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Replication of the human immunodeficiency virus type 1 (HIV-1) is inhibited by interferons (IFNs), and the
IFN-inducible protein kinase PKR is thought to mediate this effect by regulating protein synthesis. Here we
report that ectopic expression of dominant negative PKR mutants in Jurkat cells induces HIV-1 replication.
Specifically, expression of CD4 is upregulated by the PKR mutants, and this correlates with an induction of
HIV-1 binding and proviral DNA synthesis upon HIV-1 infection. Moreover, activation of NF-kB was induced
by an RNA binding-defective mutant of PKR. Thus, it appears that PKR, in addition to translational control,
is involved in HIV-1 replication by modulating virus binding through the regulation of CD4 expression and
virus gene expression through the activation of NF-kB.

Interferons (IFNs) inhibit human immunodeficiency virus
type 1 (HIV-1) replication in both chronically and acutely
infected cells (reviewed in reference 44) by blocking both early
and late stages of HIV-1 replication (9, 39, 45, 52–54). For
example, treatment with IFNs results in a dramatic decrease in
proviral DNA accumulation and interferes with the initiation
of HIV-1 reverse transcription (RT) (1, 52, 53). Furthermore,
IFNs inhibit HIV-1 replication due to specific inhibition of
mRNA translation (9) and can block the assembly and release
of virions in promonocytic cells, T cells chronically infected by
HIV-1, and peripheral blood T cells acutely infected with the
virus (15, 21, 43, 45).
In response to IFNs, a large number of genes are induced.

This process can be attributed both to specific responsive ele-
ments in the promoter regions of IFN-responsive genes and to
the presence and activation of specific trans-activation factors
(reviewed in reference 51). Among the different IFN-induced
proteins, PKR is a serine/threonine protein kinase which is
activated by autophosphorylation upon binding to double-
stranded RNA (dsRNA) (reviewed in reference 46). Activated
PKR then phosphorylates the a subunit of eukaryotic transla-
tion initiation factor 2, a modification that causes inhibition of
protein synthesis (22). In addition to its antiviral function (24,
38), PKR exhibits an antiproliferative function (8, 27) and a
tumor suppressor function in vitro (4, 27, 36).
PKR is thought to play an important role in HIV-1 infection.

For example, the HIV-1 transactivator-responsive RNA
(TAR) has been shown to bind to and modify PKR activity in
vitro due to its extensive secondary structure (14, 19, 20, 32,
48). To prevent the decrease in viral protein synthesis, HIV-1

has evolved strategies to overcome PKR activation. For in-
stance, productive HIV-1 infection has been shown to be ac-
companied by a reduction of cellular levels of PKR, which is
mediated by the HIV-1 Tat protein (49). Interestingly, PKR
and Tat can associate in vitro and in vivo, and this interaction
is suggested to be one of the mechanisms by which HIV-1
bypasses the antiviral action of IFNs (34). In addition to trans-
lational control, a recent report shows that PKR is involved in
the transcriptional activation of HIV-1 59 long terminal repeat
(59 LTR) (37).
We further investigated the role of PKR in HIV-1 infection

by examining the regulation of HIV-1 replication in Jurkat
cells transfected with mutants of PKR. The PKR mutants were
either the dominant negative catalytically inactive PKRD6 (de-
letion of the 6 amino acids Leu361-Phe-Ile-Gln-Met-Glu366

within catalytic subdomain V, which results in a protein that
lacks kinase activity but is still able to bind dsRNA [27]) or the
dsRNA binding-defective mutant PKRLS9 (mutations of Ala66

