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TAK, a multisubunit cellular protein kinase that specifically associates with the human immunodeficiency
virus Tat proteins and hyperphosphorylates the carboxyl-terminal domain of RNA polymerase II, is a cofactor
for Tat and mediates its transactivation function. The catalytic subunit of TAK has been identified as cyclin-
dependent kinase Cdk9, and its regulatory partner has been identified as cyclin T1; these proteins are also
components of positive transcription elongation factor P-TEFb. TAK activity is up-regulated upon activation
of peripheral blood lymphocytes and following macrophage differentiation of promonocytic cell lines. We have
found that activation of peripheral blood lymphocytes results in increased mRNA and protein levels of both
Cdk9 and cyclin T1. Cdk9 and cyclin T1 induction occurred in purified CD4™ primary T cells activated by a
variety of stimuli. In contrast, phorbol ester-induced differentiation of promonocytic cell lines into macro-
phage-like cells produced a large induction of cyclin T1 protein expression from nearly undetectable levels,
while Cdk9 protein levels remained at a constant high level. Measurements of cyclin T1 mRNA levels in a
promonocytic cell line suggested that regulation of cyclin T1 occurs at a posttranscriptional level. These results
suggest that cyclin T1 and TAK function may be required in differentiated monocytes and further show that

TAK activity can be regulated by distinct mechanisms in different cell types.

The efficient transcription of human immunodeficiency virus
(HIV) genes is dependent on the viral transactivator protein
Tat. Tat enhances the processivity of elongation of RNA poly-
merase II (RNAP II) complexes that initiate in the HIV long
terminal repeat region. Tat is unique as a transcriptional acti-
vator in that its cis-acting response sequence is a highly struc-
tured RNA element, TAR RNA, that is located at the 5" ends
of nascent viral transcripts. The Tat protein contains two re-
gions that are important for its function—an arginine-rich re-
gion that mediates the binding to TAR RNA and an activation
domain that mediates the interaction with the cellular tran-
scription machinery (24).

Although a number of cellular factors that interact with the
Tat activation domain have been identified, recent work indi-
cates that Tat transactivation function is mediated by TAK, the
Tat-associated kinase (5, 7, 23). TAK was originally identified
as a cellular protein kinase activity that specifically interacts
with the activation domain of Tat and hyperphosphorylates the
carboxyl-terminal domain (CTD) of RNAP II (18, 19). Be-
cause phosphorylation of the CTD is thought to regulate the
elongation activity of RNAP II (6), this property of TAK sug-
gested a model for Tat function through recruitment of TAK
to the TAR RNA stem-loop (19). TAK would then be posi-
tioned to hyperphosphorylate the CTD, promoting the forma-
tion of highly processive elongation complexes. Although the
activities of other cellular proteins may be regulated through
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phosphorylation by TAK, experimental evidence has con-
firmed that the CTD is indeed required for Tat transactivation
(2, 30, 41).

TAK is composed of at least two subunits—the catalytic
subunit cyclin-dependent kinase Cdk9 (previously named
PITALRE) and the regulatory subunit cyclin T1 (39, 40, 43).
Both of these proteins are also present in P-TEFb, a positive
transcription elongation factor that was originally identified in
Drosophila as a DRB-sensitive CTD kinase that is required for
efficient elongation of many genes (28, 29, 43). Complexes
containing Cdk9 and cyclin T1-related proteins, cyclin T2a or
cyclin T2b, are also active for P-TEFb activity (32). It has been
demonstrated that direct and specific binding of cyclin T1 to
the activation domain of Tat mediates the association of Tat
with TAR RNA (39). Therefore, cyclin T1 is a direct cellular
target of Tat that is required for specific and high-affinity
binding to TAR RNA. There is no evidence that Tat interacts
directly with Cdk9; rather, Cdk9 is recruited to TAR RNA via
cyclin T1. It has not yet been demonstrated that cyclin T2 can
function like cyclin T1 in directing the binding of Tat to TAR
RNA.

Support for a critical role of TAK in Tat transactivation
comes from several independent lines of investigation. First,
there is a precise correlation between the ability of Tat mutant
proteins to associate with TAK and their ability to support Tat
transactivation (18, 19, 41). Second, there is a strong correla-
tion between the ability of protein kinase inhibitors such as the
nucleoside analog DRB to inhibit TAK (and P-TEFb) activity
and their ability to block Tat transactivation (19, 27). Third,
introduction of cyclin T1 restores Tat transactivation in murine
cells that normally do not support Tat transactivation through
TAR RNA (39). Finally, dominant negative mutants of Cdk9
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selectively inhibit Tat transactivation in vivo and in vitro (12,
27).

