antibody and assayed for the kinase activity.
Recombinant GST (lanes 1 and 3) and GST-p53 (lanes 2 and 4) were
used as substrates. Samples were subjected to SDS-polyacrylamide gel
electrophoresis and autoradiography. (B) Phosphorylation of p53 by
endogenous Cdk9 in the presence of K-cyclin. Endogenous Cdk9 ki-
nase complexes were immunoprecipitated with anti-Cdk9 antibody
from TCLs of 293FT cells (lanes 1 and 2) or 293FT cells transfected
with myc-tagged K-cyclin expression plasmid (lanes 3 and 4). Kinase
assays were performed as described for panel A.
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found in the presence of K-cyclin (Fig. 3B, lane 4). These
results showed that K-cyclin specifically enhanced Cdk9 kinase
activity in the phosphorylation of p53.

To further demonstrate that Cdk9 was the kinase responsi-

ble for p53 phosphorylation by K-cyclin/Cdk9 complexes, we
included a kinase-inactive dominant-negative mutant of Cdk9,
dn-Cdk9, in our study. dn-Cdk9 contains a mutation that re-
places Asp167 with Asn (31, 33). As has been demonstrated in

FIG. 4. Requirement of Cdk9 kinase activity for p53 phosphorylation by K-cyclin/Cdk9 complexes. (A) Association of K-cyclin and dn-Cdk9
in vivo. 293FT cells were transfected with myc-tagged K-cyclin and/or Flag-tagged dn-Cdk9 expression plasmid. Forty-eight hours after transfec-
tion, TCLs of transfected 293FT cells were used for immunoprecipitation (IP), followed by Western blotting (WB) with the antibodies indicated
(top two panels). TCLs were also analyzed by Western blotting with anti-Flag or anti-myc antibody to show the expression of dn-Cdk9 or K-cyclin
(bottom two panels). �, anti. (B) Inhibition of p53 phosphorylation by dn-Cdk9. A myc-tagged K-cyclin expression plasmid was cotransfected with
Flag-tagged Cdk9 (top panel, lane 1) or dn-Cdk9 (top panel, lane 2) expression plasmid into 293FT cells. The kinase activities of K-cyclin/Cdk9
and K-cyclin/dn-Cdk9 were analyzed as described for Fig. 3. Similarly, Cdk9/cyclin T1 (bottom panel, lane 1) and dn-Cdk9/cyclin T1 (bottom panel,
lane 2) were used as a positive and negative controls for p53 phosphorylation.
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many publications, this mutant specifically blocks the kinase
activity of endogenous Cdk9. Though we found that dn-Cdk9
still maintained its ability to interact with K-cyclin (Fig. 4A), its
ability to phosphorylate p53 was significantly diminished in
comparison with that of wild-type Cdk9 (Fig. 4B, top). Simi-
larly, when serving as a negative control, dn-Cdk9 inhibited
p53 phosphorylation in a complex with its major regulator,
cyclin T1 (Fig. 4B, bottom). Together, these results demon-
strated that dn-Cdk9 still maintained its ability to interact with
K-cyclin but lost the ability to phosphorylate p53 efficiently.
This feature implied that the kinase activity of Cdk9 is impor-
tant for p53 phosphorylation.

K-cyclin enhances Cdk9-mediated phosphorylation of p53
on Ser33. To determine the K-cyclin/Cdk9 phosphorylation
site(s) on p53, we first investigated the ability of the K-cyclin/
Cdk9 holoenzyme to phosphorylate different domains of p53 in
in vitro kinase assays. In this experiment, a series of bacterially