Ala68 to Gly66 Pro68, which completely abolishes binding to
dsRNA [18]). Here we show that expression of either of the
PKR mutants results in an induction of HIV-1 replication.
Specifically, expression of CD4, the major receptor of HIV-1
(11, 25), is induced by both PKR mutants at the transcriptional
level with PKRLS9 exhibiting the strongest effect. Upregula-
tion of CD4 by PKRLS9 correlated with an increase in HIV-1
binding and proviral DNA synthesis following HIV-1 infection.
Generation and characterization of Jurkat cells expressing

the PKRmutants. Ten micrograms of wild-type (wt) PKR (35),
PKRD6 (27), or PKRLS9 (18) cDNA under the control of the
human cytomegalovirus (CMV) promoter in pcDNAI/neo vec-
tor (Invitrogen) was electroporated into Jurkat cells (107;
ATCC TIB-152) at 250 V and 960 mF (Bio-Rad). Selection of
cells in G418 (800 mg/ml) and isolation of clones were per-
formed as previously described (26). Expression of transfected
genes was first identified by an RT-PCR method (Fig. 1a).
Briefly, RNA (1 mg) treated with RNase-free DNase I was
reverse transcribed with, as a 39 primer, an oligonucleotide
(59-CCAAATCCACCTGAGCCAATTA-39) which hybridizes
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1.0 kb downstream of the first AUG in the PKR mRNA. The
synthesized cDNAs were amplified at 30 cycles (948C for 1 min,
648C for 1.5 min, and 728C for 2 min) with the above 39 primer
and a 59 primer (59-CACTGCTTAACTGGCTTATCGA-39),
which is complementary to a sequence located within the CMV
promoter downstream of the transcription initiation site and
therefore is specific for exogenous PKR cDNAs. The PCR
products were subjected to Southern blot analysis (50) to de-
tect the levels of amplified PKR cDNAs. In three separate
transfection experiments, detection of exogenous wt PKR
RNA in stable transfectants by RT-PCR was not possible (Fig.
1a, lane 2), most probably due to cell growth inhibition medi-
ated by wt PKR overexpression (8, 27). In this regard, wt PKR
can be overexpressed in some transformed cell lines without
apparent inhibition of cell growth (26) possibly due to modu-
lation of its activity by specific inhibitors (23, 30, 40).
In contrast to wt PKR, expression of PKRLS9 and PKRD6

was readily detected by RT-PCR (Fig. 1a, lanes 3 and 4, re-
spectively) and was then verified by Northern blot and immu-
noblot analyses. Northern blot analysis (Fig. 1b) showed a 5-
and 12-fold increase of PKR RNA in cells transfected with
PKRD6 (lane 2) and PKRLS9 cDNA (lane 3), respectively,
relative to endogenous PKR (lane 1). At the protein level,
immunoblot analysis with a mouse antibody specific to human
PKR (Fig. 1c) that recognizes the carboxyl terminus of the
protein (3) showed an approximately three- and fivefold in-

crease of PKR protein in cells expressing PKRD6 (lanes 4 to 6)
and PKRLS9 (lanes 7 to 9), respectively, compared to endog-
enous PKR protein levels (lanes 1 to 3). Similar data were
obtained with several other Jurkat clones expressing either of
the PKR mutants (data not shown).
Induction of HIV-1 replication by the PKR mutants. Jurkat

cells expressing the neomycin resistance gene only (herein
referred to as Jurkat/Control cells) and Jurkat cells expressing
either PKRLS9 (Jurkat/PKRLS9) or PKRD6 (Jurkat/PKRD6)
were then infected with HIV-1 (Fig. 2). A low multiplicity of
infection (MOI) (Fig. 2b, MOI of 0.001) was also used to
mimic physiological conditions. The production of HIV-1 was
monitored by quantifying the amount of HIV-1 reverse tran-
scriptase in the culture supernatant every other day after in-
fection (29). HIV-1 replication was induced in both Jurkat/
PKRLS9 and Jurkat/PKRD6 cells compared to Jurkat/Control
cells (Fig. 2a and b). However, HIV-1 replication was higher
and faster in Jurkat/PKRLS9 than Jurkat/PKRD6 cells. Eighty
percent of the cells remained viable until 15 days after infec-
tion as determined by trypan blue dye exclusion, indicating that
expression of either of the PKR mutants does not induce any

