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The viral replication rate in patients infected with human immunodeficiency virus type 1 (HIV-1) is
controlled in part by regulation of the transcription of viral genes. The rate of transcription is determined by
a complex interplay between cellular and viral proteins and the promoter elements found in the long terminal
repeats. Protein phosphatase 2A (PP2A) is a phosphoprotein that plays important roles in the regulation of
signal transduction and cell growth. In this report, we demonstrate that overexpression of the catalytic subunit
of protein phosphatase 2A (PP2Ac) increases the basal activity of the HIV-1 promoter and, especially, enhances
the promoter’s response to the protein kinase C (PKC) activator 12-O-tetradecanoyl phorbol-13-acetate
(PMA). Additionally, ectopic PP2Ac enhances activation of HIV-1 provirus by PMA. Okadaic acid, a potent
inhibitor of PP2A, markedly reduces both HIV-1 enhancer and proviral activation. Fostriecin, a PP2A inhibitor
which has been used as an antineoplastic agent in clinical trials, is also able to inhibit PMA-stimulated HIV-1
proviral activation. These observations demonstrate a role for the important cellular phosphatase PP2A in
HIV-1 transcription and replication and also suggest that PKC can potentiate the activity of PP2A. PP2A is a

potential target for therapeutic intervention in patients infected with HIV-1.

The human immunodeficiency virus type 1 (HIV-1) pro-
moter, located in the long terminal repeat (LTR), contains
multiple response elements that bind a number of cellular and
viral transcription factors (27). The promoter has been shown
to respond to a variety of stimulatory agents such as 12-O-
tetradecanoyl phorbol-13-acetate (PMA) and tumor necrosis
factor alpha (TNF-a), which trigger signal transduction cas-
cades leading to increased kinase activity. PMA is a potent
activator of protein kinase C (PKC), and TNF-« signals
through the mitogen-associated protein kinase pathway. Addi-
tionally, other kinases such as Ras, DNA-dependent protein
kinase, and Jun kinase have also been shown to play a role in
activating HIV-1 in response to various stimulatory agents (3,
4,6,7,15, 16, 21, 22). Much less well studied has been the role
of phosphatases in regulating HIV-1 gene expression. Re-
cently, several reports have been published providing evidence
that, in addition to the aforementioned kinases, protein phos-
phatase 2A (PP2A) might play a role in regulating HIV-1
transcription and virus replication (17, 34, 38, 39). These pre-
vious reports have generally suggested that PP2A would have
an inhibitory effect on HIV-1 replication, but this was not
directly addressed.

PP2A accounts for the majority of the Ser/Thr intracellular
phosphatase activity, and its importance is underscored by its
roles in the regulation of cell growth, signaling pathways, and
mitotic division. PP2A exists intracellularly as an oligomeric
protein composed of three subunits, A, B, and C, which to-
gether form the holoenzyme or an AC heterodimer known as
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the core enzyme. The A (65-kDa) subunit acts as a scaffold to
which the B (55-kDa) and catalytic C (37-kDa) subunits bind.
The PP2A holoenzyme and core enzyme exhibit different sub-
strate specificities and/or intracellular locations. Recently, re-
searchers have begun to investigate the involvement of PP2A
in the regulation of HIV-1 transcription and replication. Rue-
diger et al. (34) demonstrated that increasing the ratio of PP2A
core enzyme to holoenzyme by expression of a mutant A sub-
unit that binds the C but not the B subunit results in a decrease
in Tat-mediated HIV-1 transcription and virus production.
Their experiments imply that PP2A may play a role in regu-
lating HIV-1 replication. Furthermore, the observation that
okadaic acid (OKA), a potent inhibitor of PP2A and protein
phosphatase 1, induces NF-«kB binding and activates the HIV-1
promoter suggested that PP2A might inhibit HIV-1 transcrip-
tion and, hence, replication (17, 38, 39).

