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CDKD9 paired with cyclin T1 forms the human P-TEFb complex and stimulates productive transcription
through phosphorylation of the RNA polymerase II C-terminal domain. Here we report that CDK9 is ubiqui-
tinated and degraded by the proteasome whereas cyclin T1 is stable. SCFS*"? was recruited to CDK9/cyclin T1
via cyclin T1 in an interaction requiring its PEST domain. CDK9 ubiquitination was modulated by cyclin T1
and p455%F2, CDK9 accumulated in p455%¥>~/~ cells, and its expression during the cell cycle was periodic. The
transcriptional activity of CDK9/cyclin T1 on the class II major histocompatibility complex promoter could be
regulated by CDK9 degradation in vivo. We propose a novel mechanism whereby recruitment of SCFS%*? is
mediated by cyclin T1 while ubiquitination occurs exclusively on CDK9.

Transcriptional elongation is regulated by both positive and
negative transcription elongation factors and is recognized as
an important target for transcriptional regulation (37). The
human positive transcription elongation factor b (P-TEFb) is
composed of a 43-kDa catalytic subunit, CDK9 (previously
known as PITALRE) (13), and an 87-kDa regulatory subunit,
cyclin T1 (33, 46). Cyclin T1 is the predominant cyclin associ-
ated with CDKD9 in HeLa nuclear extracts, although CDKO is
also present in complexes with cyclins T2 and K (9, 33). Cyclin
T1 is most closely related to the C-type cyclins, which, paired
with their associated CDKs, function in transcriptional regu-
lation by phosphorylating the carboxy-terminal domain (CTD)
of RNA polymerase II (RNAPII) (6).

P-TEFb was originally identified by its ability to stimulate
RNAPII transcriptional elongation in vitro (29, 30). The CTD
of RNAPII present in preinitiation complexes and early elon-
gation complexes is hypophosphorylated but becomes hyper-
phosphorylated during productive elongation (25). P-TEFb is
proposed to facilitate the transition from abortive to produc-
tive elongation by hyperphosphorylating the RNAPII CTD.
Removal of the CTD in early elongation complexes abolished
P-TEFb function, suggesting that the CTD is the target of
P-TEFb function (28). CDK9 has been shown to phosphorylate
the RNAPII CTD in vitro and is sensitive to 5,6-dichloro-1--
p-ribofuranosyl-benzimidazole (DRB), which is a known inhib-
itor of transcriptional elongation (28, 49).
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Ubiquitin-dependent proteolysis plays an essential role in a
number of cellular processes, including cell cycle progression,
transcription, and signal transduction (reviewed in reference
5). Proteins destined for degradation by the proteasome are
recognized and ubiquitinated in a process that requires a con-
served cascade of enzymatic reactions (reviewed in reference
21). The ubiquitin-activating enzyme E1 and an E2 ubiquitin-
conjugating enzyme function with E3 ubiquitin-protein ligases
to covalently attach ubiquitin to lysine residues in substrate
proteins. A polyubiquitin chain is synthesized by transfer of
additional ubiquitin molecules to the assembling ubiquitin
chain. Polyubiquinated substrates are targeted by the 26S pro-
teasome for degradation.

The SCF E3 ubiquitin ligase system mediates the ubiquiti-
nation of many cellular proteins. SCF is named for three of its
core components, p195¥F! CDC53/cullin, and an F-box con-
taining protein. p195¥*! and F-box proteins interact through
the F-box motif (1), while CDCS53 bridges this complex to an
E2 enzyme, CDC34 (47). An additional component, Rbx1/
Rocl, enhances the recruitment of CDC34 (38). Substrates
targeted for ubiquitination are recognized by different E3 li-
gases via specific motifs. One such motif is the PEST (rich in
proline, glutamate, serine, and threonine) sequence (35),
which is found in many proteins whose abundance is regulated
by proteolysis, including cyclin D1, IkBe, fos, jun, myc, and p53
(reviewed in reference 34). F-box proteins are responsible for
substrate recognition by different SCF E3 ligases.

Here, we report that CDKY is a novel target for SCFS%F2-
dependent ubiquitination and degradation by the proteasome.
CDK9 ubiquitination represents a unique example in which
the SCF complex is recruited by the regulatory subunit, cyclin
T1, while ubiquitination proceeds on its partner protein,
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FIG. 1. (A) CDKOY, but not cyclin T1 (cycT1), is a short-lived protein in vivo. HeLa cells were either nontransfected (lanes 4 to 6) or transfected
with 10 wg each of plasmids expressing HA-CDK9 (lanes 1 to 3, top) or HA-cyclin T1 (lanes 1 to 3, bottom). The cells were labeled with
358-Trans-label and subjected to pulse-chase analysis. Endogenous CDK9 and endogenous cyclin T1 were immunoprecipitated using the appro-
priate antibodies, and transfected HA-CDK9 and HA-cyclin T1 were immunoprecipitated using anti-HA. Below is a graphical representation of
the levels of CDK9 and cyclin T1. (B) Proteasome inhibitors stabilize the 7', , of CDK9. HeLa cells were transfected with 2 g of plasmid expressing
Flag-CDK9. The stability of CDK9 was analyzed by cycloheximide 7', experiments and immunoblotting of lysates with either anti-Flag or
anti-tubulin antibodies. The cells were pretreated for 1 h with the proteasome inhibitor lactacystin (10 wM), LLnL (250 uM), or MG132 (50 pM)
or the lysozome inhibitor E64 (50 wM) or were untreated or mock treated with DMSO as indicated. The results are shown as a graphical
representation of the levels of Flag-CDK9 for each treatment after normalization to tubulin levels in the same extracts. Representative

immunoblots are shown. Time (in minutes) is shown above the blots.

CDKOY. Our results have important implications for the regu-
lation of P-TEFb activity in vivo.