produced GST fusion proteins, including different domains of
p53 and full-length p53, were used as substrates (Fig. 5A). The
K-cyclin/Cdk9 holoenzyme clearly phosphorylated GST-p53,
GST-p53-N2, GST-p53-C2, and GST-p53-TAD (Fig. 5B). In
addition, GST-p53-TD and GST-p53-BD showed a weak but
detectable phosphorylation by the K-cyclin/Cdk9 holoenzyme
(Fig. 5B). A similar phosphorylation pattern of these GST-p53
fusion proteins was also obtained when Cdk9 alone was used
(data not shown). These results indicated that K-cyclin/Cdk9
or Cdk9 phosphorylation sites are located within the TAD,
tetramerization domain (TD), and BD of p53. Next, the kinase
activities of Cdk9 and K-cyclin/Cdk9 complexes on different
domains of p53 were compared. Coexpression of Cdk9 and
K-cyclin led to an increase in phosphorylation of full-length
GST-p53 and GST-p53-TAD (Fig. 5C). In contrast, no signif-
icant changes of phosphorylation were observed in GST-p53-
SH3, GST-p53-DBD, GST-p53-TD, and GST-p53-BD in the

FIG. 5. Mapping of the p53 domains responsible for K-cyclin-enhanced Cdk9 phosphorylation. (A) Schematic presentation of p53 domains,
including the transaction domain (TAD; amino acids [aa] 1 to 60), Src homology 3-like domain (SH3; aa 60 to 100), DNA-binding domain (DBD;
aa 100 to 300), tetramerization domain (TD; aa 300 to 356), and basic domain (BD; aa 357 to 393), and a series of GST-p53 fusion constructs used
in the experiment. (B) Phosphorylation of recombinant GST-p53 fusion proteins by K-cyclin/Cdk9 kinase complexes. An in vitro kinase assay was
performed as described for Fig. 3A (top). A series of GST-p53 deletion mutants, as indicated, were used as substrates. The amount of input
GST-tagged p53 proteins was confirmed on a Coomassie blue-stained gel (bottom). (C) Comparison of the kinase activities of Cdk9 and
K-cyclin/Cdk9 complexes with domains of p53. Cdk9 or K-cyclin/Cdk9 complexes were prepared as described for Fig. 3A, and in vitro kinase assays
were performed using the indicated GST-p53 fusion proteins as substrates.
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presence of K-cyclin. These results indicated that the phosphor-
ylation site(s) within the TAD of p53 was mainly influenced by
the K-cyclin/Cdk9 holoenzyme.

Previous reports have showed that p53 was phosphorylated
by Cdk9 on Ser33, Ser315, and Ser392 (15, 64). The phosphory-
lation of these sites was correlated with the phosphorylation of
the TAD, TD, and BD of p53 by K-cyclin/Cdk9 complexes in
our in vitro kinase assays. We therefore examined if K-cyclin

enhances the Cdk9-mediated phosphorylation on any of these
sites in vivo. To do this, different levels of K-cyclin were ex-
pressed in the p53-positive U2OS cells. As shown in Fig. 6A,
increased levels of Ser33 phosphorylation on p53 were found to
correlate with increased expression of K-cyclin. In contrast, we
detected no significant changes of the phosphorylation on
Ser315 and Ser392 in the presence of increasing K-cyclin (Fig.
6A). These results were consistent with the findings that only
the phosphorylation of TAD (but not of TD and BD) was
increased by K-cyclin/Cdk9 complexes in our in vitro kinase
assays. Increased phosphorylation of Ser33 induced by K-cyclin
was also demonstrated in 293FT cells (Fig. 6B). Interestingly,
slight increases of total p53 were also observed, and this ap-
peared to relate to the expression of K-cyclin (Fig. 6A and B).
To confirm the specific role of Cdk9 in K-cyclin-induced p53
phosphorylation, we expressed dn-Cdk9 in U2OS cells to block
the kinase activity of endogenous Cdk9. We detected a de-
creased phosphorylation of Ser33 in cells expressing dn-Cdk9,
while the other two Cdk9 phosphorylation sites, Ser315 and
Ser392, were unaffected (Fig. 6C). These results showed that
K-cyclin specifically enhanced Cdk9-mediated phosphorylation
of p53 on Ser33.

