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ABSTRACT The identification of cellular factors that are
required to complete various steps of the HIV-1 life cycle may
lead to the development of new therapeutics. One key step,
transcription from the integrated provirus, is inhibited by
members of two distinct classes of compounds, the f lavonoids
and the benzothiophenes, via an unknown mechanism, possi-
bly involving a cellular factor. A marked specificity toward
inhibiting HIV-1 transcription is evidenced by the ability of
drug-treated cells to retain their proliferative and differenti-
ation capabilities. In addition, the compounds do not impede
the activation and function of the transcriptional factor
NF-kB. Here we report on the identification of several cellular
proteins that mediate the HIV-1 transcriptional inhibitory
property of the f lavonoid chrysin. Chemical and immunologic
analyses identified these cellular proteins as the individual
subunits of casein kinase II (CKII). Though structurally
unrelated to chrysin, an HIV-1 inhibitory benzothiophene also
bound selectively to CKII. Both chrysin and the benzothio-
phenes inhibited human recombinant CKII enzymatic activity
and showed competitive kinetics with respect to ATP, analo-
gous to the classic CKII inhibitor 5,6-dichloro-1-b-D-
ribofuranosylbenzimidazole (DRB). Moreover, DRB potently
inhibited HIV-1 expression in chronically infected cells. CKII
may regulate HIV-1 transcription by phosphorylating cellular
proteins involved in HIV-1 transactivation that contain mul-
tiple CKII phosphorylation consensus sequences.

The multiple steps of the HIV-1 life cycle each lend themselves
to potential therapeutic intervention. Many of the steps de-
pend on the interaction and activity of both a viral product(s)
and cellular elements; the study of these interactions may lead
to the development of novel therapeutics. HIV-1 cellular entry
via binding to CD4 and chemokine receptors is a clear example
of this principle and underscores the utility of studying inter-
actions between HIV-1 and host factors (1).

In cells harboring proviral HIV-1 DNA, viral transcription
represents a potential therapeutic target if selective inhibitors
can be developed (2). In this case, it would be important to
consider the uniqueness of the HIV-1 transcriptional appara-
tus compared with that transcribing cellular genes. Unique to
HIV-1 transcription is the requirement for the HIV-1 encoded
Tat protein, which greatly enhances viral transcription via an
interaction with the transactivation response sequence (TAR)
at the 59 end of nascent viral RNA species (3). Furthermore,
specific cellular proteins have been found to selectively bind to
either the Tat protein (4–6) or TAR RNA (7) and participate
in the transactivation process. While much is known about this
transactivation system, a clear picture of how the Tat, TAR,

and cellular factors interact with RNA polymerase II and the
general transcription machinery has not yet emerged.

We previously characterized two structurally distinct classes
of compounds, the flavonoids (chrysin in particular) and the
benzothiophenes, as potent inhibitors of HIV-1 transcription
in chronically infected cells (8, 9). Both of these agents block
HIV-1 transcriptional activation in cells treated with tumor
necrosis factor-a (TNF-a) or phorbol 12-myristate 13-acetate.
The compounds also suppress HIV-1 replication in constitu-
tively HIV-1 expressing 8E5 cells and in OM-10.1 cultures
under continued pressure (TNF-a treatment) to express virus.
An especially unique feature of the compounds is that the
activation and function of NF-kB is not affected. Furthermore,
a specificity toward inhibiting HIV-1 transcription is evidenced
by the ability of drug-treated cells to not only remain prolif-
erative, but also to retain the capacity to differentiate (8).

The unique HIV-1 transcription inhibitory properties of
these agents prompted us to pursue their mechanism of action.
Here we report that the cellular target and mediator of virus
inhibition for both classes of agents is the ubiquitous casein
kinase II (CKII). These compounds selectively bind to CKII
and inhibit its enzymatic activity due to competition with
nucleotide binding. In addition, we show that the classic CKII
inhibitor 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole
(DRB) potently inhibits HIV-1 replication in chronically in-
fected cells. We speculate that CKII may regulate HIV-1
transcription by phosphorylating cellular proteins involved in
HIV-1 transactivation that contain multiple CKII phosphor-
ylation consensus sequences.