MATERIALS AND METHODS

Chemicals, reagents, and plasmid constructions. N-acetyl-L-leucyl-L-leucyl-L-
norleucinol (LLnL) (Sigma; 20 mg of stock/ml stored in dimethyl sulfoxide
[DMSOY]) was used at 250 wM. Lactacystin (Calbiochem; 10 mM stock stored in
DMSO) was used at 10 pM. MG132 (Calbiochem; 50 mM stock stored in
ethanol) was used at 50 M. E64 (Calbiochem; 50 mM stock stored in sterile
water) was used at 50 pM. Cycloheximide (Sigma; 10 mg of stock/ml) was used
at 30 pg/ml. The following antibodies were used: anti-HA (12CAS5; Boehringer
Mannheim); anti-Flag (M2; Sigma); anti-CDK9 and anti-cyclin T1 (33); anti-
p195KP! and anti-CDC34 (obtained from M. Dorée); anti-p455%F2 (26); anti-h-
BTrCP (27); anti-CDK2, anti-CDK4, anti-CDKS, and anti-CDK7 (Santa Cruz);
anti-ubiquitin and anti-tubulin (Sigma); and anti-CIITA (obtained from P. Lou-
is-Plence). The following cDNAs have been previously described: HA-CDK9

(13); Flag-CDKO9 (12); hemagglutinin (HA)-cyclin TIAPEST (46); Flag-cyclin T1
1-726 (17); HA-cyclin T2A (33); HA-Ub and His6-Ub (43); HA-CDC34, MT-
p455KP2and MT-pd5SKP2AXA (26); HA-cul-1 (14); and DMB-luc (42). To
generate an N-terminal epitope-tagged cyclin T1 construct, we used PCR am-
plification with a forward primer containing the sequence for the HA peptide.
The following primers were used to amplify cyclin T1: forward, 5'-CCTCTAG
ATGTACCCATACGACG TCCCAGACTACGC TGAGGGAGAGAGGAAGA
ACAAC-3'; reverse, 5'-CCGGATCCTTACTTAGGAAGGGG TGGAAG-3'
(restriction sites are underlined, and the sequence coding for the HA epitope is
in italics). The PCR product was digested with Xbal and BamHI and inserted
into the Nhel/BamHI sites of the pcDNA 3.1(+) vector (Invitrogen). To con-
struct Flag-cyclin TIANAP, a PstI/BamHI fragment from HA-cyclin TIAPEST
was cloned into PstI/BamHI-restricted Flag-cyclin T1 (positions 203 to 726) (17).

Cell culture, transfection, and immunochemistry. Primary mouse embryonic
fibroblasts (MEFs) were prepared and infected with recombinant adenovirus as
described previously (32). The MEFs were lysed in TNT buffer (300 mM NaCl,
50 mM Tris [pH 7.5], and 0.5% Triton X-100). Samples were resolved by sodium
dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-10% PAGE), and
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FIG. 2. CDKO interacts with components of the SCF complex in vitro and in vivo. (A) GST or GST-CDKO9 was equilibrated with HeLa extract
and washed extensively. Extract (E) (lane 1), GST (lane 2), and GST-CDK9-bound materials (lane 3) were resolved by SDS-PAGE followed by
immunoblotting using antibody to cyclin T1 (cycT1), p19°¥P!, CDC34, and CDC27 as indicated. (B) CDKY interacts with the SCF complex as
shown by coimmunoprecipitation analysis. (Top) HeLa cells were mock transfected (—) (lane 2) or transfected with 2 pg of HA-CDK9 (lanes 1
and 3). Transfected CDK9 was immunoprecipitated using anti-HA antibody, followed by SDS-PAGE and immunoblotting using antibody against
p193¥P! (lanes 2 and 3). An aliquot of cell extract from HA-CDK9-transfected cells (E) was subjected to direct immunoblotting using antibody
against p195%F! (lane 1). (Middle and bottom) 293 cells were transfected with Flag-CDK9 (2 p.g) or HA-CDC34 (2 ng) (middle) or HA-cul-1 (10
ng) (bottom) either alone or in combination as indicated. Transfected CDK9 was immunoprecipitated using anti-Flag antibody, followed by
SDS-PAGE and immunoblotting using anti-HA antibody. An aliquot of cell extract (E) was subjected to direct immunoblotting using anti-HA
antibody. (C) CDKOY interacts with endogenous p45°%*? in vivo. HelLa cells were transfected with HA-CDK9 (2 pg). Transfected CDK9 was
immunoprecipitated using anti-HA antibody, followed by SDS-PAGE and immunoblotting using antibodies against p455¥F? or h-BTrCP as
indicated (lanes 2 and 3). An aliquot of cell extract from HA-CDKO-transfected cells (E) was subjected to direct immunoblotting using antibody
against p455%F2 or h-BTrCP as indicated (lane 1). +, present; —, absent. IgG, immunoglobulin G.
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the proteins were transferred to polyvinylidene difluoride membranes by semidry
electroblotting (Millipore, Bedford, Mass.). The membranes were incubated with
the primary antibody for 1 h, washed, and incubated with the appropriate sec-
ondary antibody (Amersham) for 1 h. The proteins were visualized by chemilu-
minescence (Amersham) according to the manufacturer’s protocol. HeLa and
293 cells were propagated in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum and transiently transfected using calcium phosphate. For cell cycle
analysis, HeLa cells were incubated in medium containing nocodazole (0.05
wg/ml) for 16 h. Mitotic cells harvested by shake-off were placed in fresh medium
without the drug. Samples were harvested at various time points, washed in
phosphate-buffered saline (PBS), and resuspended in cell lysis buffer (250 mM
NaCl, 50 mM Tris [pH 7.4], 1 mM EDTA, 0.1% Nonidet P-40, 2 mM dithio-
threitol [DTT], and complete protease inhibitors [Boehringer Mannheim]). Sam-
ples were analyzed by SDS-PAGE and immunoblotting as described above. For
pulse-chase analysis, HeLa cells were incubated for 30 min in methionine- and
cysteine-free RPMI 1640, pulse-labeled for 30 min with 1 mCi of [**S]methi-
onine/cysteine (**S-Trans-label; ICN Biochemical)/ml, washed twice in cold PBS,
and resuspended in complete medium. At the indicated time points, the cells
were washed twice in PBS and lysed in TNT buffer. The lysates were precleared,
and protein was immunoprecipitated with the appropriate antibody, followed by
five washes in lysis buffer. Samples were resolved by SDS-10% PAGE and
visualized by autoradiography. Cycloheximide T}, experiments were performed
as follows. Transfected HeLa cultures were treated with cycloheximide (30 wg/
ml) for various times. Some cultures were pretreated for 1 h with proteasome or
lysosome inhibitors. The cells were washed twice in PBS and resuspended in cell
lysis buffer. Samples were analyzed by SDS-PAGE and immunoblotting as de-
scribed above. Coimmunoprecipitation analysis was performed as follows. HeLa
or 293 cells transfected with the plasmids were treated for 2 h with 250 M LLnL
prior to being harvested. The cells were washed twice in PBS and resuspended in
1 ml of lysis buffer. The proteins were immunoprecipitated with the indicated
antibodies, followed by SDS-PAGE and immunoblotting. Ubiquitinated conju-
gates were analyzed as follows. 293 cells transfected with various plasmids were
treated for 2 h with 250 uM LLnL prior to being harvested. The cells were
washed twice in PBS and lysed as described previously (31). Briefly, cell pellets
were resuspended in 100 pl of denaturing lysis buffer (50 mM Tris [pH 7.5], 0.5
mM EDTA, 1% SDS, and 1 mM DTT) and boiled for 10 min before the addition
of 1 ml of TNN buffer (50 mM Tris [pH 7.5], 250 mM NaCl, 5 mM EDTA [pH
8], 0.5% Nonidet P-40, 1 mM DTT, and complete protease inhibitors [Boehr-
inger Mannheim]). The proteins were immunoprecipitated with the appropriate
antibodies, followed by SDS-PAGE and immunoblotting. For transactivation
experiments, transfected HeLa or 293 cells were lysed and assayed for luciferase
activity 48 h posttransfection. DMB luciferase activity was normalized to
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pRL-TK (Promega), which encodes the Renilla luciferase from the TK promoter,
as an internal control.