FIG. 1. Characterization of Jurkat cells expressing mutants of PKR. (a)
Transfection of Jurkat cells and detection of PKR RNA expression by RT-PCR.
The detection of exogenous PKR cDNA expression was performed by RT-PCR
as described in the text. RT-PCR products (914 bp) were analyzed on 2%
agarose gel by electrophoresis and subjected to Southern blot analysis with a
32P-labeled human PKR cDNA probe. Human PKR cDNA amplified by PCR
was used as a positive control (lane 1). Other lanes show Jurkat cells transfected
with wt PKR cDNA (lane 2), PKRLS9 cDNA (lane 3), PKRD6 cDNA (lane 4),
or pcDNAI/neo DNA (lane 5; negative control). (b) Detection of PKR RNA by
Northern blot analysis. Total RNA (10 mg) was subjected to Northern blot
analysis (50) using either 32P-labeled human PKR cDNA (upper panel) or
32P-labeled b-actin cDNA as a probe (lower panel). Lane 1, Jurkat/Control cells
(expressing the neomycin resistance gene only); lane 2, Jurkat/PKRD6 cells; lane
3, Jurkat/PKRLS9 cells. The ratios of PKR to b-actin RNA are indicated. (c)
Immunoblotting analysis of PKR. The preparation of cell extracts and immuno-
blot analysis of PKR were performed as described elsewhere (26, 27). Lanes 1 to
3, cytoplasmic extracts from Jurkat/Control cells; lanes 4 to 6, Jurkat/PKRD6
cells; lanes 7 to 9, Jurkat/PKRLS9 cells. Immunoblot analysis of actin (lower
panel) was used to normalize the levels of PKR protein.

FIG. 2. Induction of HIV-1 replication in Jurkat cells expressing PKR mu-
tants. Jurkat cells (2 3 106) were infected with the HXB2D molecular clone of
HIV-1 (16) in serum-free medium for 2 h at MOIs of 0.1 (a) and 0.001 (b). Cells
were then grown in complete medium for 2 weeks. Cell supernatants were
collected every second day and analyzed for virus reverse transcriptase (RT)
activity as previously described (29). Reverse transcriptase levels for Jurkat/
Control (closed squares), Jurkat/PKRD6 (closed triangles), or Jurkat/PKRLS9
(closed circles) cells are indicated. Each value represents the average of tripli-
cates in which the difference was less than 10%. This is one of five reproducible
experiments.
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cytopathic effect of Jurkat cells. It is noteworthy that the prog-
eny virus was capable of reinfecting and replicating in Jurkat
cells, indicating that expression of either PKR mutant did not
affect virus infectivity (data not shown). Similar results were
obtained with other Jurkat/PKRD6 and Jurkat/PKRLS9 clones
(data not shown).
Induction of CD4 expression in Jurkat cells expressing the

mutants of PKR. The induction of HIV-1 replication by the
PKR mutants in Jurkat cells could be exerted at any of the
several stages of the virus life cycle, such as virus entry (binding
to CD4 and fusion), RT, DNA integration, gene expression,
assembly, and budding.
HIV-1 binding was examined by incubating an equal number

of Jurkat cells with an equal amount of virus (MOI, 0.5) for 5
min at room temperature and removing unbound HIV-1 by
extensive washing. Total RNA was then isolated and reverse
transcribed with the M661 primer (59-CCTGCGTCGAGAG
AGCTCCTCTGG-39 [55]). The resulting cDNA was subjected
to 25 cycles of amplification by PCR (denaturation at 918C for
1 min and polymerization at 658C for 2 min) using the M661
and M667 (59-GGCTAACTAGGGAACCCACTG-39 [55]) set
of primers. PCR products were quantified by Southern blotting
using the LTR/gag DNA region of HIV-1 cDNA as a probe. As
shown in Fig. 3a, the amount of cell-bound HIV-1 was higher
for Jurkat/PKRLS9 (lanes 2 to 4) or Jurkat/PKRD6 (lanes 5 to
7) than for Jurkat/Control cells (lanes 8 to 10). However,
Jurkat/PKRLS9 cells exhibited significantly higher levels of
HIV-1 binding than Jurkat/PKRD6 cells (Fig. 3a, compare
lanes 2 to 4 with 5 to 7). These data suggested that expression
of PKR mutants facilitates virus binding most likely by upregu-
lating the expression of one or more receptor molecules. This
possibility was further examined by quantifying the levels of
CD4, the major HIV-1 receptor (11, 25). Immunostaining of
CD4 and fluorescence-activated cell sorter (FACS) analysis
revealed that the surface expression of CD4 was induced ;10-
fold in Jurkat/PKRLS9 cells and ;3-fold in Jurkat/PKRD6
cells, respectively, relative to Jurkat/Control cells (Fig. 3b).
These results correlate well with the amount of cell-bound
HIV-1 and suggest that upregulation of CD4 is most probably
the reason for induced virus binding.
To examine the molecular mechanism(s) of CD4 expression