In this report, we demonstrate that, surprisingly, the catalytic
subunit of PP2A (PP2Ac) is able to increase the basal activity
of the HIV-1 promoter and markedly enhances the promoter’s
response to PMA. Additionally, we show that ectopic PP2Ac
and PMA act together to increase the level of proviral activa-
tion above the levels seen with either alone. OKA, a potent
inhibitor of PP2A, is able to reduce the phorbol-induced acti-
vation of the HIV-1 enhancer and markedly decrease HIV-1
proviral activation. Furthermore, fostriecin (FST), a PP2A in-
hibitor which has been reasonably well tolerated by cancer
patients in clinical trials, can similarly inhibit PMA-induced
HIV-1 induction. These observations directly demonstrate a
role for PP2A in driving HIV-1 transcription and proviral
induction and suggest that PP2A can potentiate the activity of
PKC. These findings also point to PP2A as a target for thera-
peutic intervention against AIDS.

It has recently been demonstrated that the promoter of HIV
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type 2 (HIV-2) is activated in monocytic cells by PP2A (14).
Several recent reports have suggested that PP2A activity may
be altered in differentiating monocytes. Differentiation of
HL-60 cells into granulocytes by use of retinoic acid is aug-
mented by the PP2A inhibitor OKA (24). Methylprednisolone-
induced differentiation of leukemic HL-60 cells results in an
increase in PP2A regulatory subunits and catalytic activity (1).
Since infected monocytes serve as a reservoir for HIV in vivo
(9, 18, 37), we decided to utilize the promyelocytic cell line
U937 in our experiments to examine the effect of overexpres-
sion of PP2Ac on HIV-1 transcription. U937 cells were grown
as previously described (14) and were transfected by using an
Invitrogen Electroporator II at a setting of 300 V, 1,000 wF,
and infinite resistance with an input voltage of approximately
325 V. We cotransfected U937 cells with a plasmid in which
expression of the chloramphenicol acetyltransferase (CAT) re-
porter gene is under the control of the HIV-1 promoter (33)
and with various amounts of a PP2Ac expression vector (Fig.
1A). The transfected U937 cells were also stimulated with the
phorbol ester PMA, an agent that has been shown to activate
the HIV-1 promoter and promote monocytic differentiation of
U937 cells. As shown in Fig. 1A, ectopic PP2Ac activated the
HIV-1 promoter (P = 0.04 when the value obtained with the
control is compared with that obtained with 5 pg of PP2Ac
expression vector by Student’s ¢ test). Increasing the amount of
the PP2A expression vector beyond 5 pg led to a somewhat
further increased but variable stimulation (Fig. 1A). PP2A also
markedly enhanced the response of the HIV-1 promoter to
PMA stimulation (Fig. 1B). To confirm that the effects we
observed were indeed due to overexpression of the C subunit,
we performed assays using whole-cell lysates from cells trans-
fected with the PP2Ac expression plasmid with or without
PMA stimulation to detect any increases in intracellular pro-
tein phosphatase activity (Fig. 1C). Ectopic expression of the C
subunit led to a 20% increase in activity in the absence of
phorbol stimulation and up to a 50% increase following PMA
treatment of the transfected U937 cells, thus confirming func-
tional overexpression of the C subunit. This increase in phos-
phatase activity is similar to that measured by use of a different
assay in a previous study (14).