Fusion protein affinity chromatography. CDK9 and cyclin T1 were expressed
as glutathione S-transferase (GST) fusion proteins in BL21 (Pharmacia), and
GST fusion protein purification was performed as described previously (2).

In vitro binding studies. HA-CDKO9, HA-cyclin T1, HA-cyclin TIAPEST, and
myc-p455KP2 were translated in vitro in a coupled transcription-translation rabbit
reticulocyte lysate system (Promega) in the presence of [**S]methionine accord-
ing to the manufacturer’s protocol. For immunoprecipitation analysis, translated
proteins in 0.5 ml of TNN buffer were incubated for 2 h at 4°C with the
appropriate antibody prebound to protein A beads. The beads were then washed
five times in TNN buffer and resuspended in loading buffer. The proteins were
resolved by SDS-10% PAGE and visualized by autoradiography.

RESULTS

CDKJY, but not cyclin T1, is degraded by the proteasome.
Among the targets of the ubiquitination pathway are several
proteins involved in transcription, including Gen4, c-Fos, c-
Jun, and RNAPII following exposure to DNA-damaging
agents (reviewed in reference 5). We examined the stability of
CDKS9 and cyclin T1, which form human P-TEFb. Both endog-
enous CDK9 and transfected HA-CDK9 were rapidly de-
graded (half-life [T, ,] = approximately 50 min), while endog-
enous or transfected cyclin T1 was stable (Fig. 1A). CDK9
degradation observed by pulse-chase analysis was confirmed
using cycloheximide T, ,, experiments. We verified that CDK2,
CDK4, CDKS, and CDK7 present in the same extracts were
stable (data not shown). To determine whether CDK9 degra-
dation occurred via the proteasome, the T, of CDK9 was
analyzed in HeLa cells treated with various proteasome inhib-
itors. The lysosome inhibitor E64 had no significant effect on
CDKO stability, while the proteasome inhibitors lactacystin,
LLnL, and MG132 significantly stabilized Flag-CDK9 (Fig.
1B). None of the treatments affected the stability of cyclin T1
or tubulin (data not shown). These results indicate that CDK9
is degraded in vivo via the proteasomal pathway.

CDKJ interacts with components of the SCF-type E3 ubiq-
uitin ligase SCFS*P? and the E2 enzyme CDC34 in vitro and in
vivo. We investigated whether CDK9 interacted with compo-
nents of the SCF or anaphase-promoting complex pathway by
in vitro binding studies using GST-CDKOY fusion protein. GST-
CDKO interacted with p195¥F! a component of the SCF com-
plex, and CDC34, as well as cyclin T1, but failed to interact
with CDC27, a component of the anaphase-promoting com-
plex pathway (Fig. 2A). These results were confirmed in vivo by
coimmunoprecipitation analysis. CDK9 immunoprecipitated
from transfected cells was found to interact specifically with
endogenous p195¥F! CDC34, and cul-1 (Fig. 2B). While
p195%F! and cul-1/CDC53 are core components of the SCF
complex, the F-box protein is variable and is believed to de-
termine the substrate specificity of the SCF complex. We
tested whether CDK9 could interact with known human F-box
proteins in vivo. HA-CDKY9 interacted specifically with
p455%F2 but failed to interact with h-BTrCP (Fig. 2C). Taken
together, these data demonstrate that CDK9 interacts, either
directly or indirectly, with the SCF-type E3 ligase SCFS¥F2,

The interaction between CDK9 and SCFS*F? occurs via
cyclin T1 and requires its PEST domain. While in vitro and in
vivo binding studies demonstrated that CDKO9 interacted with
SCFS®P2) parallel analysis revealed that cyclin T1 was also
involved (data not shown). Both CDK9 and cyclin T1 are



7960 KIERNAN ET AL.

ubiquitously expressed in human tissues (13, 46). Therefore, to
investigate the role of cyclin T1 in the interaction between
CDK9 and SCFS%P2) in vitro-transcribed and -translated
p455%F2 CDKOY, and cyclin T1 were used in coimmunoprecipi-
tation analysis (Fig. 3A). No direct interaction was observed
between CDK9 and p455%*? (lanes 1 to 3). However, in the
presence of cyclin T1, a trimolecular complex, CDK9/cyclin
T1/p455%F2, could be immunoprecipitated (lanes 4 to 6). In
contrast to CDKOY, cyclin T1 interacted directly with p455%F2
(lanes 10 to 12). Cyclin T1 contains a C-terminal PEST se-
quence from residues 709 to 726 (46). Since PEST sequences
have been implicated as recognition motifs for F-box proteins
(34), we investigated whether the cyclin T1 PEST domain was
involved in the recruitment of SCFS*? to CDKY/cyclin T1. In
contrast to full-length cyclin T1, cyclin T1AP did not interact
significantly with p455%F2 (Fig. 3A, compare lanes 5 to 6 with
8 to 9) but could interact with CDKO (lane 8).