MATERIALS AND METHODS

Affinity Resin. The affinity resin was made by attachment of
49-OH-chrysin (apigenin) to epoxy-activated Sepharose 6B,
resulting in chrysin in an ether linkage. The resin (2 g, dry) was
washed with water then 0.1 M NaOH, added to 60 ml of 0.01
M apigenin in 0.1 M NaOH (or 0.1 M NaOH only for a
nonderivatized control resin), and incubated with gentle mix-
ing for 24 hr at 37°C. The resin then underwent a series of
washes (10), and the residual reactive groups were capped with
0.1 M ethanolamine for 16 hr at 37°C. After washing with
water, the resin was stored at 4°C in 0.2% NaN3.

Cell Culture and Binding Reactions. OM-10.1 and HL-60
cells were propagated in RPMI medium 1640 supplemented
with 10% heat-inactivated fetal calf serum, 2 mM glutamine,
and 1% Pen-Strep. Induction of HIV-1 using TNF-a (11) and
antiviral assays (8, 9), were performed as described previously.
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For binding studies, cultures were grown to a density of 106yml,
washed twice with cold PBS, and the cell pellet either flash-
frozen in dry iceyethanol for storage at 270°C or immediately
lysed in 1 ml of cold lysis buffery107 cells. Lysis buffer consisted
of 0.02 M Hepes at pH 7.4, 0.5% Triton X-100, 0.3 M NaCl,
20 mM NaF, 1 mM each of Na4P2O7, Na3VO4, DTT, EGTA,
and EDTA, and 1 mgyml each of leupeptin, aprotinin, and
pepstatin, 0.5 mM phenylmethylsulfonyl f luoride, and 50 nM
okadaic acid. Lysates were incubated on ice for 15 min,
centrifuged at 10,000 3 g for 15 min at 4°C, then the super-
natants were either used immediately or stored at 270°C. For
binding reactions with the chrysin affinity resin, lysates (2 ml)
were diluted 1:2 with ice-cold 0.02 M Hepes at pH 7.4, then
competitor compounds (or 0.1% final dimethyl sulfoxide as the
control), as indicated, were added to a final concentration of
10 mM and the lysates incubated on ice for 30 min. Chrysin-
Sepharose (0.2 ml) was then added and the reactions gently
mixed for 1 hr at 4°C. After three washes with cold 0.02 M
Hepes, pH 7.4y0.15 M NaCly0.25% Triton X-100, bound
proteins were eluted with 2 ml of 0.02 M ethanolamine, pH
9.5y0.1% SDSy0.5 mM chrysiny1.0% dimethyl sulfoxide at
23°C. Samples were concentrated via centrifugation at 23°C
through a 10-kDa cut-off membrane (Centricon), then ana-
lyzed by SDSyPAGE (8%), and silver-stained.

Chemical Analyses and Immunoblotting. Proteins were
electrotransferred onto poly(vinylidene difluoride) membrane
(Bio-Rad) and stained with either Coomassie blue (for N-
terminal sequencing) or Sulforhodamine B [for matrix-
associated laser desorption ionizationyMS (MALDIyMS)
analysis]. For N-terminal sequencing, bands were analyzed
using a Perkin-ElmeryApplied Biosystems Division 477A Pro-
tein Sequencer. Databases used for the matching of sequence
data were Swiss Prot.r33, Gen Pept.r97, and Owl.r28.2. For
MALDIyMS analysis (12), bands were digested with 8 ml of 50
mM ammonium bicarbonate containing 1% (wtyvol) octyl
glucoside and 40 mgyml trypsin. Samples were incubated for 16
hr at 23°C, dried in a Speed Vac, and resuspended in 10 ml of
formic acidyethanol (1:1). Aliquots (0.5 ml) were applied to the
MALDIyMS sample slide and mixed with an equal volume of
MALDIyMS matrix solution [a-cyano-4-hydroxycinnamic
acid in acetonitrileytrif luoroacetic acid (1:1)]. Mass spectra
were acquired on a Voyager RP mass spectrometer (PerSep-