Because primary targets of HIV infection are peripheral
blood lymphocytes (PBLs) and monocytic cells, we were inter-
ested in determining the mechanisms of regulation of cyclin T1
or Cdk9 expression in these cell types, particularly in response
to cell activation- or differentiation-associated stimuli. Previ-
ously, we showed that TAK activity is up-regulated following
activation of PBLs and differentiation of a promonocytic cell
line (40). We now report that the mRNA and protein levels of
both cyclin T1 and Cdk9 are increased as quiescent T cells are
activated. Interestingly, the expression of cyclin T1 is very low
in two actively growing promonocytic cell lines but is greatly
increased as the cells are induced by phorbol ester to differ-
entiate into macrophage-like cells, concurrent with increased
TAK activity. The induction of cyclin T1 expression appears to
occur by a posttranscriptional mechanism. Cdk9 is detected at
high levels in cycling promonocytic cells and remains high
following differentiation. These results indicate that cyclin T1
is limiting in promonocytic cells and that its function may be
required in differentiated monocytes. Furthermore, these re-
sults show that distinct mechanisms for the regulation of TAK
activity exist in PBLs and monocytic cell lines.

MATERIALS AND METHODS

Cells and preparation of cell extracts. PBLs were obtained from heparinized
blood drawn from healthy hepatitis B virus- and HIV-seronegative donors (ob-
tained from the Gulf Coast Regional Blood Center) and purified by centrifuga-
tion through Isolymph (Gallard/Schlesinger). Following two rounds of depletion
of monocytes by plastic adherence, lymphocytes were consistently =91% pure as
determined by flow cytometry (Coulter EPICS) with two-color staining for CD14
and CD45. Monocyte contamination was less than 2%. Viability of PBLs as
determined by trypan blue exclusion was =98%. For activation, cells were ad-
justed to 1 X 10° to 2 X 10°ml and cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS) and antibiotics. Where indicated, the
medium also contained phytohemagglutinin (PHA) or phorbol 12-myristate 13-
acetate (PMA) used at a final concentration of 1 pg/ml or 1 ng/ml, respectively.
PHA was dissolved in phosphate-buffered saline, and PMA was dissolved in
dimethyl sulfoxide (DMSO); an equal volume of DMSO solvent was added to
control cultures. At the times indicated in the figure legends, cells were washed
in phosphate-buffered saline and lysed in EBC buffer (50 mM Tris-HCI [pH 8.0],
120 mM NaCl, 0.5% Nonidet P-40, 5 mM dithiothreitol) containing protease
inhibitors (aprotinin, leupeptin, and phenylmethylsulfonyl fluoride) as described
previously (19).

For CD4"-T-cell experiments, following apheresis of healthy donors, PBLs
were isolated by Percoll gradient centrifugation and CD4™" T cells were purified
as described previously (25). Purified CD4™" cells (90 to 98% pure) were cultured
at 10° cells/ml in RPMI 1640 medium with 10% fetal calf serum, 20 mM HEPES,
2 mM glutamine, and 50 pg of gentamicin/ml for 72 h. Cells were stimulated with
either 5 wg of PHA and 100 U of interleukin-2 (IL-2) per ml, 1.2 ng of PMA and
80 ng of ionomycin per ml, or Dynal M-450 antibody-coated beads at a ratio of
1 bead per cell. Magnetic beads were coated via tosyl conjugation with equal
amounts of anti-CD3 and anti-CD28 monoclonal antibodies (37).

The promonocytic cell lines HL-60 and U937 were maintained in RPMI 1640
medium supplemented with 10% FBS and antibiotics. The density of the cells
was maintained between 2 X 10° and 8 X 10° cells/ml. For experiments, cells
were adjusted to 2 X 10°/ml and treated with 1 ng of PMA/ml (unless otherwise
noted in the figure legends) or an equal volume of DMSO solvent (at a concen-
tration not higher than 0.01%). By 24 h in the presence of PMA, cells were
adherent and altered morphology was observed. In some experiments, cells were
analyzed by flow cytometry following propidium iodide staining (21) and by
analysis of Cdk2 kinase activity with histone H1 as an exogenous substrate (21)
to monitor changes in the cell cycle. For kinase assays and immunoblots, extracts
were prepared as described previously (19). Protein concentrations were deter-
mined with a Bio-Rad protein assay, and equal protein amounts, generally 25 g
for kinase assays and 15 pg for immunoblots, were used.

Kinase assays. Kinase assays were performed as described by Herrmann and
Rice (19). Briefly, Tat-2 was expressed in bacteria as a fusion with glutathione
S-transferase (GST) and purified by adsorption to glutathione beads. The GST-
Tat-2 bead complex was then incubated with extracts prepared from PBLs or the
promonocytic cell lines. The complexes were washed extensively and then incu-
bated under kinase reaction conditions (50 mM Tris [pH 7.4], 5 mM MgCl,, 2.5
mM MnCl,, 5 uM ATP, and 5 uCi [y->2P]ATP) (3,000 Ci/mmol) for 60 min at
room temperature in the presence of GST-CTD (200 ng) added as an exogenous
substrate. Protein complexes were resolved by electrophoresis on 9% sodium
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dodecyl sulfate-polyacrylamide gels. CTDo phosphorylation was quantified by
PhosphorImager scanning.