These results were confirmed in vivo by coimmunoprecipi-
tation analysis with the endogenous SCFS¥F? complex. Lysates
of cells transfected with HA-CDK9, HA-cyclin T1, or HA-
cyclin T1AP or cotransfected with HA-CDK9 and HA-cyclin
TI1AP were immunoprecipitated with anti-HA antibodies.
Western blotting of immunoprecipitates was performed using
antibodies against p195¥F!, p455%P2 and h-BTrCP (Fig. 3B).
Both HA-CDK9 and HA-cycT1 interacted with p195%F! and
p455KP2 while no interaction was observed between HA-
cycT1AP and p195%F! p455%P2  or h-BTrCP. HA-CDKY and
HA-cycT1 failed to interact with h-BTrCP. The interaction
observed between HA-CDK9 and the SCF complex is most
likely mediated by endogenous cyclin T1. Indeed, overexpres-
sion of HA-cyclin T1AP inhibited HA-CDK9/p195%"! and HA-
CDKY9/p455%F2 interactions (Fig. 3B, lane 6). Comparable
amounts of transfected proteins were present in immunopre-
cipitates (Fig. 3B). Taken together, these data suggest either
that the E3 ligase, SCF5¥F2, binds directly to the PEST domain
of cyclin T1 or that the presence of the PEST domain confers
an appropriate structural conformation on cyclin T1 necessary
for its interaction with SCFS*F2 In any case, these data
strongly suggest that cyclin T1 recruits SCF5%*? to CDKY/
cyclin T1 in an interaction requiring its PEST domain. Finally,
to verify that the interactions between CDKJY/cyclin T1 and
SCF5¥P2 also occur with the endogenous proteins in vivo, co-
immunoprecipitations were performed using 293 cell extract as
a source of protein. Endogenous p455%F? was immunoprecipi-
tated using either anti-CDK9 or anti-cyclin T1 antibodies but
not by normal rabbit serum (Fig. 3C).

CDK9 expression is enhanced in p455%"2~/~ cells and
shows periodicity during the cell cycle. To confirm the role of
p455%P2 in CDK9 degradation, we examined its expression in
embryonic  fibroblasts (MEFs) from p455%P2*/* and
p455%P2~/~ mice (32). The abundances of CDK9 and other
reported SCFS¥F? substrates, cyclin E, and p27%P!, were in-
creased in p455¥F2~/~ MEFs, whereas expression of cyclin T1
and tubulin was unchanged (Fig. 4A). Accumulation of CDKO9,
cyclin E, and p27%P' could be reversed by infection of

455KP2~/~ MEFs with a recombinant adenovirus encoding
p455%P2 (Fig. 4A).

Since expression of p4 is regulated during the cell cycle
(26, 52), we wished to determine whether CDK9 expression
shows periodicity during the cell cycle. HeLa cells were

SSKPZ

MoL. CELL. BIOL.

CDK9 + + + -
cyclin T1 - + - +
cyclin T1APEST - - + -
Myc-p455KP2 + + +
o)) o o -
¥ O ¥ O ¥ O (ST
> >
802 8% 835 237
. EZERLT RLEFTE
' 555355358855
cyc T1/AP — -

f
-
!
k]

Myc-pd5*® — @ L~ - ...ip... -

CDK9 —> @@ =«

12 3456 78 9101112

FIG. 3. The interaction between CDK9 and SCF**? occurs via
cyclin T1 and requires the PEST domain. (A) CDKO, cyclin T1
(cycT1), PEST-minus cyclin T1 (cycT1AP), and myc-tagged p455%F?
(myc-p455%F2) were in vitro transcribed and translated. Reaction mix-
tures containing 1.25 pl of each of the indicated translated proteins
were subjected to immunoprecipitation using the indicated antibodies
or were analyzed directly (Load). Samples were resolved by SDS-
PAGE followed by autoradiography. +, present; —, absent. (B) 293
cells were mock transfected (—) (lane 2); transfected with 2 g of
either HA-CDKO (lane 3), HA-cyclin T1 (lane 4), or HA-cyclin T1AP
(lane 5); or cotransfected with 2 pg each of HA-CDK9 and HA-cyclin
T1AP (lane 6). The transfected proteins immunoprecipitated with an-
ti-HA antibody or an aliquot of cell extract from mock-transfected cells
(E) were analyzed by SDS-PAGE and by immunoblotting using anti-
body against p195¥F!| p455K¥P2 or h-BTrCP as indicated. Cell extracts
were also subjected to direct immunoblot analysis using anti-HA (Ex-
tracts). (C) Extracts from 293 cells were subjected to immunoprecipi-
tation with antibody against CDK9 (lane 2), cycT1 (lane 3), or normal
rabbit serum (preimmune) (lane 1). The immunoprecipitates were
subjected to immunoblotting using antibody against p455%F2, IgG, im-
munoglobulin G.

blocked in mitosis by treatment with nocodazole, and mitotic
cells were allowed to resume the cell cycle by being placed in
fresh medium without the drug. Extracts of cells collected at
regular intervals were analyzed for expression of p455%F2
CDKOY, cyclin T1, and other cell cycle regulators (Fig. 4B).
CDKO expression was regulated during the cell cycle. It peaked
in G, phase by comparison with expression of the S-phase
marker, cyclin A, and the G,/M marker, cyclin B1. Its expres-
sion correlated inversely with that of p455<F2 which was ex-
pressed during S/G2 and mitosis, and mirrored that of p27%P!.
Cyclin T1 expression was stable throughout the cell cycle.
These results support a role for p455%F2 in CDK9 degradation.