tive Biosystems, Framingham, MA). Oxidized bovine insulin B
chain (MH1 3496.9) was used as an internal standard for mass
calibration. Sample masses obtained were used to perform a
peptide-mass search using the program MS-Fit (internet ver-
sion http://rafael.ucsf.edu/MS-Fit.html). For Western analysis,
proteins were transferred to poly(vinylidene difluoride) and
probed with a combination of two antibody reagents, one
recognizing an epitope common to both the a and a9 subunits
of CKII (Upstate Biotechnology, Lake Placid, NY) and the
other reacting with the b subunit of CKII (13). Final detection
was with enhanced chemiluninescence (Amersham).

Enzyme Kinetics. Measurement of human recombinant
CKII (aabb form, Boehringer Mannheim) activity was by a
modification of a published procedure (14). Reactions were
carried out at 37°C in 0.025 M Hepes, pH 7.4y0.15 M KCly0.01
M MgCl2y1.4 mM 2-mercaptoethanoly1 mM DTTy1 mM
EGTAy10% glyceroly0.32 mM RRRDDDSDDD synthetic
CKII peptidey1 microunit/ml CKII, and the indicated concen-
trations of ATP and test agents. Unincorporated [g-32P]ATP
was removed by spotting reactions onto P81 phosphocellulose
paper (Whatman) and washing in 0.75 mM phosphoric acid
then acetone.

RESULTS

Four Proteins Bind Selectively HIV-1 Inhibitory Fla-
vonoids. To identify the target(s) of HIV-1 inhibitory fla-
vonoids, Sepharose was derivatized with the flavonoid chrysin
and interacted with lysates from OM-10.1 cells, a chronically
HIV-1-infected promyelocytic cell line previously used to
characterize the antiviral activity of these compounds (8, 9,
11). Cultures induced to maximally express HIV-1 (24-hr
treatment with TNF-a) were used to ensure the presence of
both cellular and viral proteins. SDSyPAGE and silver staining
of bound proteins (Fig. 1A) revealed multiple proteins asso-
ciating with the chrysin-resin, whereas a negative control resin
(not derivatized) showed negligible protein binding. When free
chrysin or a second HIV-inhibitory flavonoid (apigenin) was
added to the lysate as a competitor before interaction with the
chrysin-resin, four proteins (p44, p40, p29, and p28) were
specifically inhibited in their binding to the resin. In contrast,
the addition of two flavonoids lacking HIV-1 inhibitory ac-

FIG. 1. Initial characterization of proteins that specifically bind chrysin. (A) Chrysin-binding proteins in OM-10.1 cultures maximally expressing
HIV-1 in response to 24-hr treatment with TNF-a. Lysates were interacted with chrysin-derivatized resin after pretreatment with either
HIV-inhibitory (10 mM chrysin or apigenin) or non-HIV-inhibitory (10 mM 6 catechin or naringin) flavonoids. Nonderivatized resin was run as
a negative control. Regions of the gel above the 46-kDa marker did not show evidence of specific chrysin-binding proteins. (B) Chrysin-binding
proteins in OM-10.1 cells under basal conditions or during increasing levels of HIV-1 expression as induced by TNF-a. Also, binding proteins in
uninfected HL-60 cells under basal conditions. All lysates were analyzed with and without the previous addition of 10 mM free chrysin to determine
the specificity of binding.
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tivity (6 catechin, hesperidin) (9) had no effect on the binding
profile.

Chrysin-Binding Proteins p44, p40, p29, and p28 Are Con-
stitutively Expressed Cellular Products. To establish whether
the four chrysin-binding proteins were present only in cells
maximally producing virus, lysates were prepared from unin-
duced OM-10.1 cells or OM-10.1 cells induced to produce
variable amounts of HIV-1 by adjusting the exposure time to
TNF-a (11) (Fig. 1B). Using the addition of free chrysin as a
competitor to discern specific binding, similar amounts of the
same four chrysin-binding proteins (p44, p40, p29, and p28)
were detected regardless of the level of virus expression. These
same four proteins also were identified in lysates of HL-60
cells, the uninfected parental line of OM-10.1, further indi-
cating that these proteins were of cellular origin.