Immunoblots and immunoprecipitations. Immunoblotting (Western blotting)
was performed by standard procedures by using enhanced chemiluminescence
for detection as described previously (17). Anti-cyclin T1 antibodies (39) were
used at a dilution of 1:6,000. Anti-cyclin T2 antibodies were obtained from D.
Price (32) and were used at a dilution of 1:2,000. Antibodies directed against
Cdk9 (PITALRE), Cdk7, Cdk2, and cyclin H were purchased from Santa Cruz
Biotechnology and used at a dilution of 1:5,000. Immunoprecipitations were
performed as described previously (41).

Isolation of RNA and Northern blot analysis. Total cellular RNA was isolated
using TRIzol reagent as recommended by the manufacturer (Life Technologies).
Poly(A) " RNA was prepared from HL-60 RNA with a Poly(A)Pure kit and from
PBL RNA with a MicroPoly(A)Pure kit as recommended by the manufacturer
(Ambion). Poly(A)* RNA was quantified by ethidium bromide staining relative
to a standard of total cellular RNA of known concentration. RNA was electro-
phoresed through a 1% agarose formaldehyde gel and transferred to nylon
membranes. For preparation of >*P-labeled probes, Cdk9, cyclin T1, and B-actin
cDNAs were labeled with [a->?P]dCTP with a High Prime system (Boehringer
Mannheim) random-primed DNA labeling reaction.

RESULTS

Cdk9 and cyclin T1 protein levels are induced following
T-cell activation. Previously, we showed that TAK activity, as
determined by CTD hyperphosphorylation, increases 3- to
5-fold following activation of PBLs by PHA, PMA, or PHA
plus PMA (reference 40; see also Fig. 3). To understand the
mechanism of regulation of TAK activity, we wanted to deter-
mine whether the increase in kinase activity results from
changes in the steady-state levels of the two known subunits of
TAK, Cdk9 and cyclin T1. Therefore, PBLs purified from
healthy uninfected individuals (see Materials and Methods)
were cultured with PHA and PMA alone or in combination,
and the protein levels of Cdk9 and cyclin T1 were examined by
immunoblot analysis (Fig. 1). The levels of both Cdk9 and
cyclin T1 were elevated in cells stimulated by either compound
alone or used together. By quantitative Western blot analysis
with twofold dilutions of extracts, we estimate that Cdk9 levels
increased two- to fourfold following treatment with either
PHA or PMA alone and four- to eightfold following that with
PHA plus PMA (data not shown). Cyclin T1 levels were 4- to
8-fold higher in PHA- or PMA-treated cells and 8- to 16-fold
higher in PHA plus PMA-treated cells.

<
=
s
<
£3%
oo
Cdk9 - -—— -
CycT1- -

12 3 4

FIG. 1. Cdk9 and cyclin T1 protein levels are increased following activation
of PBLs. PBLs were cultured in media containing 10% FBS (—) (lane 1) or with
PHA at a final concentration of 1 wg/ml (lane 2), PMA at a final concentration
of 1 ng/ml (lane 3), or PHA and PMA together (lane 4). After 48 h, cells were
lysed and protein concentrations were determined. Equal amounts of protein
were analyzed for Cdk9 or cyclin T1 (Cyc T1) levels by immunoblotting. See
Materials and Methods for experimental details.
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FIG. 2. Cdk9 and cyclin T1 protein levels are increased following activation
of CD4" T cells by a variety of activating stimuli. Primary CD4" cells were
cultured in media containing 10% FBS (—) (lanes 1) or with the addition of PHA
(5 pg/ml) (lanes 2), antibodies against CD3 and CD28 (9.3) on the same bead
complex (T3/93 cis) (lanes 3) or on separate beads (T3/93 trans; beads used at a
ratio of 1 bead/cell) (lanes 4), IL-2 (100 U/ml) and antibody against CD3
(T3/IL-2) (lanes 5), or PMA (1.2 ng/ml) and ionomycin (0.08 pg/ml) (PMA/iono)
(lanes 6). After 3 days, cells were lysed and equal amounts of protein were
assayed for TAK activity by a kinase assay with recombinant CTD as a substrate
(A) or for protein levels of Cdk9 or cyclin T1 (Cyc T1) by immunoblotting (B).
CTDo, hyperphosphorylated form of the CTD; CTDa, underphosphorylated
form of the CTD.