CDK9 but not cyclin T1 is ubiquitinated in vivo. Our inter-
pretation of the data presented above is that the degradation
of CDKO represents a unique example in which cyclin T1 is
used to recruit SCFS¥F? (Fig. 3) but is not itself a target for
degradation (Fig. 1). Rather, its partner protein, CDKOY, is
targeted for proteolytic destruction. To further explore this
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FIG. 3—Continued.

possibility, we investigated the ubiquitination of CDK9 and
cyclin T1 in vivo. First, we analyzed ubiquitination of endoge-
nous CDKO9 and cyclin T1. Cells were mock treated or treated
with proteasome inhibitor and then lysed under highly dena-
turing conditions which retain covalently attached ubiquitin
but dissociate noncovalent interactions. Anti-ubiquitin immu-

noblotting revealed slower-migrating species in extracts immu-
noprecipitated with anti-CDK9 but not anti-cyclin T1 (Fig.
5A). Treatment with proteasome inhibitor significantly in-
creased the amount of ubiquitinated CDK9 detected. Next, we
analyzed the ubiquitination of transfected CDK9 and cyclin
T1. Cells transfected with Flag-CDK9 or Flag-cyclin T1 to-
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FIG. 4. (A) Accumulation of CDK9 in p455¥F2~/~ cells. Immunoblot analysis of p455¥"2, CDKOY, cyclin T1, and various cell cycle regulators in
MEFs from p455%F2*/* and p455¥F2~/~ mice and p45°¥F2~/~ MEFs that had been infected with a recombinant adenoviral vector encoding p455%F2
(Ad-p455KF2), (B) CDKY expression shows periodicity during the cell cycle. HeLa cells were incubated in the presence of nocodazole for 16 h.
Mitotic cells resumed the cell cycle after being placed in fresh medium. The cells were collected at the indicated time points. AS, asynchronous
cells. Expression of p455¥F2 CDKOY, cyclin T1, and other cell cycle regulators was analyzed by immunoblotting.

gether with a plasmid expressing HA-ubiquitin (43) were lysed
under highly denaturing conditions. Transfected CDKO9 or cy-
clin T1 was immunoprecipitated using anti-Flag, and ubiquiti-
nated conjugates were detected by anti-HA immunoblotting.
Ubiquitinated conjugates of Flag-CDKO9 but not Flag-cyclin T1
were readily detected (Fig. 5B). Expression levels of HA-ubig-
uitin were comparable in all samples (lanes 6 to 10). Under the
denaturing conditions used, cyclin T1 could not be detected in
Flag-CDK9 immunoprecipitates, nor could CDKO be detected
in Flag-cyclin T1 immunoprecipitates (data not shown). Slow-
er-migrating species of Flag-CDKO9, which likely represent ubi-
quitinated CDK9 conjugates, were revealed by anti-Flag im-
munoblotting of immunoprecipitates (lanes 12 to 13).
Coexpression of Flag-CDK9 and HA-ubiquitin greatly in-
creased the efficiency of Flag-CDKO ubiquitination (compare
lane 12 with lane 13). This may be due to the formation of
multiubiquitinated chains containing N-terminally tagged
ubiquitin which are resistant to proteasomal degradation (7).

These experiments show that CDK9 and not cyclin T1 is tar-
geted for ubiquitination in vivo.

Ubiquitination and degradation of CDKY in vivo is modu-
lated by overexpression of p455%F2 cyclin T1, and cyclin
T1APEST. To further investigate the importance of p455%F2 in
the ubiquitination of CDKDY, lysates of cells coexpressing Flag-
CDKO9, either wild-type myc-tagged p455%F? or a mutant of
p455KP2 that cannot interact with cyclin A-cdk2 (myc-
p455¥P2AxA) (26) and HA-ubiquitin, were assayed for the
presence of ubiquitinated CDK9 conjugates. CDK9 ubiquiti-
nation was augmented by overexpression of wild-type p455%F>
but not by mutant p455“F>AxA (Fig. 5C). Expression levels of
HA-ubiquitin and wild-type and mutant forms of p455<F? were
comparable. Coimmunoprecipitation analysis confirmed that
p455¥PZAxA was able to interact with cyclin T1 (data not
shown). Overexpression of FWD-1, a mouse homologue of
h-BTrCP (22), had no effect on CDKO9 ubiquitination (data not
shown).
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The interaction between CDK9 and SCFS%F? is mediated by
cyclin T1 and requires its C-terminal PEST domain (Fig. 3).
We investigated whether CDK9 ubiquitination was affected by
overexpression of cyclin T1 or cyclin TIAPEST. Overexpres-
sion of cyclin T1 augmented the level of CDKY9 ubiquitination
observed in vivo, while overexpression of HA-cyclin TIAPEST
strongly inhibited CDK9 ubiquitination (Fig. 5D). We next
investigated whether overexpression of cyclin T1 might also
result in changes in CDKY stability in vivo. The stability of
Flag-CDK9 was significantly reduced by overexpression of cy-
clin T1 and increased by overexpression of cyclin TIAPEST
(Fig. 6). Overexpression of a cyclin TIAPEST mutant contain-
ing an N-terminal deletion (cycT1ANAP) that removes the
CDKO9 binding domain (10, 17) did not alter Flag-CDKO sta-
bility, showing that its modulation depends on the interaction
between CDK9 and cyclin T1. These results support the hy-
pothesis that cyclin T1 is required for the recruitment of SCF-
SKP2 yia an interaction requiring its PEST domain which ulti-
mately results in ubiquitination and degradation of CDKO.

Transcriptional activity of CDK9/cyclin T1 is regulated by
CDKY9 ubiquitination. The role of cyclin T1 and CDKO in
transcriptional elongation raises the possibility that ubiquitina-
tion of CDK9 provides a mechanism to regulate transcription
from cellular promoters. It was recently demonstrated that a
dominant-negative mutant of CDK9 repressed activation of
the DRA promoter, suggesting that transcription from the
class IT major histocompatibility complex (MHCII) promoter
is P-TEFb dependent (19). The MHCII promoter is regulated
by the class II transactivator (CIITA [20, 42]) and is strongly
induced in vivo following treatment of cells with gamma inter-
feron (IFN-vy) (reviewed in reference 39). We initially analyzed
the effects of full-length and PEST-minus cyclin T1 on trans-
activation from the MHCII-HLA-DMB promoter. Overex-
pression of cyclin TIAPEST increased transactivation from the
promoter in a dose-dependent manner, up to fivefold in HeLa
cells and ninefold in 293 cells over that observed for CIITA
alone (Fig. 7A). In contrast, overexpression of cyclin T1 caused
promoter repression. The difference in transactivation poten-
tial between cyclin T1 and cyclin TIAPEST ranged from 1.5- to
7.5-fold in HeLa cells and from 2-to 26-fold in 293 cells, de-
pending on the amount of cyclin T1 or cyclin TIAPEST DNA
transfected. Expression of CIITA was not affected by overex-
pression of cyclin T1 or cyclin TIAPEST (Fig. 7A). Basal
transcriptional activity in the absence of CIITA was not signif-
icantly affected by overexpression of cyclin T1 or cyclin
T1APEST (data not shown).