Chemical, Immunologic, and Specific Inhibitor Methods
Indicate that Three of the Four Chrysin-Binding Proteins Are
the Subunits of CKII. The four chrysin-binding proteins were
excised after transfer to poly(vinylidene difluoride) and sub-
jected to N-terminal amino acid sequence analysis (Fig. 2A).
Sequence information was not obtainable from p44 and p29,
possibly due to blockage of the N terminus. However, 14
N-terminal residues were identified for p40, and this sequence
was identical to the N-terminal sequence of the a9 subunit of
human CKII (a 40-kDa protein). Further analysis of p29 by
MALDIyMS yielded a tryptic peptide profile that best
matched the b subunit of CKII (a 26-kDa protein). Thus, p40
and p29 were identified as the a9 and b subunits of CKII,
respectively. Furthermore, CKII is a heterotetrameric enzyme
('130 kDa) containing, in addition to a9 and b subunits, an a
subunit of 44 kDa, a mass identical to a third chrysin-binding
protein for which chemical analysis was not pursued beyond
attempted sequencing.

To further confirm that the chrysin-binding proteins were
indeed the subunits of CKII, resin-binding reactions were
performed using a selective inhibitor of CKII activity (DRB)
and the results analyzed by silver staining (Fig. 2B) and
anti-CKII immunoblotting (Fig. 2C). By silver staining, the
addition of DRB to the lysate prevented the binding of the
same proteins that were competed by free chrysin, the only
exception being p28. By parallel immunoblot analysis (Fig.
2C), the a, a9, and b subunits of CKII bound to the chrysin

resin, migrated in accordance with p44, p40, and p29 as
observed in silver staining, and the addition of either free
chrysin or DRB eliminated their immunodetection. Because
the apparent mass of the b chain of CKII is increased by
phosphorylation (15), it was possible that p28 represented an
unphosphorylated form of p29. However, when the proteins
eluted from the chrysin resin were treated with alkaline
phosphatase before electrophoresis, the increased mobility of
p29 remained distinct from p28 (Fig. 2B), suggesting that p28
was not related to the b subunit of CKII. Furthermore, the
major p28 band observed by silver stain was absent by immu-
noblot analysis. This absence was not due to an inability of the
CKIIb antibody to recognize dephosphorylated CKIIb, which
had lower apparent mass after alkaline phosphatase treatment
(Fig. 2C). Thus, chemical, immunologic, and specific inhibitor
methods indicated that three of the four chrysin-binding
proteins are the subunits of CKII.

A Class of HIV-1 Transcriptional Inhibitors Structurally
Unrelated to Flavonoids Also Binds to CKII. We previously
reported that benzothiophenes, like flavonoids, inhibit HIV-1
transcription via an NF-kB-independent mechanism by tar-
geting a suspected cellular factor (8). To determine whether
CKII is also the target of the benzothiophenes, they were
tested in the resin binding assay (Fig. 3A). Competition by an
HIV-inhibitory benzothiophene, PD 144795, resulted in a
pattern of binding inhibition identical to that of DRB, while a
non-HIV inhibitory analog, PD 132486, had no effect. Like
DRB, PD 144795 did not alter the binding of p28 to the
chrysin-resin, implying that this specific chrysin-binding pro-
tein may be unrelated to the antiviral properties of these
compounds. The specific binding to CKII by HIV-1 inhibitory
benzothiophenes, which are structurally unrelated to fla-
vonoids, further implicated CKII in regulating HIV-1 tran-
scription.

Chrysin and Benzothiophenes Inhibit CKII Enzymatic Ac-
tivity by Competing with Nucleotide Binding. The ability of
DRB to prevent the binding of CKII to chrysin was not shared
by heparin (Fig. 3A), another demonstrated inhibitor of CKII
(16). Because DRB inhibits CKII by competition with nucle-
otide binding (17) while heparin is competitive with respect to
substrate, these results suggested that chrysin and PD 144795
were also interacting with CKII at the nucleotide binding site.