by PKR mutants, we then analyzed CD4 RNA expression by
Northern blotting (Fig. 3c). The levels of CD4 RNA were
increased ;15-fold in Jurkat/PKRLS9 cells (lanes 11 to 15)
and;4-fold in Jurkat/PKRD6 cells (lanes 6 to 10) compared to
Jurkat/Control cells (lanes 1 to 5). Since regulation of CD4
expression occurs at the level of transcription and/or RNA
stability (7, 31), we then examined whether CD4 RNA stability
was affected by either of the PKR mutants. Following actino-
mycin D treatment, the RNA levels of CD4 (upper panel) or
b-actin (lower panel) remained stable in all cells, showing that
neither of the PKR mutants affects CD4 RNA stability. In the
same experiment, the levels of c-myc RNA were decreased in
all cells (middle panel), showing that actinomycin D was ef-
fective. Similar data were obtained with several Jurkat/PKRD6
and Jurkat/PKRLS9 clones (data not shown). These findings
favor a transcriptional regulation of CD4 by the PKR mutants
in Jurkat cells.
Induction of proviral DNA synthesis by PKRLS9. The up-

regulation of CD4 by the PKR mutants may account, at least in
part, for the induction of HIV-1 replication (Fig. 2) by facili-
tating early steps of the virus life cycle such as virus entry and
proviral DNA formation. This possibility was further investi-
gated by quantifying the levels of proviral DNA in cells ex-
pressing PKRLS9 or PKRD6. To this end, we employed a
semiquantitative PCR method, which measures the rates of

FIG. 3. Induction of CD4 expression by the PKR mutants. (a) Induction of
HIV-1 binding to cells expressing mutants of PKR. Quantification of cell-bound
HIV-1 was performed by RT-PCR as described in the text. After amplification,
PCR products were subjected to 2% agarose electrophoresis and quantified by
Southern blotting using a 32P-labeled fragment of LTR/gag cDNA as a probe. As
a positive control, RNA from chronically infected U937 cells (U937/IIIB) was
used in lane 1. Lanes 2 to 4, Jurkat/PKRLS9 cells; lanes 5 to 7, Jurkat/PKRD6
cells; lanes 8 to 10, Jurkat/Control cells. Tenfold (lanes 3, 6, and 9) and 100-fold
(lanes 2, 5, and 8) dilutions of reverse transcribed products were used to show the
linearity of PCR amplification. (b) Induction of surface CD4 expression by the
PKR mutants. Jurkat/Control, Jurkat/PKRD6, and Jurkat/PKRLS9 cells (106)
were subjected to surface immunostaining by incubation with a mouse anti-CD4
monoclonal antibody (anti-OKT4; 1 mg/ml in PBS plus 0.5% bovine serum
albumin) followed by incubation with fluorescein isothiocyanate-conjugated goat
anti-mouse immunoglobulin G (BioCan; 1 mg/ml in PBS plus 0.5% bovine serum
albumin). Cells were then analyzed on a cytofluorograph (FACStar; Becton
Dickinson, Mountain View, Calif.) as previously described (26). The marker M1
indicates fluorescence intensity of cells stained with the secondary fluorescein
isothiocyanate-conjugated antibody only (negative control), whereas M2 indi-
cates the CD4-positive population. (c) Induction of CD4 RNA expression by
mutants of PKR. Expression of CD4 mRNA was determined by Northern blot
analysis using 32P-labeled human CD4 cDNA as a probe (upper panel). The CD4
RNA stability was examined by treating cells with actinomycin D (10 mg/ml) for
30 (lanes 2, 7, and 12), 60 (lanes 3, 8, and 13), 90 (lanes 4, 9, and 14), or 120 (lanes
5, 10, and 15) min prior to RNA extraction. As a control to actinomycin D,
Northern blots were reprobed with 32P-human c-myc cDNA (middle panel).
Expression of CD4 mRNA was normalized to the levels of b-actin mRNA (lower
panel). Lanes 1 to 5, Jurkat/Control cells; lanes 6 to 10, Jurkat/PKRD6 cells;
lanes 11 to 15, Jurkat/PKRLS9 cells.
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proviral DNA formation at the initial or the final step of virus
RT (55). Accordingly, Jurkat cells (53 106) were infected with
HIV-1 at an MOI of 0.05 and cellular DNA was extracted and
isolated 12 or 24 h postinfection (55). The initial (early) step
of RT (Fig. 4a) was detected with an oligonucleotide primer
pair specific for the R/U5 region of the LTR (M667/AA55,
59-CTGCTAGAGATTTTCCACACTGAC-39) which flanks
sequences within the first region of the viral DNA synthesized
during RT. The final step of RT (Fig. 4b) was analyzed by PCR
using the HIV-1 oligonucleotide primer pair M667/M661
(LTR/gag primers), which flanks the tRNA primer binding site
(PBS) of the HIV-1 genome and detects full-length or nearly
completely synthesized viral DNA. Moreover, a primer pair
specific for human b-globin sequences (59 primer, 59-ACACA
ACTGTGTTCACTAGC-39; 39 primer, 59-CAACTTCATCC
ACGTTCACC-39) within the first exon of the gene was in-
cluded in each reaction. PCR amplification of sample DNA (2
mg) was performed in the presence of 0.2 ng of the 32P-end-
labeled 59 primer at 25 cycles (denaturation at 918C for 1 min
and polymerization at 658C for 2 min), and PCR products were
analyzed by electrophoresis on 8% nondenaturing polyacryl-
amide gels and autoradiography.
This and two other experiments revealed a three- to fivefold