Since the MHCII promoter is induced by IFN-y, we next
examined its effect on transactivation from the DMB promoter
following overexpression of full-length or PEST-minus cyclin
T1. In the absence of IFN-vy, cyclin T1 repressed transactiva-
tion while cyclinTIAPEST increased transactivation (Fig. 7B).
In striking contrast, following treatment of cells with IFN-y,
cyclin T1 no longer produced a repressive effect but instead
increased transactivation from the promoter to a level equiv-
alent to that induced by cyclinTIAPEST. In the absence of
IFN-vy, a sevenfold difference in transactivation potential was
observed between cyclin T1 and cyclinTIAPEST, whereas fol-
lowing IFN-vy treatment, the transactivation potentials of these
proteins were equivalent. Transactivation by cyclinTIAPEST
was not significantly affected by IFN-y treatment. Higher levels
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of basal promoter activity were observed following IFN-y
treatment (3.5-fold), presumably due to induction of endoge-
nous CIITA expression. Thus, the increase in transactivation
by transfected CIITA was not as high in IFN-treated samples,
although the relative luciferase activities were equivalent in
treated and untreated samples.

To further investigate IFN-y-induced modulation of cyclin
T1 transactivation potential, the effect of IFN-y on CDK9
stability was examined. In IFN-y-treated cells, CDK9 was sig-
nificantly more stable (Fig. 7C) and CDK9 ubiquitination was
reduced (Fig. 7D). To investigate the mechanism by which
IFN-y treatment regulates CDK9 ubiquitination, we analyzed
the expression of CDK9 and p455%"? following IFN-vy treat-
ment. CDK9 expression was increased dramatically, consistent
with its increased stability and decreased ubiquitination, while
the expression of p455%F2, initially high in untreated cells, was
almost completely shut down (Fig. 7E). Cyclin T1 expression
was unaffected. The steady-state expression of both CDK9 and
p455%P2 in untreated cells did not fluctuate significantly over
72 h (data not shown). Taken together, these data strongly
suggest that treatment with IFN-y inhibits expression of
p455%F2 Jeading to reduced ubiquitination of CDK9. The con-
sequent increase in CDKO stability results in increased trans-
activation from cellular promoters that are regulated by
CDK9Y/cyclin T1.

DISCUSSION

In this report, we show that the catalytic subunit of human
P-TEFb, CDKD, is a novel substrate of SCFS%F2, CDK9 can be
ubiquitinated and degraded by the proteasome, whereas cyclin
T1 is stable. We show that SCFS*¥? s recruited to CDK9/cyclin
T1 via cyclin T1 in an interaction requiring its PEST domain.
CDKO9 ubiquitination can be modulated by both cyclin T1 and
p455%P2 The expression of CDK9 was periodic during the cell
cycle and correlated inversely with that of p455¥F2, Further-
more, CDK9 accumulated in p455%"2~/~ MEFs. While we
cannot exclude the possibility that the cell cycle-regulated deg-
radation of CDK9 and its accumulation in p455%F2~/~ cells
may be due to the effect of p455%¥F2 on the cell cycle by pro-
moting S-phase progression (52), the body of experiments pre-
sented strongly suggest that CDKO is indeed a bona fide sub-
strate of SCF3*"? and that its regulation during the cell cycle
is due to the periodic expression of p455%F2, Finally, the tran-
scriptional activity of CDK9/cyclin T1 on the MHCII promoter
could be regulated by CDKY9 degradation in vivo.

SCFS%"2 has been implicated in the ubiquitination of several
proteins, including E2F-1, p27%P!, and cyclin E, that are im-
portant for cell cycle progression (4, 31, 32, 40, 44). The pro-
teolytic degradation of CDKO9 is unique among the family of
CDK proteins. While other CDKs play a central role in regu-
lated proteolysis both at the G,-S transition and in mitosis
through phosphorylation of their cyclin partners, the CDK
subunits are not targets for ubiquitination. Instead, the abun-
dance of the cyclin subunits is regulated by proteolysis and
provides a mechanism for cell cycle progression (reviewed in
reference 23).

Figure 8 shows a schematic representation of a proposed
model for CDK9 ubiquitination. A unique feature of this
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model is that recruitment of the SCF complex occurs via cyclin
T1 while CDKO9 serves as the target for ubiquitination. The
possibility that an oligomeric protein may contain both short-
lived and long-lived subunits has been hypothesized previously
(18). In a study using X-p-galactosidase mutants that contain
either a destabilizing amino-terminal residue X or a ubiquitin
acceptor lysine residue, it was observed that mixed tetramers
recruited ubiquitination activity, although only the moiety
bearing a wild-type lysine was degraded. It was suggested that
two determinants for degradation could be located on different
subunits of an oligomer and target the lysine-bearing compo-
nent for destruction in a process termed frans-recognition.
Somewhat analogous examples are provided by two viral pro-