Phorbol esters mimic the actions of diacylglycerol by acti-
vating PKC and triggering a cascade of intracellular signaling
events, including activation of the MAP kinase pathway and
NF-kB (5, 23, 29, 38). To ascertain whether the observed
cooperative effect between the PKC activator PMA and ec-
topic PP2Ac was specific, we stimulated U937 cells with 50 ng
of TNF-a/ml (which does not signal through the PKC pathway)
or 50 nM PMA after cotransfection with the PP2Ac expression
vector and a plasmid in which the HIV-1 promoter regulates
expression of the luciferase reporter gene (Fig. 2). This re-
porter plasmid was generated by cloning the HIV-1 promoter
from the HIV-1 CAT vector upstream of the luciferase gene in
the pGL3 basic vector (Promega). Stimulation of cells with the
cytokine TNF-a (or inhibition of PP2A by OKA [see below])
activates the HIV-1 promoter by inducing NF-kB nuclear
translocation and binding to its cognate sites (37, 38). As an-
ticipated on the basis of prior reports (38, 39), both PMA and
TNF-a activated transcription of the wild-type HIV-1 pro-
moter (Fig. 2A). Cotransfection of the PP2Ac expression vec-
tor further augmented the activation seen with PMA but had
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FIG. 1. (A) PP2A activates the HIV-1 promoter. U937 cells were
cotransfected with 5 pg of the HIV-1 CAT reporter plasmid and 2.5,
5, 10, or 20 pg of pCMV5 PP2Ac, in which the catalytic domain of
PP2A is under the control of the CMV promoter. CAT assays (36) to
determine reporter gene transcription levels were performed 18 to 24 h
later. PP2Ac produced a fourfold increase in HIV-1 promoter activity
at the highest levels of transfected expression vector used. Data shown
are from one experiment that is representative of 10 separate experi-
ments. (B) PP2A augments the response of the HIV-1 promoter to
PMA. U937 cells were cotransfected with 5 pg of the HIV-1 CAT
reporter plasmid and 2.5 or 5 pg of pPCMV5 PP2Ac. At 12 h posttrans-
fection, cells received either no treatment (open bars) or 32 nM PMA
(solid bars). CAT activity levels were determined 18 to 24 h posttreat-
ment. Data shown are from one experiment that is representative of 10
separate experiments. (C) Ectopic PP2Ac overexpression increases
intracellular phosphatase activity. Phosphatase assays were performed
using whole-cell lysates from U937 cells transfected with increasing
amounts of PP2Ac expression plasmid, followed by no treatment (open
bars) or treatment with 50 nM PMA (solid bars). PP2A activity was
determined using a protein phosphatase assay system from Promega.
Ectopic PP2Ac expression resulted in a 20 or 50% increase in phos-
phatase activity in the absence or presence of PMA, respectively.
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FIG. 2. (A) Ectopic PP2Ac enhances the response of the HIV-1
promoter to PMA but not to TNF-a. U937 cells were cotransfected
with 5 pg of an HIV-1 luciferase reporter plasmid and 10 pg of
pCMVS5 PP2Ac or a control vector. The cells were left untreated or
treated 12 h later with 50 nM PMA or 50 ng of TNF-a/ml. Luciferase
activity was measured at 18 to 24 h posttreatment by using a luciferase
assay system from Promega, and the values were normalized relative to
the total amount of protein. Data shown are from one experiment that
is representative of three separate experiments. (B) OKA inhibits
activation of the HIV-1 promoter by PMA but not TNF-a. U937 cells
were cotransfected with 5 pg of an HIV-1 luciferase reporter and left
untreated or treated 24 h later with 50 nM PMA, 50 ng of TNF-a/ml,
100 nM OKA, 50 nM PMA plus 100 nM OKA, or 50 ng of TNF-a/ml
plus 100 nM OKA. At 12 to 14 h after treatment, luciferase assays were
performed and the values were normalized. Data are from one exper-
iment that is representative of three experiments. RLU, relative light
units.

no significant effect on TNF-a-mediated HIV-1 promoter ac-
tivation.

Since PMA and PP2Ac cooperatively enhance HIV-1 pro-
moter activation (Fig. 1B and 2A), we sought to determine
whether inhibition of endogenous PP2A by OKA would have
an effect on the response of the promoter to PMA. Treatment
of U937 cells with OKA prior to PMA stimulation (Fig. 2B)
suppressed the response of the HIV-1 promoter to PMA (by
threefold). OKA pretreatment, however, had no suppressive
effects on the activation of the HIV-1 promoter by TNF-a.
Since OKA treatment of cells induces both Spl and NF-«B
binding (38, 39), 100 nM OKA alone activated the HIV-1
promoter (Fig. 2B), as predicted on the basis of previous work
(38, 39).