increase in the initial step (Fig. 4a, lower panel) and a four- to
sixfold increase in the final step (Fig. 4b, lower panel) of RT in
Jurkat/PKRLS9 cells. In Jurkat/PKRD6 cells, however, no sig-

nificant effect on proviral DNA synthesis was observed. These
data suggest that expression of PKRLS9 causes an induction of
proviral DNA synthesis most probably as a result of CD4
upregulation. The lack of a measurable induction of proviral
DNA synthesis in Jurkat/PKRD6 cells may be due to the lower
levels of CD4 expression compared to Jurkat/PKRLS9 cells
(Fig. 3).
Expression of PKRLS9 antagonizes CD4 RNA downmodu-

lation upon HIV-1 infection. CD4 plays a critical role in the
establishment of a productive HIV-1 infection. A loss in CD4
expression in vitro occurs several days postinfection, when
sufficient progeny virions are produced (7). The best-charac-
terized mechanism is the retention and degradation of newly
synthesized CD4 in the endoplasmic reticulum (7). However,
some reports have suggested that both transcriptional and
posttranslational mechanisms are implicated in CD4 down-
modulation (7).
We were interested in investigating how the induction of

CD4 expression by the PKR mutants after HIV-1 infection was
brought about. To this end, we analyzed the CD4 RNA by
Northern blotting 5, 10, and 15 days postinfection. The levels
of CD4 RNA were stable in Jurkat/Control, Jurkat/PKRD6,
and Jurkat/PKRLS9 cells until 10 days after infection (Fig. 5a).
However, at day 15 a rapid downmodulation of CD4 RNA
occurred in Jurkat/Control cells (lane 12) and Jurkat/PKRD6
cells (lane 8). In contrast, CD4 RNA levels remained stable