Because the CD4™ subset of T cells is the major target of
HIV infection, we wanted to determine whether TAK activity
is regulated in CD4™" cells. Primary CD4 " T cells were purified
from PBLs by negative selection with magnetic beads coated
with antibodies to remove non-CD4 " cells (25). When purified
CD4™" cells were stimulated with PHA, an eightfold induction
of TAK activity was observed (Fig. 2A, lane 2) and both Cdk9
and cyclin T1 levels were increased (Fig. 2B, lane 2). Induction
of TAK activity and increases of Cdk9 and cyclin T1 levels
were also seen when cells were cultured with PMA and iono-
mycin (Fig. 2, lanes 6). To examine TAK activity and protein
levels in T cells activated by more physiological stimuli, CD4*
cells were incubated with bead-immobilized antibodies against
the CD3 component of the T-cell receptor complex. Costimu-
latory signals were provided by IL-2 or by antibodies to the
costimulatory receptor CD28 present either on the same bead
as the anti-CD3 antibody (cis) or on separate beads (trans)
(Fig. 2, lanes 3 to 5). All of these signals were capable of
up-regulating TAK activity and increasing Cdk9 and cyclin T1
protein levels. Similar results were obtained with primary
CD8™ cells (not shown). Thus, TAK activity can be induced by
a variety of stimuli in primary CD4™ cells, indicating that TAK
induction is not dependent on a single T-cell activation path-
way.

T-cell activation is characterized by a series of changes in
gene expression patterns, with genes required for T-cell acti-
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vation being induced at immediate (<30 min), early, or late
(>2 days) times (38). To determine when TAK induction oc-
curs, we stimulated PBLs with PMA, PHA, or PMA plus PHA
and harvested cells at various time points following induction.
For all of these conditions, there was a slight increase in TAK
activity at 3 h but full induction was seen at the 14- or 24-h time
points and remained fairly steady thereafter (Fig. 3A). The
enhancement of TAK activity was reflected in the levels of
Cdk9 and cyclin T1 at the various time points (Fig. 3B). There-
fore TAK is induced with early kinetics.

We also analyzed the levels of Cdk7 and cyclin H, another
Cdk-cyclin pair that is involved in transcriptional regulation
and has been reported to interact with Tat (4, 11, 31). Unlike
Cdk9 and cyclin T1, Cdk7 and cyclin H did not show a sus-
tained increase in expression following stimulation with PMA
(Fig. 3B). This is consistent with the lack of induction by PMA
of Cdk7-associated kinase activity towards the CTD (20, 40).
Treatment of PBLs with PHA did result in an increase in cyclin
H levels by 38 h and a concomitant increase in Cdk7-associated
CTD kinase activity (data not shown). These results imply that
the temporal regulation of Cdk7-cyclin H is distinct from that
of Cdk9-cyclin T1 and that only expression of Cdk9 and cyclin
T1 parallels the sustained increase in TAK activity.

Because Cdks and cyclins are known to be induced following
stimulation of quiescent cells, induction of Cdk9 and cyclin T1
expression was not unexpected. As a control for cell cycle
entry, we measured the kinase activity of Cdk2 using histone
H1 as a substrate. Cdk2, the major cell cycle regulator, be-
comes active in late G,. Unlike TAK activity, Cdk2 activity was
not induced by PMA (Fig. 3C). PHA treatment resulted in
stimulation of Cdk2 activity beginning at 24 h and increasing
up to 48 h. As expected, the highest level of Cdk2 activity was
observed in PBLs activated by both PMA and PHA at the 38-
and 48-h time points, because the combination of PMA and
PHA fully activates T cells (see Discussion).

Cdk9 and cyclin T1 mRNA levels are induced following T-
cell activation. To determine whether the induction of Cdk9
and cyclin T1 protein levels reflects an increase in mRNA
levels, poly(A)*-selected RNA was isolated from control and
PMA-treated PBLs and Cdk9 and cyclin T1 mRNA levels were
analyzed by Northern blotting (Fig. 4). Four distinct Cdk9
transcripts were detected. Ubiquitously expressed transcripts
of 3.2 and 2.8 kb as well as larger, tissue-specific transcripts
have been observed previously (13). Following T-cell activation
by PMA, the abundance of the smallest Cdk9 transcript in-
creased significantly while levels of the other Cdk9 transcripts
increased slightly or remained constant. For cyclin T1, a single
discrete transcript of ~8 kb was detected, consistent with pre-
vious reports (32, 39). The level of the ~8-kb RNA in PMA-
treated PBLs was elevated relative to that in unstimulated
cells. Therefore, regulation of Cdk9 and cyclin T1 expression in
activated PBLs occurs at the level(s) of transcription, mRNA
processing, and/or mRNA stability.