FIG. 2. Identification of HL-60 chrysin-binding proteins p44, p40, and p29 as the individual subunits of CKII. (A) Flow chart for chemical
analyses. After SDSyPAGE and electroblotting onto poly(vinylidene difluoride), p44, p40, and p29 were excised and subjected to the indicated
analyses. (B) Silver stain of chrysin-binding proteins in lysates pretreated with 10 mM chrysin or 10 mM DRB, or in a control lysate using alkaline
phosphatase to digest binding proteins just before electrophoresis. (C) Immunoblot analysis of replicate samples shown in B, using a mixture of
two polyclonal antibodies to enable the viewing of all three CKII subunits. One antibody recognizes both the a and a9 chains of CKII, and the
second is reactive toward the b chain.
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To test this possibility and to determine whether these com-
pounds could directly inhibit CKII enzymatic activity, their
effect on the activity of recombinant human CKII was deter-
mined. Both chrysin (Fig. 3B) and PD 144795 (Fig. 3C)
inhibited CKII catalytic activity competitively with respect to
ATP as did the positive control DRB (Fig. 3D). The Ki for PD
144795 was approximately 4 mM, while the calculated Ki for
chrysin increased with increasing chrysin concentrations (not
shown), suggestive of partial competitive inhibition. The cal-
culated Ki for DRB was approximately 13 mM, similar to a
published value of 6.8 mM for bovine CKII (17). Because these
compounds competed with ATP binding, it seems likely that
CKII interacted the chrysin resin via the a or a9 subunits that
contain the ATP binding site. Accordingly, the b subunit
would have been visualized due to its presence in the tetramer.

The CKII Inhibitor DRB Blocks HIV-1 Expression in
Activated Cells. The cumulative biochemical data indicated
that CKII inhibitors should block HIV-1 transcription in intact
cells. To test this possibility, HIV-1 activation experiments
were conducted in the presence or absence of DRB (Fig. 4).
DRB treatment markedly inhibited HIV-1 expression in TNF-
a-treated OM-10.1 cultures, as shown by a reduction in culture
supernatant reverse transcriptase activity (ED50 ' 2 mM). Cell
proliferation and viability did not decline over the effective
dose range of DRB, indicating that the inhibition of HIV-1
expression was not a nonspecific toxicity effect. The pattern of
HIV-1 inhibition by DRB was remarkably similar to that
previously observed with the flavonoids and benzothiophenes
in that NF-kB activation and function appeared normal and
there was no requirement for pretreatment with compound
relative to the addition of TNF-a (not shown). Furthermore,
the effective dose range of DRB (1–10 mM) was nearly
identical to that of the other compounds (8, 9), and toxicity
over the effective dose range for the other compounds was also
negligible. While DRB has been shown to be quite specific
toward inhibiting CKII, this compound does display apprecia-
ble inhibitory activity against casein kinase I (18). However, in
the OM-10.1 induction system a more selective inhibitor of
casein kinase I (CKI-7) was without HIV-1 inhibitory activity
(not shown). To further test for a link between CKII and
HIV-1 expression, we tested an activator of CKII, spermidine,
for an ability to stimulate virus expression. When added to

FIG. 3. CKII is a selective target for an additional class of HIV-1
transcriptional inhibitors, and the binding to CKII by HIV-1 inhib-
itory compounds is characterized by inhibition of enzyme acti-
vity due to competition with ATP. (A) Silver stain of CKII sub-
units from HL-60 lysates pretreated with chrysin (10 mM), DRB (25
mM), heparin (0.1 mgyml), PD 144795 (10 mM), or PD 132486 (10
mM). (B–D) Kinetics of inhibition of human recombinant CKII by
chrysin (E, 10 mM; Ç, 3 mM; h, 0 mM), PD 144795 (E, 10 mM; Ç, 3
mM; h, 0 mM) and DRB (E, 50 mM; Ç, 25 mM; and h, 0 mM),
respectively.