FIG. 4. Induction of HIV-1 proviral DNA synthesis in Jurkat/PKRLS9 cells. The formation of proviral DNA at the initial (a) or final (b) step of RT in Jurkat cells
infected with HIV-1 (MOI, 0.05) for 12 (lanes 2, 4, and 6) or 24 (lanes 3, 5, and 7) h was measured by the semiquantitative PCR method established by Zack et al.
(55). As a positive control, DNA from chronically infected U937 cells (U937/IIIB) was used in lane 1. Lanes 2 and 3, Jurkat/PKRD6 cells; lanes 4 and 5, Jurkat/PKRLS9
cells; lanes 6 and 7, Jurkat/Control cells. (Lower panel) Quantification of radioactive bands of HIV-1 and b-globin cDNAs was performed by a laser densitometer
(Ultroscan XL; LKB). The relative intensity was calculated after normalization with b-globin cDNA. Each value represents the average of triplicates in which the
difference was less than 10%.
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in Jurkat/PKRLS9 cells infected with HIV-1 (lane 4). The
amount of HIV-1 RNAs (middle panel) was higher in Jurkat/
PKRLS9 cells than in Jurkat/PKRD6 or Jurkat/Control cells,
and their expression was detected as early as 5 days postinfec-
tion (lane 2). These results suggest that expression of PKRLS9
antagonizes the downmodulation of CD4 RNA during HIV-1
infection.
Next, we examined the levels of CD4 protein expression on

the cell surface by immunostaining and FACS analysis. CD4
protein was downmodulated in all cell lines at days 10 and 15
postinfection (Fig. 5b). Although the levels of surface CD4
expression per se were higher in Jurkat/PKRLS9 cells than in
Jurkat/PKRD6 and Jurkat/Control cells, the rate of CD4 down-

modulation was similar in all cell types. These data suggest that
PKRLS9 controls the downmodulation of CD4 RNA but not
CD4 protein in HIV-1-infected Jurkat cells.
Induction of NF-kB DNA binding by PKRLS9. HIV-1 infec-

tion may utilize a physiological pathway(s) to control gene
expression (7). The HIV-1 59 LTR contains a kB binding site
and requires NF-kB activation for efficient viral gene expres-
sion (12, 47). Interestingly, PKR has been implicated in NF-kB
activation (28, 33), probably through the phosphorylation of
IkBa (28). Therefore, expression of the PKR mutants may
modulate NF-kB activation in HIV-1-infected Jurkat cells.
Activation of NF-kB was examined in Jurkat/Control, Jur-

kat/PKRD6, and Jurkat/PKRLS9 cells after treatment with
phorbol 12-myristate 13-acetate (PMA), which has been sug-
gested to mimic signaling cascades induced by binding of HIV
gp120 to CD4 (7, 47). The ability of activated NF-kB to bind
DNA was measured by electrophoretic mobility shift assays
using a 32P-labeled double-stranded DNA (dsDNA) oligonu-
cleotide bearing the kB binding site of HIV-1 59 LTR and
nuclear extracts from untreated or PMA-treated cells. As
shown in Fig. 6a, PMA treatment induced the formation of
four major kB dsDNA-protein complexes (A, B, C, and D) in
all cells (lanes 2, 4, and 6), which were competed by an excess
of cold dsDNA oligonucleotide (lane 7). However, formation
of complexes A, B, and C was more highly induced in Jurkat/
PKRLS9 (lane 4) than in Jurkat/PKRD6 (lane 6) or Jurkat/
Control (lane 2) cells. To examine the subunit composition of
kB-binding complexes, we performed gel supershift assays by
incubating nuclear extracts from PMA-treated Jurkat/Control
or Jurkat/PKRLS9 cells with antisera against p65, rel, or p50
protein. As shown in Fig. 6b, complexes A and B were elimi-
nated by antisera against p50 (lanes 2 and 7) or p65 (lanes 3
and 8), whereas complex C was eliminated by antisera against
p50 (lanes 2 and 7) or c-rel (lanes 4 and 9). Formation of the
supershifted DNA-protein complexes was detected after long
exposures (data not shown). Most likely then, complexes A and
B consist of p50/p65 heterodimers whereas complex C consists
of p50/c-rel heterodimers. Interestingly, complex D was not
affected by any of the above antisera, indicating that most likely
this complex is not NF-kB. These data show that expression of
PKRLS9 but not of PKRD6 facilitates the induction of NF-kB
DNA binding in PMA-treated Jurkat cells.
To further substantiate the activation of NF-kB by PKRLS9,