FIG. 6. Identification of K-cyclin-enhanced Cdk9 phosphorylation
sites within p53. (A) Increased Ser33 phosphorylation of p53 by K-
cyclin in U2OS cells. U2OS cells were transfected with an empty
plasmid (lane 1) or with different amounts of K-cyclin expression
plasmid (lanes 2 to 4). Twenty-four hours after transfection, TCLs
were analyzed by Western blotting (WB) with the indicated antibodies.
�, anti. (B) Increased Ser33 phosphorylation of p53 by K-cyclin in
293FT cells. Similar to the experiments described for panel A, levels of
Ser33 phosphorylation were analyzed in the presence (lane 2) and
absence (lane 1) of K-cyclin in 293FT cells. (C) Inhibition of Ser33

phosphorylation by dn-Cdk9. The K-cyclin expression plasmid was
cotransfected with either an empty plasmid (lane 1) or the dn-Cdk9
expression plasmid (lane 2) into U2OS cells, and phosphorylation of
p53 was analyzed with the antibodies indicated.

FIG. 7. Dose-dependent expression of p53, K-cyclin, Cdk9, and
dn-Cdk9 with recombinant adenoviruses. U2OS (A) and SaOS2
(B) cells were infected with Ad-GFP, Ad-p53, Ad-F–K-cyclin, Ad-
Cdk9, or Ad–dn-Cdk9 recombinant adenovirus. Twenty-four to 48 h
after infection, TLCs were analyzed by Western blotting with the
indicated antibodies. Levels of tubulin were used as a loading control.
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K-cyclin induces a p53-dependent growth suppression. Ver-
schuren and colleagues previously demonstrated that con-
stitutive expression of K-cyclin induced growth arrest in a
p53-dependent manner in MEF cells (78). To elucidate mech-
anisms involved in K-cyclin-induced growth suppression, we
used an adenoviral expression system to facilitate gene expres-
sion in two osteosarcoma-derived cell lines, U2OS (p53-ex-
pressing cells) and SaOS2 (p53-null cells). Titers of stock re-
combinant adenoviruses that express K-cyclin, p53, Cdk9, and
dn-Cdk9 were first determined by standard plaque assay to
ensure accurate viral input in all experiments. Figure 7 shows
protein expression levels of p53, K-cyclin, Cdk9, and dn-Cdk9
in U2OS and SaOS2 cells after cells were infected with recom-
binant adenoviruses at different MOIs. Interestingly, we found
that expression levels of recombinant proteins are generally
higher in U2OS cells than in SaOS2 cells. Thus, we used higher
MOIs in the later studies of SaOS2 cell proliferation. An ad-
enovirus, Ad-GFP, which expresses only green fluorescent pro-
tein was constructed to serve as a negative control. Infections
of U2OS and SaOS2 cells with Ad-GFP virus do not affect cell
growth in comparison with uninfected cells (data not shown).

We first evaluated the dose-related effects of K-cyclin on the
growth of U2OS and SaOS2 cells. Recombinant adenoviruses
at different MOIs were used to infect the cells in 96-well
culture plates. Four days postinfection, the total number of
viable cells was analyzed using the CellTiter-Glo luminescent
cell viability assay kit. As shown in Fig. 8A, K-cyclin inhibited
U2OS cell growth in a dose-dependent manner. However, K-
cyclin had no significant effect on the growth of SaOS2 cells,
even when higher MOIs were used for Ad-F–K-cyclin infection
(Fig. 8B). As described by many groups, the p53-null SaOS2
cells are sensitive to the exogenous expression of wild-type p53.
Overexpression of p53 in SaOS2 cells often induces cell growth
arrest and apoptosis. In this experiment, Ad-p53 was included
as a positive control in SaOS2 cell experiments (Fig. 8B). We
next examined the growth of U2OS and SaOS2 cells on five
consecutive days in the presence of K-cyclin. Since there was
no significant growth difference between SaOS2 cells infected
with Ad-F–K-cyclin at MOIs of 100 and 250, we chose an MOI
of 100 as the viral input in the experiments. In U2OS cells,
K-cyclin suppressed cell growth, as evidenced by a slower cell
proliferation rate from the second day postinfection (Fig. 8C).