FIG. 4. Inhibition of HIV-1 expression in OM-10.1 cells by non-
toxic concentrations of DRB. Immediately before induction of HIV-1
expression by 20 unitsyml TNF-a, cultures received specified concen-
trations of DRB. Forty-eight hours later, reverse-transcriptase activity
(Ç) was measured in culture supernatants, cell viability (E) was
assessed by flow cytometric analysis of propidium iodide exclusion,
and cell number (h) was measured via reduction of the formazan dye
MTS. All values are expressed as a percent of the result from TNF-a
treatment alone.
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OM-10.1 cultures either alone or in combination with 0.5 units
of TNF-a, spermidine provided very mild, but measurable,
augmentation of virus production (not shown). Furthermore,
spermidine treatment mildly antagonized DRB inhibition of
HIV-1 activation (not shown).

DISCUSSION

Flavonoids and benzothiophenes were previously reported to
inhibit HIV-1 replication in several latently infected cells lines
activated with TNF-a or phorbol esters and in cells that
constitutively express HIV-1 (8, 9). The present findings
suggest that these compounds work by interacting with CKII.
This mechanism is strongly implied by the observations that
CKII was a common biochemical target, resulting in enzymatic
inhibition, for both classes of HIV-1 transcriptional inhibitors.
Further support for such a role came from a third chemically
distinct compound, the classic CKII inhibitor DRB, which
mimicked the antiviral properties of the flavonoids and ben-
zothiophenes. Thus, it seems likely that CKII is functionally
linked, either directly or indirectly, to a component(s) critical
for HIV-1 transcription.

Although the protein substrates that link CKII activity
specifically to HIV-1 transcription have not been elucidated,
our observations indicate that two relevant substrates can
probably be ruled out. The first of these is inhibitor-k B (I-kB),
which undergoes phosphorylation and subsequent degradation
in response to activating stimuli (including TNF-a). I-kB
degradation results in the release of active NF-kB that subse-
quently plays an important role in activating HIV-1 expression
(19). Recent reports indicate that CKII is capable of phos-
phorylating I-kB on multiple sites (20–24). Our previous
findings clearly show that the benzothiophenes do not impede
either the degradation of I-kB, as measured by immunoblot-
ting, nor the activation and function of NF-kB, as measured by
gel-shift analysis and by the NF-kB-dependent reappearance
of I-kB (8, 9). Normal degradation of I-kB upon cellular
activation was recently observed in the presence of chrysin and
DRB (not shown). A second interesting, but unlikely, candi-
date is the Vpu protein of HIV-1, which has been shown to be
phosphorylated on serine residues 52 and 56 by CKII (25–29).
These phosphorylations are required for the ability of Vpu to
accelerate the decay of CD4 (28, 30). However, Vpu is not a
logical candidate to explain how CKII inhibitors inhibit HIV-1
transcription because Vpu has not been implicated in regu-
lating virus transcription, and viral mutants completely lacking
this gene are replication competent (31).

The CKII inhibitor DRB has previously been shown to
inhibit Tat transactivation (32, 33). Therefore, candidate CKII
substrates, which are perhaps more likely to comprise a
functional link between CKII activity and HIV-1 transcription,
are proteins involved in the transactivation of viral transcrip-
tion. We observed that LAI-derived Tat (86 amino acid form
of 2-exon) is not phosphorylated in vitro by CKII (not shown).
However, a variety of cellular proteins are thought to be
essential in supporting Tat function, some of which contain
multiple putative CKII phosphorylation sites. For example, the
recently characterized Tat-stimulatory factor 1, a cellular
protein required for HIV-1 transactivation, associates with and
is phosphorylated by an unidentified cellular kinase (4). The
C-terminal domain of Tat-stimulatory factor 1 contains more
than a dozen CKII phosphorylation consensus sequences.
Another possible candidate is the cellular protein TRP-185,
which binds in its phosphorylated form to the loop region of
TAR RNA (7). While the kinase responsible for this phos-
phorylation is not known, we note that TRP-185 contains
approximately 20 potential CKII phosphorylation sites. We
also note that SRB, a cellular protein that stimulates TRP-185
binding to TAR RNA, has 10 putative CKII sites in its primary
sequence (34). Thus, several Tat- or TAR-associated cellular

proteins are replete with CKII phosphorylation sites, and their
activity in supporting viral transactivation therefore may de-
pend on CKII activity. Finally, examples of additional cellular
proteins that associate with Tat or TAR RNA and that are
viable CKII targets include the Tat-associated kinase (5) and
a human chromosome 12-associated protein that binds specif-
ically to TAR (6). With regard to the Tat-associated kinase,
OM-10.1 cultures induced to express virus either in the
absence or presence of chrysin had similar Tat-associated
kinase activities, suggesting that CKII does not regulate the
function of this kinase (C. Herrmann, A. Rice, J.W.C., and
S.T.B., unpublished observations).