FIG. 5

teins: the Vpu protein of human immunodeficiency virus
type 1, which targets the cellular protein CD4 for h-BTrCP-
mediated ubiquitination and degradation (27), and the hu-
man papilloma virus E6 oncoprotein, which targets p53 for
rapid ubiquitin-dependent proteolysis through its interaction
with E6-AP (16, 36). Like cyclin T1, neither Vpu nor E6 is a
target for degradation itself. Rather, these viral proteins
serve simply to connect their respective targets to the proteo-
lytic pathway. Cyclin T1 is the first cellular protein shown to act
as a connector protein able to target its partner for ubiquiti-
nation without being degraded itself in the reaction. It also
provides evidence for the concept of frams-recognition, in
which an otherwise long-lived protein is targeted for destruc-
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FIG. 5. CDKOY but not cyclin T1 is ubiquitinated in vivo. (A) Denatured extracts of mock-treated or LLnL-treated 293 cells were subjected to
immunoprecipitation (IP) using anti-CDKOY or anti-cyclin T1 (cycT1) antibodies as indicated, followed by immunoblotting using anti-ubiquitin (Ub)
(lanes 1 to 4), anti-CDK9 (lanes 5 and 6), or anti-cyclin T1 (lanes 7 and 8) antibodies. (B) 293 cells were transfected with a plasmid expressing
HA-ubiquitin (5 pg) either alone or together with plasmids expressing Flag-CDK9 (2 ng) or Flag-cyclin T1 (10 pg) as indicated. Denatured cell
extracts of LLnL-treated cells were immunoprecipitated using anti-Flag antibody, followed by immunoblotting using anti-HA (lanes 1 to 5) or
anti-Flag (lanes 11 to 15) antibodies. The cell extracts were subjected to direct immunoblot analysis using anti-HA (lanes 6 to 10). (C)
Overexpression of p455%P? augments HA-CDKY ubiquitination in vivo. 293 cells were transfected with a plasmid expressing Flag-CDK9 (2 ug)
either alone or together with plasmids expressing myc-p455%F? (5 ug) or myc-p455%P?AxA (5 pg) and with HA-ubiquitin (5 pg) as indicated.
Denatured cell extracts of LLnL-treated cells were immunoprecipitated using anti-Flag antibody, and ubiquitinated conjugates were revealed by
immunoblot analysis using anti-HA antibody (lanes 1 to 4). Other aliquots were subjected to direct immunoblot analysis using anti-HA (lanes 5
to 8) and anti-Myc (lanes 9 to 11) antibodies. (D) Overexpression of full-length cyclin T1 or cyclin TIAPEST modulates HA-CDKO9 ubiquitination
in vivo. 293 cells were transfected with a plasmid expressing Flag-CDKO9 (2 wg) either alone or together with various amounts of plasmids expressing
full-length cyclin T1 or cyclin TIAPEST and with His-tagged ubiquitin (5 pg) as indicated. Denatured cell extracts of LLnL-treated cells were

immunoprecipitated using anti-Flag antibody, and slower-migrating ubiquitinated conjugates were revealed by immunoblotting using anti-Flag
antibody. +, present; —, absent. IgG, immunoglobulin G.
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FIG. 6. Modulation of CDKJ9 stability in vivo by overexpression of full-length and PEST-minus forms of cyclin (cyc) T1. HeLa cells were
transfected with Flag-CDK9 (2 ug) alone or together with either cyclin T1 (2 pg), cyclin T1AP (2 pg), or cyclin TIANAP (2 pg). The cells were
lysed after the addition of cycloheximide for the indicated times, and Flag-CDK9 was detected by immunoblotting using anti-Flag antibody. The
results were quantified and expressed relative to tubulin stability.

tion in frans, and suggests that this mechanism has a functional tional elongation. While CDK9 activity has been shown to be
role in ubiquitin-mediated degradation of a wild-type cellular increased upon activation of peripheral blood lymphocytes or
protein. differentiation of promonocytic cell lines (11, 15, 50), our data

CDK9Y/cyclin T1 is an important factor involved in transcrip- provide the first indications that CDK9 is regulated in a cell

FIG. 7. Ubiquitination of CDKO9 is regulated following stimulation of cells with IFN-y. (A) Overexpression of full-length and PEST-minus
cyclin T1 modulates transactivation from the MHCII DMB promoter. HeLa cells were cotransfected with pDMB-luc (1 pg), pCIITA (500 ng),
together with pRL-TK (100 ng) and increasing amounts of pHA-cyclin T1 (HAcycT1) or pHA-cyclin T1AP as indicated. Relative luciferase activity
was calculated following normalization for Renilla luciferase activity expressed from the TK promoter present in the pTK-RL internal control
plasmid. Shown are the mean relative luciferase activities (plus standard errors) obtained from at least three independent experiments. Fold
transactivation relative to pDMB-luc alone is shown above the bars in parentheses. Below the graph is shown the expression level of CIITA in
samples of 293 cells determined by Western blotting of extracts with anti-CIITA antibody. +, present; —, absent. (B) Transient transfections were
performed as described for panel A except that after transfections the cells were mock treated or treated with IFN-y at 500 U/ml for 24 h. The
results are presented as fold activation relative to CIITA transactivation of pDMB-luc. (C) HA-CDK9-transfected 293 cells were mock treated or
treated with IFN-vy for 24 h, labeled with *S-Trans-label, and subjected to pulse-chase analysis. (D) IFN-y modulates HA-CDK9 ubiquitination
in vivo. 293 cells transfected with a plasmid expressing Flag-CDK9 (2 pg) either alone or together with a plasmid expressing HA-ubiquitin (Ub)
(5 pg) as indicated were mock treated or treated with IFN-y (500 U/ml) for 24 h. Denatured cell extracts of LLnL-treated cells were
immunoprecipitated using anti-Flag antibody, and slower-migrating ubiquitinated conjugates were revealed by immunoblotting using anti-Flag
antibody. (E) IFN-y modulates the expression of CDK9 and p455%F2, Extracts of 293 cells were prepared at 0, 24, 48, and 72 h after treatment with
IFN-y (500 U/ml). The expression of CDKOY, cyclin T1, p45°%F2, and tubulin was analyzed by immunoblotting using specific antibodies.
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FIG. 8. Proposed model of CDK9 ubiquitination mediated by an
interaction between cyclin T1 and SCFS¥F2, See the text for details.
Ub, ubiquitin.

cycle-dependent manner by the ubiquitin pathway. This has
important implications for the regulation of cellular transcrip-
tion. While P-TEFb is considered to be a general transcrip-
tional elongation factor, recent evidence suggests that its func-
tion may be more specific (8). Our finding that CDK9 is
differentially expressed during the cell cycle suggests that its
activity maybe more specifically targeted to genes that are
expressed in G,/S phase. The regulated destruction of a tran-
scriptional elongation factor by SCF®*F? could provide a
mechanism for linking efficient gene expression with cell cycle
position. In this regard, a CDK9 mutant that cannot be ubi-
quitinated might be expected to alter cell cycle progression,
and analysis of cells expressing such a mutant may lead to the
identification of genes whose expression is regulated by P-
TEFb.