FIG. 8. Effects of K-cyclin on the growth of U2OS and SaOS2 cells.
(A) Dose-dependent growth suppression by K-cyclin expression in
U2OS cells. U2OS cells were infected at different MOIs with Ad-GFP
or Ad-F–K-cyclin as indicated. Four days after infection, cell numbers
were analyzed with the CellTiter-Glo luminescent cell viability assay
kit. Results shown at each MOI point represent the means � standard
deviations (SD) from five experiments. (B) Effects of K-cyclin on the
growth of SaOS2 cells. SaOS2 cells were infected with Ad-GFP, Ad-
F–K-cyclin, or Ad-p53 at MOIs of 100 and 250. Four days after infec-
tion, cell numbers were analyzed as described for panel A. (C) Growth
suppression by K-cyclin in U2OS cells. U2OS cells were infected with
Ad-GFP or Ad-F–K-cyclins at an MOI of 100. Cell numbers were
analyzed over five consecutive days. Results shown represent the
means � SD from five experiments. (D) Effects of K-cyclin on the
growth rate of SaOS2 cells. Proliferations of SaOS2 cells after infec-
tion with Ad-GFP, Ad-F–K-cyclins, or Ad-p53 at an MOI of 100 were
analyzed as for panel C. RLU, relative light units.
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In contrast, there was no significant growth suppression ob-
served in the Ad-F–K-cyclin-infected SaOS2 cells (Fig. 8D).

To further determine whether p53 was required for the
growth suppression induced by K-cyclin, p53 and K-cyclin were
coexpressed in p53-null SaOS2 cells. In the experiments, the
control Ad-GFP was added to maintain equivalent viral inputs
in the samples that were infected with Ad-p53 or Ad-F–K-
cyclin alone. With the fixed input of Ad-p53 (MOI, 50), we
infected SaOS2 cells with different amounts of Ad-F–K-cyclin
(MOIs, 100, 200, and 300). Under this condition, the inputs of
Ad-F–K-cyclin at MOIs of 100 and 200 showed no and mod-
erate inhibition of the growth of SaOS2 cells, respectively (data
not shown). Notably, when Ad–K-cyclin at an MOI of 300 was
used, it markedly enhanced the p53-induced growth repression
in SaOS2 cells (Fig. 9). In contrast, K-cyclin alone did not
affect cell growth. Our results demonstrated that K-cyclin-
induced growth repression was linked to the presence of p53.

Cdk9 is required for K-cyclin-induced p53-dependent
growth suppression. Given the interaction between K-cyclin
and Cdk9, the enhancement of p53 phosphorylation by K-
cyclin/Cdk9 holoenzyme, and the necessity of p53 in K-cyclin-
induced growth suppression, we determined the role of Cdk9
in the interplay between K-cyclin and p53 in growth regulation
by overexpression of Cdk9 in p53-null SaOS2 cells. To examine
if additional Cdk9 further enhanced the K-cyclin-induced

growth suppression in the presence of p53, pAd-p53 (MOI, 50)
and Ad-F–K-cyclin (MOI, 200) were used to induce a medium
level of growth suppression in SaOS2 cells. Under this condi-
tion, Ad-Cdk9 (MOI, 100) was added to determine the effect
of additional Cdk9 on cell growth. As shown in Fig. 10A,
exogenous Cdk9 did not significantly further enhance the
growth suppression induced by K-cyclin in the presence of p53
in SaOS2 cells. This result was consistent with a previous re-
port from Granan’s group, who showed that overexpression of
Cdk9 at up to four times the endogenous level was not suffi-
cient to increase the total kinase activity of Cdk9 in the cell
(31). They suggested that some limiting cellular factors must be
required for modulating Cdk9 kinase activity. Taking these
results together, we speculated that endogenous Cdk9 may be
enough for the growth suppression induced by K-cyclin and
p53.