Cyclin T1, but not Cdk9, protein levels are induced follow-
ing differentiation of monocytic cells. Another major target of
HIV infection is cells of the monocyte lineage. Previously, we
showed that TAK activity is stimulated when promonocytic cell
lines are induced to differentiate into macrophage-like cells
(40). To examine levels of Cdk9 and cyclin T1 in monocytic
cells, we used two different promonocytic cell lines, HL-60 and
U937, that can be induced to differentiate along the monocytic
pathway by PMA and other agents (15). PMA treatment of
HL-60 and U937 cells resulted in 9- and 11-fold increases in
TAK activity, respectively, as measured by CTDo phosphory-
lation (Fig. 5A). While Cdk9 protein levels were high in ac-
tively growing, untreated cells, cyclin T1 was virtually unde-
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FIG. 3. Time course of induction of TAK activity in stimulated PBLs. PBLs were cultured in media containing 10% FBS (lanes 1-5) or in the presence of PMA
(1 ng/ml) (lanes 6-10), PHA (1 ng/ml) (lanes 11-15), or PMA plus PHA (lanes 16-20) for the indicated times. Cell lysates were prepared, and equal amounts of protein
were assayed for TAK activity by a kinase assay with recombinant CTD as a substrate (A) or for protein levels of Cdk9, cyclin T1 (Cyc T1), Cdk7, or cyclin H (Cyc
H) by immunoblotting (B). The numbers at the top of the blots indicate the number of hours (hrs.) post-PMA treatment, while the numbers at the bottom represent
lane numbers. The transient increase in expression seen at 14 h in PMA-treated cells was not reproducible. CTDo, hyperphosphorylated form of the CTD; CTDa,
underphosphorylated form of the CTD. (C) Equal amounts of protein were also analyzed for Cdk2 kinase activity by using histone H1 as an exogenous substrate.
Quantitation of the TAK and Cdk2 assays was performed by measurement of CTDo or histone H1 phosphorylation, respectively, as determined by PhosphorImager

scanning.

tectable in both cell lines (Fig. 5B). When cells were treated
with PMA, a large induction in cyclin T1 levels was observed in
both HL-60 and U937 cells. By quantitative Western blot anal-
ysis with twofold dilutions of extract, we estimate that cyclin T1
levels are increased by PMA treatment at least 16-fold in
HL-60 and U937 cells. This result suggests that cyclin T1 is
limiting for TAK activity in these cell lines.

Although Cdk9 is expressed at equivalent levels in control
and PMA-treated cells, there is little detectable TAK activity
in untreated cells. Cdk9 has been shown to associate with two
cyclin-T1-related proteins, cyclin T2a and cyclin T2b (32). The
absence of TAK activity in normal HL-60 and U937 cells
suggests that cyclins T2a and T2b cannot functionally substi-
tute for cyclin T1 to generate TAK activity in these cell lines.
However, we wanted to examine the regulation of cyclin T2 in
the promonocytic cell lines. Extracts from the same experiment
as that shown in Fig. 5B were analyzed for cyclin T2 levels.
Because of the low level of cyclin T2 in these cell lines, to
detect cyclin T2 it was necessary to immunoprecipitate Cdk9-
containing complexes with a Cdk9 antibody and then analyze
cyclin T2 levels by immunoblotting using a cyclin T2 antibody,
as was done in a previous study with HeLa cells (32). For cyclin

T2b, there was no change in protein level following PMA
induction in HL-60 or U937 cells (Fig. 5C, lanes 2 to 5). No
regulation of cyclin T2b levels was observed in PBLs either
(Fig. 5C, lanes 6 and 7). We were not able to detect cyclin T2a
in HL-60 or U937 cells or in PBLs. Cyclin T2a was detected in
HeLa cells, although at a much lower level than cyclin T2b
(Fig. 5C, lane 1). These results argue that the increased levels
of TAK activity observed in PMA-treated cells cannot be ex-
plained by changes in cyclin T2 levels, at least for cyclin T2b,
but rather induction of cyclin T1 parallels changes in TAK
activity.

To examine the kinetics of TAK up-regulation in promono-
cytic cell lines, HL-60 cells were treated with PMA and extracts
were prepared at various time points. TAK activity, as mea-
sured by CTD hyperphosphorylation, was elevated by 24 h
following PMA treatment, peaked at 32 h, and began to de-
cline by 48 h (Fig. 6A), perhaps due to cell death as implied
from flow cytometry analysis (data not shown). Analysis of
protein levels revealed that Cdk9 remained fairly constant,
while cyclin T1 was elevated by 24 h (Fig. 5B), consistent with
the enhancement of TAK activity at that time point. The in-
duction of cyclin T1 was specific, in that neither cyclin T2 level
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FIG. 4. Cdk9 and cyclin T1 mRNA levels are induced following PBL activa-
tion. PBLs were cultured in media containing 10% FBS (—) or in the presence
of PMA (1 ng/ml) (+) for 24 h. Poly(A)" RNA was isolated as described in
Materials and Methods. Equal amounts of RNA (~2 ng) were electrophoresed
through a 1% agarose formaldehyde gel, transferred to nylon membranes, and
probed for Cdk9 or cyclin T1 (Cyc T1). 28S and 18S rRNAs were visualized by
ethidium bromide staining of the gel to demonstrate RNA integrity; the positions
of these bands are indicated on the right. The blots were exposed to film for 1 day
for Cdk9 or 5 days for cyclin T1.