the chloramphenicol acetyltransferase (CAT) reporter gene
under the control of the wt HIV-1 LTR (ptzIIICAT [6]) or a
mutant form of LTR lacking the kB site (ptzIIICAT2109/279
[6]) was transfected into Jurkat/Control, Jurkat/PKRD6, and
Jurkat/PKRLS9 cells. After PMA treatment, CAT expression
driven by the wt but not by mutant HIV-1 LTR was induced
;2.5-fold in Jurkat/PKRLS9 cells compared to either Jurkat/
Control or Jurkat/PKRD6 cells (Fig. 6c). These data are in line
with the levels of NF-kB DNA binding induced by the PKR
mutants and show a stimulatory effect of PKRLS9 on both
NF-kB DNA binding and transactivation.
CD4 plays a critical role in T-cell development, T-cell acti-

vation, and regulation of the immune response (31). However,
the mechanism(s) of regulation of CD4 expression by PKR is
not immediately clear. Experiments with actinomycin D favor
a transcriptional regulation, which may be exerted at the level
of either initiation or elongation. At the level of initiation, it is
possible that PKR regulates translation of a transcriptional
factor(s) involved in CD4 expression. In this regard, PKRD6
and mutants of PKR defective in RNA binding similar to
PKRLS9 were shown to function as transdominant inhibitors
of PKR in phosphorylation of eukaryotic initiation factor 2a in
vivo and regulation of protein synthesis (2, 4, 13). The higher

FIG. 5. PKRLS9 antagonizes CD4 mRNA downmodulation during HIV-1
replication. (a) CD4 RNA expression in Jurkat cells expressing the mutants of
PKR following HIV-1 infection. Jurkat/PKRLS9 (lanes 1 to 4), Jurkat/PKRD6
(lanes 5 to 8), and Jurkat/Control (lanes 9 to 12) cells were infected with equal
amounts of HIV-1 (MOI, 0.05). Total RNA (10 mg) was isolated 5, 10, and 15
days postinfection and subjected to Northern blot analysis. Blots were probed
with 32P-labeled human CD4 cDNA (upper panel), 32P-labeled LTR/gag region
of HIV-1 cDNA (middle panel), or the 32P-labeled entire cDNA of b-actin
(lower panel). The 9.2-, 4.3-, and 3.0-kb RNA species of HIV-1 and the ratios of
CD4 to b-actin RNA are indicated. This is one of three reproducible experi-
ments. (b) The kinetics of surface CD4 expression in Jurkat cells expressing the
PKR mutants. Cells were incubated with anti-human CD4 (OKT4) monoclonal
antibody and fluorescein isothiocyanate-conjugated goat anti-mouse immuno-
globulin G followed by analysis on a FACStar cytofluorograph. Infected cells
were fixed in 1% paraformaldehyde in PBS prior to FACS analysis. A minimum
of 2 3 104 cells were analyzed. This is one of two reproducible experiments.
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levels of CD4 in Jurkat/PKRLS9 cells than in Jurkat/PKRD6
cells may be explained by a stronger translational effect medi-
ated by PKRLS9 due to its higher levels of expression than
PKRD6 (Fig. 1b and c). The regulation of CD4 expression adds
to several previous reports for a transcriptional role of PKR
(26, 28, 33, 41). In addition to transcription initiation, the
inhibition of normal attenuation through the pausing of CD4
transcription might be another explanation for generating the
elevated amounts of CD4 RNA.
Upregulation of CD4 is most probably the reason for the

increased levels of virus binding and proviral DNA synthesis in
Jurkat/PKRLS9 cells after HIV-1 infection. However, the pos-
sibility that PKRLS9 also induces the expression of another
protein required for virus binding and entry, such as the newly
identified HIV-1 coreceptor fusin (5), cannot be excluded.
HIV-1 uses multiple mechanisms to control CD4 expression
consistent with CD4 being an important regulator of viral
replication and pathogenesis (7). Our findings show that
PKRLS9 but not PKRD6 prevents the downmodulation of
CD4 RNA in HIV-1-infected cells, indicating that the RNA
binding rather than the catalytic properties of PKR is impor-
tant in this process. HIV-1 infection perhaps induces interac-
tion(s) of PKR with viral and/or cellular components through
its RNA-binding domain, which modifies the structure and/or
function of PKR, resulting in a transcriptional regulation of
CD4. Such interactions may be mediated by Tat and TAR viral
products (34, 48) and/or the cellular TAR RNA-binding pro-
tein (17), which has been shown to bind PKR (10) and modify
its function (42). Removal of cell surface CD4 is apparently

necessary and sufficient to block superinfection by both HIV-1
and HIV-2 (7), and therefore, downmodulation of CD4 by
PKR might be one of the mechanisms to prevent superinfec-
tion.
Our data show that PKRLS9 can induce the activation of