In support of our finding that CKII activity is important for
HIV-1 transcription, other viruses also require cellular CKII to
replicate. The most extensively studied of these is vesicular
stomatitis virus, the P protein of which must be phosphorylated
by CKII to accomplish viral transcription (35–37). In addition,
CKII is specifically packaged as part of the ribonucleoprotein
complex within the vesicular stomatitis virus virion (38). Other
negative-strand RNA viruses also require CKII activity for
phosphorylation of the P protein, including respiratory syncy-
tial virus (39) and measles (40). With regard to retroviruses,
cells transformed by Abelson and Moloney murine leukemia
viruses contain higher levels of CKII activity (41), raising the
possibility that retroviruses may up-regulate CKII.

The permeability of cells to a given CKII inhibitor is
probably an important determinant of whether that inhibitor
displays inhibitory activity toward HIV-1 transcription. We
have observed that some flavonoids inhibit CKII activity (or
prevent CKII binding to the chrysin resin) in cell-free assays
equally as well or better than chrysin, but lack antiviral activity
in cell culture (not shown). Interestingly, these flavonoids are
not biochemically recoverable from treated cells, suggesting
poor cell permeability or rapid cellular metabolism, while
HIV-1 inhibitory flavonoids can be recovered (not shown).
Thus, HIV-inhibitory flavonoids can be characterized not only
by their ability to inhibit CKII but also by their ability to
acheive effective intracellular concentrations, an important
consideration in the development of therapies.

CKII is a unique serine-threonine kinase that has been
intensively studied and is known to phosphorylate a diversity
of proteins (42, 43). The CKII inhibitor DRB was originally
recognized for its ability to inhibit RNA polymerase II-
directed transcription, while leaving polymerases I and III
unaffected. This effect was later ascribed to the ability of DRB
to inhibit CKII activity (44). In our HIV-1 inhibition studies,
DRB and the other compounds completely inhibited virus
replication at concentrations where cell viability and prolifer-
ation were uncompromised, and cellular differentiation in
response to phorbol 12-myristate 13-acetate was uninhibited
(Fig. 4; refs. 8 and 9). Therefore, CKII inhibitors at concen-
trations that inhibit HIV are not merely inhibiting all RNA
polymerase II-directed transcription, as this would generate
toxicity, but instead show some degree of selectivity for
inhibiting HIV-1 expression. In support of this, we have shown
that while benzothiophenes block TNF-a-induced HIV-1 tran-
scription, they do not block the induction of TNF-a mRNA
seen after TNF-a treatment (8). However, it is unlikely that
HIV-1 transcription alone is blocked by these CKII inhibitors.
More likely, a subset of cellular genes are also affected,
including certain adhesion molecules whose TNF-a-induced
expression is blocked by benzothiophenes (45). The question
remains how these CKII inhibitors, at subtoxic concentrations,
can inhibit HIV-1 transcription. This question is especially
difficult because the regulation of CKII activity toward its
many substrates remains an enigma (42).

The continued study of cellular factors required for HIV-1
replication, especially those that the cell can either forego or
invoke alternative pathways while the virus cannot, may lead
to promising new therapeutics. Recent examples of this include
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the chemokine receptors CXCR4 and CKR5, which constitute
novel cellular targets for therapeutic intervention (1), and the
enzyme ribonucleotide reductase (46). Cellular factors in-
volved in HIV-1 transcription also have been considered as
potential targets for antiretroviral drug development (2).
Regardless of the particular cellular entity being targeted,
therapeutics of such design might potently synergize with drugs
targeting components of HIV-1 itself.
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