Cyc T1

(Fig. 5C) nor cyclin H level (Fig. 6B) was increased as a result
of PMA treatment. The increases in cyclin T1 protein levels
and TAK activity suggest that cyclin T1 and TAK may play a
role during monocyte differentiation and/or in terminally dif-
ferentiated macrophages.

Cyclin T1 is induced by a posttranscriptional mechanism
following differentiation of monocytic cells. To determine
whether the PMA-induced increase in cyclin T1 protein abun-
dance is due to elevated levels of cyclin T1 mRNA, Northern
blot analysis was performed. A predominant cyclin T1 tran-
script of ~8 kb was observed. Unlike the case in PBLs, no
increase in cyclin T1 mRNA abundance was observed (Fig. 7).
Rather, cyclin TI mRNA levels were lower following PMA
treatment. There were also reductions in the levels of the four
Cdk9 transcripts in PMA-treated cells relative to control cells.
The blots were reprobed for actin mRNA levels to control for
equal loading, and although actin levels were slightly lower in
PMA-treated cells in experiment 1 (Fig. 7, lanes 1 and 2), actin
levels were equivalent in experiment 2 (Fig. 7, lanes 3 and 4).
These results imply that regulation of cyclin T1 expression in
monocytic cell lines occurs by a posttranscriptional mecha-
nism.

DISCUSSION

Cdk9 and cyclin T1 are regulated by distinct mechanisms in
PBLs and monocytic cells. Because TAK is a critical cellular
cofactor for Tat, it is important to understand the regulation of
expression of TAK subunits in cell types that are susceptible to
infection by HIV. The two major targets of HIV infection are
CD4" T cells and monocytes/macrophages. We have shown
here that mRNA and protein expression of both Cdk9 and
cyclin T1 are induced when quiescent T cells are activated.
Therefore, both Cdk9 and cyclin T1 are regulated at the
mRNA level, during either the process of synthesis, processing,
or stability. Because not all Cdk9 transcripts are up-regulated,
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Cdk9 mRNA expression may be subject to a complex mecha-
nism of regulation.

In contrast to the expression patterns of Cdk9 and cyclin T1
seen in PBLs, when monocytic cell lines are induced to differ-
entiate into macrophage-like cells, Cdk9 levels remain con-
stant, while cyclin T1 protein levels are up-regulated from
nearly undetectable levels. The increase in cyclin T1 protein
levels does not parallel cyclin T1 mRNA levels, indicating that
regulation of cyclin T1 expression occurs at the protein level.
To begin to determine whether cyclin T1 induction results
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FIG. 5. Cyclin T1, but not Cdk9 or cyclin T2, protein levels are increased
upon PMA treatment of promonocytic cell lines. The promonocytic cell lines
HL-60 and U937 were cultured in media containing 10% FBS (—) or with the
addition of PMA (1 ng/ml) (+) for 48 h. Cell lysates were prepared, and equal
amounts of protein were assayed for TAK activity by a kinase assay with recom-
binant CTD as a substrate (A) or for protein levels of Cdk9 or cyclin T1 (Cyc T1)
by immunoblotting (B). CTDo, hyperphosphorylated form of the CTD; CTDa,
underphosphorylated form of the CTD. (C) Cyclin T2 was detected by immu-
noprecipitation of Cdk9-containing complexes with an antibody directed against
Cdk9 followed by immunoblotting with an antibody directed against cyclin T2.
Recombinant cyclin T2a (Cyc T2a) and cyclin T2b (Cyc T2b) were used as
standards.
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FIG. 6. Time course of induction of cyclin T1 protein levels following PMA treatment of HL-60 cells. HL-60 cells were cultured in media containing 10% FBS (—)
or with the addition of PMA (0.3 ng/ml) for the indicated times. Cell lysates were prepared, and equal amounts of protein were assayed for TAK activity by a kinase
assay with recombinant CTD as a substrate (A) or for protein levels of Cdk9 or cyclin T1 (Cyc T1) by immunoblotting (B). Quantitation of the TAK assay was performed
by measurement of CTDo phosphorylation as determined by PhosphorImager scanning. CTDo, hyperphosphorylated form of the CTD; CTDa, underphosphorylated

form of the CTD; hr and hrs, hours.