We have shown that regulation of CDK9 expression can
modulate transactivation from a specific P-TEFb-dependent
promoter (Fig. 7). Importantly, these data show that ubiquiti-
nation of CDKO is regulated in response to physiological stim-
uli and results in increased promoter transactivation. Stimula-
tion of cells with IFN-y inhibited expression of p455%F2
leading to reduced ubiquitination of CDK9. While the mech-
anism of p455¥F2 shutdown in IFN-y-treated cells is unclear,
we observed that IFN-y-treated cells accumulated in G, phase
of the cell cycle (data not shown), in agreement with previous
reports (41, 51). Thus, IFN-y treatment may inhibit the cell
cycle-dependent expression of p455%F2 by blocking cells in
Gy/G1, although it is possible that other mechanisms of
p455%F2 inhibition exist in IFN-y-treated cells. In any case,
lowered expression of p455%F2 leads to reduced ubiquitina-
tion of CDK9 and a consequent increase in CDKO9 stability.
The importance of regulation of CDK9 ubiquitination in vivo
is revealed by the subsequent increase in transactivation from
the MHCII promoter. Demonstration that a cell-activating
signal received at the plasma membrane can ultimately affect
CDK9 ubiquitination and P-TEFb transactivation potential
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suggests that a complex, highly regulated network of interact-
ing pathways combine to control transcriptional activity in
vivo.

Although in vitro reconstitution of the ubiquitination path-
way has been achieved for only a few substrates, these clearly
do not require connector proteins in the role played by cyclin
T1. While the purpose served by the requirement for cyclin T1
in the degradation of CDKO is still unclear, the data shown in
Fig. 7A suggest that cyclin T1 may act as a genuine regulator of
P-TEFb-mediated transactivation by controlling CDK9 degra-
dation. Under conditions that do not support CDK9 degrada-
tion, mimicked by overexpression of cyclin TIAPEST, cyclin
T1 clearly acts as a positive regulator of transcription. In con-
trast, conditions under which CDK9 ubiquitination and degra-
dation are observed lead to promoter repression. In previous
reports describing promoter transactivation by cyclin T1, cyclin
T1APEST has been used in the experiments (3, 10, 46). Thus,
cyclin T1 can be considered a molecular switch controlling
CDK9 activity. Cell cycle-regulated expression of p455KF2
would likely be an important factor governing the cyclin T1-
mediated transcriptional switching mechanism. Other factors,
such as phosphorylation events, may also play a role. While
additional partners for cyclin T1 have not been reported, it is
possible that the timely degradation of CDK9 would allow
cyclin T1 to interact with other cellular partners. From the
other perspective, CDKD9 is known to interact predominantly
with cyclin T1 but also with cyclins T2 and K (9, 33). Inspection
of the sequence of these additional CDK9 partners revealed
that they do not contain an obvious PEST domain. Impor-
tantly, the binding of CDK9 with cyclin T1 or T2 is mutually
exclusive. Therefore, this unusual requirement for cyclin T1 in
the degradation of CDKO9 could provide a further mechanism
to fine tune the level of expression of CDKO. For example, the
CDKO9/cyclin T1 complex would be active in transcriptional
elongation except when the expression of p455%F2 results in the
degradation of the majority of CDK9 in the cell. However, the
remaining CDK9 associated with cyclins T2 and K would be
protected from proteolytic degradation. In support of this hy-
pothesis, low-level expression of CDK9 was observed at 2 and
24 h following mitosis (Fig. 4B). This low level of CDK9 may
be important in a homeostatic function to promote low-level
expression at many genes until the periodic disappearance of
p455%P2 allows high-level expression of the active CDK9/cyclin
T1 CTD kinase in G,/S phase (4 to 14 h following mitosis) (Fig.
4B). Alternatively, it is possible that constitutive, low-level
expression of CDK9/cyclin T is required at a distinct subset of
cellular promoters. Therefore, the presence of multiple CDK9
partners that interact differently with the ubiquitination ma-
chinery could provide a useful mechanism for regulating not
only the timing but also the magnitude of CDK9 degradation.
This additional level of regulation would not be expected for
targets involved in cell cycle progression or pathway inhibitors
such as IkB. In these cases, destruction of all of the target
molecules would be optimally required. CDKDY, in contrast, is
involved in transcriptional elongation at a great many cellular
promoters which may have different requirements for expres-
sion at different times in the cell cycle.

Transcriptional elongation at RNAPII-dependent genes is
likely regulated by a complex interplay between positive regu-
lators, such as P-TEFb, and negative regulators, DRB-sensi-
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tivity inducing factor (DSIF) and negative elongation factor
(49). DSIF has been shown to repress RNAPII elongation in
vitro, using HeLa nuclear extracts that have been immunode-
pleted of P-TEFb, or in the presence of DRB (45, 48). In the
presence of P-TEFb, the RNAPII CTD becomes hyperphos-
phorylated, presumptively by CDK9. Since DSIF is unable to
interact with the hyperphosphorylated form of RNAPII CTD,
DSIF repression is relieved and transcriptional elongation can
proceed (45). However, it is unclear how DSIF-mediated re-
pression may occur in vivo when P-TEFb is present. Ubiquiti-
nation and degradation of CDK®9 could allow transient inacti-
vation of P-TEFb and thus provide a mechanism by which the
effects of positive and negative regulators of transcriptional
elongation are finely balanced to allow efficient gene expres-
sion.

In addition to CDKY, described in this study, other proteins
involved in transcription, such as transcription factors and
RNAPII following exposure to DNA-damaging agents, are
regulated by the ubiquitin pathway (reviewed in references 21
and 24). Thus, the formation and activity of transcriptional
complexes may be tightly regulated in normal cells to allow an
appropriate program of gene expression. Misregulation of
these processes could have severe consequences and may be
involved in cellular transformation.
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