NF-kB, and this may also be responsible for the high levels of
HIV-1 replication in Jurkat/PKRLS9 cells. Considering the
ability of PKR to phosphorylate IkBa in vitro (28), the induc-
tion of NF-kB DNA binding and transactivation in Jurkat/
PKRLS9 cells implies phosphorylation of IkBa by PKRLS9
since this mutant of PKR is catalytically intact. However, this
would not be compatible with a dominant negative function of
PKRLS9 as shown for RNA binding-defective mutants of PKR
(2, 4). In addition, consistent with our previous report (26),
NF-kB activation is not inhibited by the dominant negative
PKRD6. One possible explanation, then, for these paradoxical
data is that PKRLS9 modulates the expression of a protein(s)
(kinase or phosphatase) involved in IkBa phosphorylation to a
higher degree than does PKRD6. A further conceivable expla-
nation may be that PKRLS9 but not PKRD6 modulates a
pathway(s) of NF-kB activation that is downstream of IkBa
phosphorylation.
In conclusion, we show that dominant negative mutants of

PKR induce CD4 expression, and this is an important mech-
anism for HIV-1 replication in vitro. The regulation of CD4
expression by PKR may have important implications not only
in HIV-1 infection in vivo but also in many physiological events
that utilize CD4 (31). Further experiments are required to
elucidate the molecular mechanisms of CD4 transcription by

FIG. 6. Regulation of NF-kB activity by the PKR mutants. (a) Induction of NF-kB DNA binding in Jurkat/PKRLS9 cells in response to PMA. Nuclear extracts (5
mg) from Jurkat/Control (lanes 1 and 2), Jurkat/PKRLS9 (lanes 3, 4, and 7), or Jurkat/PKRD6 (lanes 5 and 6) cells before (lanes 1, 3, and 5) or after (lanes 2, 4, 6,
and 7) PMA treatment (50 ng/ml, 6 h) were analyzed for NF-kB activity by binding to 80 pg of a 59-end-32P-labeled HIV-kB dsDNA oligonucleotide (5 3 106 cpm/ng;
59-AGCTGGGACTTTCCGCTA-39; the underlined sequence corresponds to the NF-kB binding site) as previously described (26). For cold competition, a 125-fold
excess of unlabeled HIV-1 kB dsDNA oligonucleotide was added in nuclear extracts from PMA-treated PKRLS9 cells (lane 7). (b) Analysis of NF-kB subunit
composition by antibody supershift assays. Nuclear extracts (10 mg) from PMA-treated Jurkat/Control (lanes 1 to 5) or Jurkat/PKRLS9 (lanes 6 to 10) cells were
incubated with specific antisera to p50 (lanes 2 and 7), p65 (lanes 3 and 8), or c-rel (lanes 4 and 9) and tested for NF-kB binding to the 32P-labeled HIV-1 kB dsDNA
oligonucleotide. Lanes 5 and 10, cold competition. (c) Induction of NF-kB transactivation by PKRLS9. Jurkat/Control, Jurkat/PKRD6, and Jurkat/PKRLS9 cells were
transiently transfected with 12.5 mg of either ptzIIICAT or ptzIIICAT 2109/279 vector together with 2.5 mg of CMV–b-galactosidase plasmid as described elsewhere
(6). PMA (50 ng/ml) was added 32 h after transfection, and cells were incubated for an additional 12 h. CAT activity was assayed in whole-cell extracts (50) and
normalized to levels of b-galactosidase. Fold transactivation for each sample represents the ratio of CAT activity after PMA treatment to CAT activity without PMA
treatment.
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