To determine whether the observed effects of ectopic PP2Ac
on HIV-1 promoter activity translated into an increase in viral
replication, we cotransfected U937 cells with the HIV-1 infec-
tious clone HXB3 (30) and increasing amounts of a PP2Ac
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FIG. 3. PMA-induced HIV-1 replication is stimulated by ectopic
PP2A. (A) U937 cells were transfected with the HIV-1 HXB3 infec-
tious clone or HIV-1 HXB3 plus 2.5 or 5 pg of pCMV5 PP2Ac. Cells
were left untreated or were treated with 50 nM PMA (solid symbols)
for 24 h. The average RT assay values (28) from four separate exper-
iments are shown. No Tx, no treatment.

expression vector. PP2A overexpression resulted in a small
increase in the HIV-1 baseline replication rate and significantly
augmented the PMA-induced increase in replication, as deter-
mined by reverse transcriptase (RT) assay (Fig. 3). The ob-
served effects of combined PP2A overexpression and PMA
stimulation on viral replication in U937 cells correlate with the
changes in transcriptional activity seen in the reporter gene
studies (Fig. 1A and B). As further evidence that PP2A par-
ticipates in the activation of HIV-1, OKA administered to the
chronically infected U937 cell line U1l diminished the PMA-
induced increase in viral induction in a dose-dependent fash-
ion (Fig. 4). This reduction in PMA-induced viral activation by
OKA fits with the suppressive effect of OKA on transcriptional
activation by PMA (Fig. 2B). At the maximal dose of OKA
utilized (100 nM), there was a significant decrease (five- to
sevenfold) in PMA-induced viral induction by days 2 to 3.
Cellular toxicity, as measured by the MTT assay, was not seen
in these experiments, as OKA was added for only 4 h and then
washed away prior to PMA stimulation.

We next investigated the effect of another inhibitor of PP2A,
FST, on HIV-1 replication. Using the Ul cell system, we first
investigated whether FST treatment would alter cellular via-
bility by using the MTT assay. Cellular viability was not nega-
tively affected by FST treatment (data not shown). Ul cells
were treated with PMA for 72 h prior to and during treatment
with FST. HIV-1 levels in the supernatants were determined by
using a p24 enzyme-linked immunosorbent assay (ELISA).
FST at doses between 0.2 and 1 M suppressed the stimulatory
effect of PMA on viral induction (Fig. 5), similar to the effect
seen with OKA. Concentrations of FST that are less than or
equal to 1 wM have been shown to very specifically block PP2A
activity in cell culture (40; R. Honkanen, personal communi-
cation), so these findings confirm that it is the specific inhibi-
tion of PP2A which decreases HIV-1 activation. Similar results
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FIG. 4. Induction of HIV-1 provirus by PMA is blocked by OKA.
U1 (HIV-1 chronically infected U937 cells) were pretreated with 25,
50, or 100 nM OKA for 4 h, washed, and then treated with 50 nM PMA
(indicated by the solid symbols). RT assays were performed on super-
natants harvested daily over a period of 3 days. The average RT assay
values from four separate experiments are shown. No Tx, no treat-
ment.

were obtained when Ul cells were treated with PMA for 24 h
prior to FST treatment or were treated with FST for 1 or 24 h
prior to PMA treatment (data not shown). The results from the
FST experiments thus further confirm the role of PP2A in
stimulating HIV-1 and attest to the specificity of this interac-
tion. In addition, as FST has been used to treat cancer patients
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FIG. 5. Induction of HIV-1 provirus is blocked by the PP2A inhib-
itor FST. U1 cells were pretreated with PMA for 72 h, washed, and
then treated with PMA plus 0, 0.2, or 1 uM FST. Viral replication was
determined by using a p24 ELISA assay. Assays were performed on
supernatants over a period of 4 days. The average p24 ELISA values
are shown; error bars indicate the standard deviation for results from
three separate cultures. Data are from one experiment that is repre-
sentative of three independent experiments. No Tx, no treatment.
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without undue toxicity (10-13, 20, 32, 40), these findings sug-
gest that PP2A inhibition might prove to be a useful therapeu-
tic strategy for the treatment of HIV-infected patients.

In this report, we demonstrate first that PP2Ac is able to
increase HIV-1 promoter activity and, especially, enhance the
response of the promoter to the PKC-stimulating agent PMA.
Second, ectopic PP2Ac and PMA increase the level of viral
induction above the levels seen with either alone. Third, OKA,
a potent inhibitor of PP2A, is able to markedly reduce PMA-
mediated HIV-1 enhancer activation and viral induction. Fi-
nally, FST at concentrations highly specific for PP2A inhibition
decreases PMA-induced HIV-1 stimulation. These findings all
point to an important role for PP2A in the enhancement of
HIV-1 replication, especially in combination with PMA stim-
ulation.