from increased protein stability or increased protein synthesis,
HL-60 cells were metabolically labeled with [**S]methionine
for 1 h (pulse) and then were incubated in the presence of
excess unlabeled methionine for 3 h (chase). Although cyclin
T1 was difficult to detect in uninduced cells, the level of cyclin
T1 appeared unchanged in both control and PMA-treated cells
during the 3-h chase period (20). Although further work is
required to elucidate the mechanism of this regulation, our
data are most consistent with regulation of cyclin T1 expres-
sion at the translational level. While regulation of protein
stability by ubiquitin-mediated proteolysis is a common regu-
latory mechanism for cyclins and other proteins involved in cell
cycle control, precedents for translational regulation of cyclins
exist. For example, expression of the yeast cyclin CIn3 protein
is repressed by a translational mechanism during growth arrest
resulting from nutrient deprivation conditions (9, 35). Positive
control of translation has been observed for the Cdk inhibitor
p27 in growth-arrested mammalian cells (16).

The difference in the regulation patterns of Cdk9 and cyclin
T1 expression in T cells and monocytic cell lines may reflect
inherent differences between lymphocytes and monocytes or
the fact that PBLs are primary cells while HL-60 and U937
cells are established cell lines. Alternatively, the difference may
be due to the fact that PBLs are quiescent cells that must be
activated in order to replicate while the promonocytic cell lines
undergo active replication and are induced to withdraw from
the cell cycle to undergo terminal differentiation into macro-

phage-like cells. Nevertheless, these results show that distinct
mechanisms for the regulation of TAK activity exist.

Cdk9 and cyclin T1 expression in activated T cells. Com-
plete T-cell activation in vivo generally requires two stimuli;
these signals can be mimicked in vitro by PHA and PMA. In
PBLs, Cdk9 and cyclin T1 levels were induced by PMA or PHA
alone with a resulting increase in TAK activity (Fig. 1). Al-
though either PMA or PHA allows quiescent T cells to enter
the cell cycle, PMA-treated cells progress only into the G,
phase of the cell cycle, while PHA-treated cells can traverse
the G,/S boundary. Hence, Cdk2 activity, which is activated in
late G, is activated by PHA but not PMA (Fig. 3C). PMA was
also not sufficient to activate Cdk7 activity (20, 40) or protein
levels (Fig. 3B). The induction of TAK by PMA implies that
TAK becomes active in the G, phase of the cell cycle prior to
activation of Cdk2 or Cdk7 and suggests that TAK may play a
role in T-cell activation. In fact, Cdk9 has recently been shown
to be able to negatively regulate IL-2 promoter activity in a
T-cell line (42).

In addition to up-regulation by PHA and PMA, TAK activity
can be up-regulated by a variety of combinations of T-cell
activation stimuli, which provide the signals to fully activate T
cells (Fig. 2). At this point, it is difficult to distinguish whether
TAK activation is dependent on the entry of cells into the cell
cycle or whether TAK induction is dependent on the activation
of specific T-cell signaling pathways. For example, all the meth-
ods of T-cell costimulation employed here act through protein
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FIG. 7. Cdk9 and cyclin T1 mRNA levels are not induced by PMA treatment
of HL-60 cells. HL-60 cells were cultured in media containing 10% FBS (—) or
with the addition of PMA (1 ng/ml) (+) for 24 h. Poly(A) " RNA was isolated as
described in Materials and Methods. Equal amounts of RNA (~10 pg) were
electrophoresed through a 1% agarose formaldehyde gel, transferred to nylon
membranes, and probed for Cdk9, cyclin T1 (Cyc T1), or B-actin. The blots were
exposed to film for 2.5 h (Cdk9), 5 h (Cyc T1), or 2 min (B-actin). The positions
of 28S and 18S rRNAs, visualized by ethidium bromide staining of marker RNA
run on the gel, are indicated on the right. The results of two independent exper-
iments (Expt) are shown.

kinase C, raising the possibility that TAK is a downstream
target of protein kinase C.

Cyclin T1 induction in differentiated monocytic cell lines.
The human promyelomonocytic HL-60 cell line and myelo-
monocytic U937 cell line can be induced to terminally differ-
entiate into cells exhibiting monocyte/macrophage character-
istics by PMA, vitamin D5, and other agents; HL-60 cells can
additionally be induced to differentiate into granulocyte cells
by DMSO (3). As shown previously for U937 cells and shown
here for HL-60 cells, PMA treatment produced a large induc-
tion of TAK activity (40) (Fig. SA), accompanied by a large
increase in the protein levels of cyclin T1. The expression
pattern of cyclin T1 following PMA treatment of HL-60 cells is
unlike that of other cyclins (for example, see Fig. 5C and 6B).
While most cyclins and Cdks involved in cell cycle regulation
are down-regulated following differentiation (1), some cyclins
that appear not to play a role in cell cycle regulation are
preferentially expressed in postmitotic cells (10). The prefer-
ential expression of cyclin T1 in PMA-treated promonocytic
cell lines suggests that cyclin T1 may play a role in differenti-
ated cells. It is possible that cyclin T1 may be involved in the
differentiation program of monocytes or it may perform a
function in terminally differentiated cells.