To further elucidate the role of Cdk9 in K-cyclin-induced
growth arrest, we applied two approaches to inhibit the activity
of endogenous Cdk9. First, we used recombinant adenovirus
that expressed dn-Cdk9 to block Cdk9 activity. Our previous
experiments above showed that K-cyclin augmented p53-in-
duced growth suppression in SaOS2 cells (Fig. 9). Here, we
found that overexpression of dn-Cdk9 reversed the growth
inhibition induced by K-cyclin in the presence of p53 (Fig.
10B). This was apparently due to the inhibition of endogenous

FIG. 9. Inhibition of SaOS2 cell growth by K-cyclin in the presence of p53. SaOS2 cells were infected with either Ad-p53 (MOI, 50) and
Ad-F–K-cyclin (MOI, 300) alone or with both. Cell growth of infected SaOS2 cells was analyzed over five consecutive days. Ad-GFP was added
to equalize the total viral input when single adenovirus infection was performed. Results shown represent the means � standard deviations from
five experiments. RLU, relative light units.

FIG. 10. Role of Cdk9 on the growth suppression induced by the collaboration of K-cyclin and p53 in SaOS2 cells. (A and B) SaOS2 cells were
infected with recombinant adenoviruses as indicated. The viral inputs of Ad-p53 (MOI, 50), Ad-F–K-cyclin (MOI, 200), and Ad-Cdk9 (MOI, 100)
or Ad-dn-Cdk9 (MOI, 1) were used in the experiments. Ad-GFP was added to equalize the total viral input. The effect of Cdk9 (A) and dn-Cdk9
(B) on the growth rate of SaOS2 cells was analyzed as described for Fig. 8. (C) Inhibition of endogenous Cdk9 expression by shRNA-Cdk9 in
SaOS2 cells. Five days after puromycin selection, TCLs were analyzed by Western blotting with anti-Cdk9 (top) and antitubulin antibodies
(bottom). (D) Control and Cdk9-knockdown SaOS2 cells were infected with recombinant adenoviruses, and the cell growth rates were analyzed
as described for panels A and B.
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Cdk9 by this dominant negative mutant. Second, we used a
lentiviral vector to introduce short hairpin RNA (shRNA) that
specifically knocked down the expression of endogenous Cdk9
in SaOS2 cells. Forty-eight hours after lentiviral transduction,
SaOS2 cells were subjected to puromycin selection for 5 days.
We then performed cell proliferation experiments. As shown
in Fig. 10C, the shRNA-Cdk9 successfully knocked down en-
dogenous Cdk9 expression in SaOS2 cells. Consistent with the
result from the dn-Cdk9 study (Fig. 10B), shRNA-Cdk9 re-
versed the K-cyclin-induced cell growth arrest (Fig. 10D). To-
gether, these results demonstrated the pivotal role of Cdk9
that links K-cyclin to the p53 pathway.

DISCUSSION

Similar to many oncogenic proteins, KSHV K-cyclin has
dual opposite effects on cell growth: cell cycle progression and
growth suppression (73, 78). The proproliferation role of K-
cyclin has been illustrated by its ability to activate cell cycle-
related Cdk6 and promote cell cycle G1/S transition (8, 32, 39,
46, 77). The growth suppression induced by K-cyclin is appar-
ently linked to a p53-dependent but p21-independent pathway
(78). The coexistence of these two opposite effects on cell
growth leads to different outcomes, largely depending on the
influences from other cellular or environmental factors. For
example, the activation of the p53 pathway or the high-level
expression of Cdk6 can induce growth arrest and apoptosis in
the K-cyclin-expressing cells (56, 78). In other cases, K-cyclin
sensitizes cells to apoptosis induced by various proapoptotic
stimuli (78). Based on current evidence, apparently K-cyclin
expression alone mainly induces growth arrest and additional
factors may be required for triggering apoptosis under normal
conditions. The molecular mechanisms involved in K-cyclin-
associated cell growth arrest are not well understood. In this
study, we identified Cdk9, a non-cell cycle-related Cdk, as a
new member of K-cyclin-interacting Cdks. The interaction be-
tween K-cyclin and Cdk9 suggests the involvement of K-cyclin
in regulating Cdk9 kinase activity. Recent studies show that
Cdk9 can phosphorylate tumor suppressor p53 (15, 64). Here
we provide the first evidence that KSHV K-cyclin regulates the
activity of Cdk9 toward p53 and reveal the underlying molec-
ular interplay between K-cyclin and the p53 pathway.