Previous studies with the PP2A inhibitor OKA indirectly
implicated PP2A in the regulation of HIV-1 promoter activity.
OKA inhibition of PP2A has been shown to result in the
activation of the HIV-1 promoter via the NF-kB and Spl
response elements (38, 39). These previous experiments sug-
gested that PP2A possibly played a repressive role in the reg-
ulation of HIV-1 transcription, as its inhibition increased tran-
scription. However, OKA at low concentrations also inhibits
the PP2A-related phosphatases PP4 and PP5 (20, 36). This
may account for the different effects on identical cellular pro-
cesses, such as growth, transformation, and signaling, observed
with OKA treatment in different cell lines (36).

To more accurately assess the role of PP2A in HIV-1 rep-
lication, overexpression of the phosphatase is preferable, but
this approach has the potential to be complicated by the trans-
lational and posttranslational autoregulatory mechanisms,
seen in various cell lines, that serve to maintain fairly constant
levels of PP2A (2, 36). To more directly assess the role of PP2A
in Tat-mediated HIV-1 transactivation and replication, Rue-
diger et al. performed experiments using COS, Hela, and
Jurkat T cells and an N-terminal deletion mutant of the A
subunit, which lacked the ability to bind the B subunit (34).
This led to an increase in the ratio of core enzyme (AC) to
holoenzyme (ABC), with the subsequent effect of decreasing
Tat stimulation of viral replication and transcription. Since the
PP2A core enzyme possesses phosphatase activity and may
interact with targets different from those of the holoenzyme,
these results imply that the intracellular levels of various forms
of PP2A can potentially have differing effects that may, in part,
be cell line dependent.

We have been able to achieve overexpression of PP2A, as
determined by enzymatic assays, by using a cytomegalovirus-
driven expression vector in U937 monocytic cells (Fig. 1C).
This has enabled us to directly determine the effect of global
increases in the overall PP2A phosphatase activity on HIV-1
transcription and proviral induction. Several recently pub-
lished reports have used similar expression vectors to success-
fully achieve PP2A overexpression in a number of cell lines (2,
8, 25, 26). Ectopic PP2A alone somewhat enhances HIV-1
promoter-driven gene transcription (Fig. 1A) and greatly po-
tentiates the response to PKC stimulation by PMA but not to
the cytokine TNF-a (Fig. 1B and 2A). The absence of a de-
monstrable effect of ectopic PP2A on the response of the
HIV-1 promoter to TNF-a would suggest that NF-«kB is not
involved, since TNF-a acts more specifically via the kB re-
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sponse elements than does PMA (19). This was supported by
the minimal contribution of the B elements to the PP2A
response seen upon direct testing (data not shown).

This study demonstrates that the stimulation of HIV-1 by
PP2A is much more marked in the presence of PMA, a stim-
ulator of PKC. This is consistent with previous findings with
the HIV-2 promoter, where PP2A and PKC act together
through the pets enhancer element and other sites to activate
HIV-2 transcription (14). PP2A is known to exist in complexes
with various kinases, allowing for rapid modifications of the
phosphorylation state of the kinases or substrates (35). The
alpha isoform of PKC (PKCa) phosphorylates PP2Ac in vitro
and is dephosphorylated and inactivated by PP2A (31). Our
findings here and in an earlier report (14) suggest that at least
some forms of PP2A and PKC can function synergistically
rather than as antagonists, as might have been predicted on the
basis of previous studies.

Many previous studies have focused on the role of kinases in
the regulation of HIV transcription and replication. Our report
demonstrates that phosphatases such as PP2A play an impor-
tant role in regulating HIV-1 promoter-mediated gene expres-
sion and viral induction. The PP2A inhibitor FST, which has
been used in clinical trials for the treatment of cancer, has not
proved overly toxic in patients despite the importance of PP2A
to cellular function (10-13, 20, 32, 40, 41). Thus, our demon-
stration that PP2A stimulates HIV-1 induction and that inhi-
bition of PP2A activity by FST diminishes viral growth suggests
that PP2A is an interesting new target for the therapy of HIV-1
infection.
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