Regulation of TAK and P-TEFb activity. In addition to being
involved in TAK activity, Cdk9 and cyclin T1 are also compo-
nents of P-TEFDb, an activity that is thought to facilitate the
transition from abortive to productive elongation (28, 43).
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Both cyclin T1 and T2 can independently associate with Cdk9
to form distinct P-TEFb complexes (32). It is presently unclear
whether cyclin T2-containing complexes function as TAK. To
date, we have been unable to demonstrate a specific interac-
tion between Tat and cyclin T2 (20). Until the complete mo-
lecular compositions of TAK and P-TEFb are determined, it
remains unresolved as to whether TAK and P-TEFb are iden-
tical protein complexes or whether TAK is a subset of P-TEFb
complexes.

It is intriguing that the regulation of cyclin T2 expression
differs from that of cyclin T1. While the cyclin box regions of
cyclins T1 and T2 have 81% identity, their carboxyl-terminal
regions are significantly less well conserved (32). Although we
did not examine P-TEFb activity in PBLs or monocytic cell
lines, the control of cyclin T1 expression described here raises
the possibility of a mechanism of regulation of P-TEFb activity
such that P-TEFb complexes comprised of Cdk9 and cyclin T2
may be active under different conditions from those of Cdk9-
and cyclin-T1-containing P-TEFb complexes. This also raises
the possibility that the different P-TEFb complexes might per-
form specialized functions in the cell.

While TAK activity is clearly low in unstimulated PBLs and
monocytic cells, it is possible that Cdk9/cyclin T2 complexes
could provide sufficient P-TEFb activity for transcriptional
elongation of genes that require its function. Although P-TEFb
is apparently required for efficient elongation of many genes,
based on an analysis of a number of promoters in in vitro
transcription extracts derived from Drosophila (29), this study
suggests that actively growing HL-60 cells appear not to re-
quire high levels of TAK activity. The large induction of TAK
activity following PMA treatment suggests that TAK activity is
required during differentiation, perhaps to allow the efficient
transcription of genes involved in monocyte differentiation or
necessary for the specialized function of terminally differenti-
ated cells. It is unclear whether this function is equivalent to
P-TEFb activity or whether TAK acquires novel substrates
and, consequently, additional functions in differentiated cells.
Although Cdk9 is the only known Cdk partner of cyclin T1, we
cannot exclude the possibility that cyclin T1 could associate
with additional Cdk partners.

Possible implications of TAK regulation for HIV replica-
tion. How might the regulation of TAK activity influence the
course of infection by HIV? A speculative hypothesis is that
the HIV Tat protein may have evolved to utilize TAK as a
cellular cofactor because the cellular state in which TAK is
active may be favorable to HIV replication. Perhaps environ-
mental stimuli that lead to Cdk9 and cyclin T1 induction and
resultant TAK activation allow the virus to escape from a tran-
scriptionally silent state. Conversely, under conditions where
TAK is inactive, Tat may fail to stimulate viral gene expression,
causing the virus to enter into a transcriptionally latent state
and escape from immune surveillance, as suggested by Emer-
man and Malim (7).

Promonocytic cell lines have served as a useful model system
for HIV transcriptional latency. In a derivative of U937 cells
that contain stably integrated HIV provirus and express very
low levels of HIV mRNA and protein, HIV gene expression is
dramatically enhanced by PMA (36). Transcriptional activa-
tion of HIV can also be induced by a number of cytokines,
including tumor necrosis factor alpha and IL-6 (14, 33, 34). It
has been shown that PMA and tumor necrosis factor alpha
lead to the induction of nuclear factor kB, which contributes
to, but is not sufficient for, HIV activation in this cell system
(14). Activation of TAK may be an additional event that is
required for PMA-induced activation of HIV gene expression.
It will be interesting to assess the effects of cytokines on cyclin
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T1 expression and TAK activity. Stimulatory effects of cyto-
kines on HIV gene expression have also been observed in
primary monocytes/macrophages (26). Important areas for fu-
ture research will be examination of Cdk9 and cyclin T1 ex-
pression in primary monocytes/macrophages and elucidation
of the molecular mechanism of this regulation.

A major challenge in the treatment of HIV-infected patients
is the eradication of transcriptionally latent-infected CD4™"
memory T cells (8, 22). In this regard, an understanding of
signals that induce TAK activity and result in activation of viral
expression following latency may be useful. Furthermore, iden-
tification of the upstream regulators of TAK activity may pro-
vide additional targets for antiviral agents.
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