Cdk9 plays an important role in basic transcription control
and is critically involved in human immunodeficiency virus
gene activation (20, 65). In addition to the major function of
Cdk9 in transcriptional initiation and elongation, we found
that the Cdk9 kinase activity toward p53 was upregulated by
K-cyclin in vitro and in vivo. Infections with viruses, including
cytomegalovirus (74), herpes simplex virus type 1 (22), and
Epstein-Barr virus (1) upregulate Cdk9 kinase activity to phos-
phorylate RNA pol II. Whether the K-cyclin/Cdk9 interaction
affects the function of Cdk9 on RNA pol II-mediated gene
activation is worth further investigation.

Previous reports showed that Cdk9 phosphorylates p53 on
Ser33, Ser315, and Ser392 (15, 64). Consistent with the location
of these three Cdk9 phosphorylation sites on p53, we found
that substrates containing TAD, TD, or BD of p53 can be
phosphorylated by Cdk9 or K-cyclin/Cdk9 complexes. How-
ever, only the phosphorylation of the TAD was enhanced by
K-cyclin/Cdk9 complexes. Ser33 is located in the TAD of p53,

and its phosphorylation induced by K-cyclin was confirmed in
vivo by Western blotting. The phosphorylation status of Ser315

and Ser392 was not significantly changed by K-cyclin. Although
Ser33 appears to be the primary site for K-cyclin/Cdk9 phos-
phorylation, we cannot exclude the possibility that another
site(s) may also be phosphorylated by these complexes under
different cell growth conditions or in different cells. Phosphor-
ylation plays a special role in regulating the activity of p53 (3,
7). Many oncogenic DNA virus-encoded proteins alter the
function of p53 by modulating its phosphorylation status. For
example, simian virus 40 (SV40) large T antigen (52) and
Epstein-Barr virus BZLF1 (50) upregulate the phosphoryla-
tion of p53. Here we demonstrate that K-cyclin modulates the
p53 phosphorylation on Ser33. Phosphorylation of this site is
associated with cell responses to DNA-damaging agents and
many other stress signals (9, 42, 67). Therefore, Ser33 phos-
phorylation might be linked to abnormal cell cycle progression
and genome instability resulting from K-cyclin expression (76,
78). Interestingly, we also found that the level of p53 was
slightly elevated in parallel with K-cyclin expression (Fig. 6).
An increased p53 level in MEFs that express K-cyclin was also
observed by other groups (76, 78). So far, it is not clear whether
the elevation of p53 is caused by the activation of p53 gene
expression or by the increased stability of p53. Since the phos-
phorylation of Ser33 was associated with an increased stability
of p53 (9, 44), we speculate that K-cyclin may increase the
stability of p53 by inducing the phosphorylation of its Ser33

residue. However, more studies are needed to address this
issue.

Verschuren and colleagues showed that expression of K-
cyclin in MEFs resulted in a dramatic suppression in cell
growth (78). They demonstrated that such growth suppression
was mainly caused by p53-dependent growth arrest, rather
than increased apoptosis, under the normal cell growth condi-
tion (78). To dissect the connection between K-cyclin and p53,
we compared the biological effects of K-cyclin in the p53-
positive U2OS and p53-null SaOS2 cells. Our data show that
K-cyclin inhibits cell growth in U2OS cells but not in SaOS2
cells. Furthermore, K-cyclin showed the growth suppression
effect in SaOS2 cells only when p53 was transiently expressed.
Together, these observations suggest that p53 participates in
the K-cyclin signaling cascade, leading to cell growth suppres-
sion. To determine if the p53 target gene, encoding p21Cip1,
was involved in K-cyclin-induced growth arrest, we examined
the level of p21Cip1 protein in the presence and absence of
K-cyclin. We found that K-cyclin did not affect p53-induced
p21Cip1 expression in SaOS2 cells (data not shown). Our find-
ings suggested that p21Cip1 appeared not to contribute to the
p53-dependent growth suppression induced by K-cyclin. Iden-
tification of p53 targets is worth future investigation.

To demonstrate the role of Cdk9 in K-cyclin induced p53
phosphorylation and growth suppression, we utilized dn-Cdk9
in the study. The specificity of this mutant to inhibit the kinase
activity of endogenous Cdk9 has been well demonstrated by
A. P. Rice’s and X. Grana’s groups in their publications (see,
e.g., references 31 and 33). Although dn-Cdk9 still interacts
with K-cyclin, its kinase activity was diminished in accordance
with the results of in vitro kinase assays. The in vivo inhibition
of p53 phosphorylation on Ser33 by dn-Cdk9 was observed in
U2OS cells, providing evidence that Cdk9 was responsible for
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K-cyclin-induced p53 phosphorylation. The Cdk9/K-cyclin/p53
interplay was further illustrated in the cell proliferation stud-
ies, in which dn-Cdk9 or shRNA-Cdk9 was able to rescue the
p53-dependent growth suppression induced by K-cyclin in
SaOS2 cells. Together, these results highlight the role of Cdk9
in connecting K-cyclin to the p53 pathway.

In the context of KSHV infection, the relationship of K-
cyclin and the p53 pathway is more complicated. Unlike the
frequent mutation and inactivation of p53 in many human
cancers (35), more than one-half of KS and PEL samples
express wild-type p53 and at least maintain certain p53 func-
tions (41, 61, 69, 70). However, the expression of p53 varies in
different stages of KS progression. The expression of p53 was
hardly detectable in the early stage of KS, but the percentage
of p53-positive cells increased in the more advanced stage (2,
18, 34, 45, 55, 62, 71). Apparently, the absence of p53 results in
a disadvantage for cells in controlling the aberrant prolifera-
tion that is induced by KSHV viral proteins, such as K-cyclin.
Evidence supporting this presumption was provided by Vers-
churen and colleagues. They demonstrated that K-cyclin in-
duces tumor formation in all p53�/� transgenic mice with a
median latency of 2.5 to 3 months. However, in the p53�/�

mice, only 17% of mice develop tumors by 9 months of age and
all these tumors exhibit loss of p53 (76, 78). On the other hand,
K-cyclin promotes genomic instability, which induces expres-
sion and activation of p53 (78). This may partially explain why
increased p53-positive cells were seen in the advanced stage of
KS. Despite the upregulation of p53, its ability to induce full-
scale cell growth arrest is apparently impaired by multiple viral
proteins that interfere with p53 activity (27, 54, 59). The par-
tially functioning p53 is probably still able to slow down the
K-cyclin-induced aberrant cell cycle progression. Studies have
suggested that a certain degree of cell cycle control benefits
gene expression and viral replication of KSHV and other her-
pesviruses (26, 36).

In summary, we identified Cdk9 as a novel KSHV K-cyclin-
interacting Cdk and demonstrated that K-cyclin upregulated
the Cdk9 kinase activity to phosphorylate p53. The phosphor-
ylation site was mapped to Ser33 of p53. We also showed that
K-cyclin induced p53-dependent growth arrest and defined the
role of Cdk9 in cell growth regulation. Our study revealed
Cdk9 as a novel molecular link between K-cyclin and the p53
pathway.
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