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ABSTRACT Transcription of type 1 human Immunodefi-
ciency virus (HIV-1) provirus b governed by the viral long
terminal repeat (LTR). Drugs can block HIV-1 repUcation by
inhibiting activity of its LTR. We report that topotecan,
3-lapachone, and curcumin are potent and selective inhibitors

of HIV-1 LTR-dirct gene expression, at concentrations that
have minor effects on cells. At these concentrations, each drug
inhibited p24 antigen production in cells either acutely or
chronically infected with HIV-1. Their target is transcriptional
functon of the LTR.

The evolution of type 1 human immunodeficiency virus
(HIV-1) infection and the progression ofimmunosuppression
are associated with activation of latent provirus, which is
governed by long terminal repeat (LTR) in the viral DNA
(1-4). The activity of the HIV-1 LTR is determined by the
complex interaction of positive and negative transcriptional
regulators that bind to specific sequences within the LTR (1,
2). Changes in the quantity or quality of these factors may
underlie the activation of transcription of HIV-1 latent pro-
virus by a myriad of stimuli (3, 4). In particular, phorbol
12-myristate 13-acetate (PMA) and tumor necrosis factor a
(TNF) are potent activators (1, 3, 5). TNF may play a critical
role in the pathogenesis of AIDS, consistent with markedly
increased levels of this cytokine in HIV-1-infected individu-
als (6). Compounds that block activation or suppress the
activity of HIV-1 LTR are of therapeutic potential for ex-
tension of latency or inhibition of persistent progressive
infection. We describe here three such compounds.
Topotecan is a semisynthetic inhibitor ofDNA topoisom-

erase I; it has antitumor activity and is well tolerated in
cancer patients (7, 8). l3-Lapachone, which is isolated from
plant extracts (9), has a variety of pharmacological effects
(10, 11). Toxicity data in humans are not available for
(3-lapachone; it is well tolerated in mice at <40 mg/kg given
i.v. (unpublished data). The maximum tolerated dose is about
1250 mg/kg given orally in mouse and chicken (10). Curcu-
min, the major active component of the food flavor tumeric,
has been eaten, up to 100 mg/day, for a thousand years, and
pharmacological studies demonstrate its very low toxicity. It
has been used as an antiinflammatory drug (12-14). Thus, the
available data suggest that these three compounds may be
well tolerated in vivo.

MATERIALS AND METHODS
Virus. HIV-1 was obtained from the culture supernatant of

HTLV-IIIB-producing H9 cells. During the exponential
phase of growth, cell-free supernatant was harvested, stan-
dardized for reverse transcriptase activity, and frozen in
aliquots at -70°C.

Cells. 293.27.2 cells (15), a generous gift from L. A.
Herzenberg (Stanford University), were derived from human
embryonic kidney epithelial cells; they were cultured in
Dulbecco's modified Eagle's medium (GIBCO) supple-
mented with 10%o (vol/vol) fetal calf serum (Sigma) plus
L-glutamine. This cell clone has been stably transfected with
pNAZ, which is an expression construct of the lacZ gene
driven by the HIV-1 LTR. Expression of ,-galactosidase can
be greatly induced by PMA or TNF. Human peripheral blood
mononuclear cells (PBMC) were prepared by Ficoll/
Hypaque gradient centrifugation of blood from HIV-S
seronegative individuals and cultured in RPMI 1640 supple-
mented with 20%o fetal calf serum, penicillin, streptomycin,
and L-glutamine in the presence of phytohemagglutinin (3
,ug/ml). The RPMI 8402 cell line, a present from Toshiwo
Ando (Aichi Cancer Research Institute, Nagoya, Japan), is a
human T-lymphatic leukemia cell line. It was grown in RPMI
1640 supplemented with 15% fetal calf serum and L-gluta-
mine.

Drugs. Topotecan was a gift from M. Mattern (SmithKline
Beecham). f-Lapachone was kindly provided by A. Matter
(CIBA-Geigy). Curcumin was purchased from Sigma. Stock
solutions (20 mM) were prepared in water (topotecan), di-
methyl sulfoxide (3-lapachone), or ethanol (curcumin). Ali-
quots of the stock solutions were stored frozen at -20°C.

Quantitation of HIV-1 LTR-Directed Gene Expresion. Ex-
ponentially growing 293.27.2 cells were plated in six-well
plates at 2 x 105 cells per well in 2 ml ofgrowth medium. After
48 h, cells were stimulated with TNF (Genzyme) at 40
units/ml orPMA (Sigma) at 2 ng/ml. Various concentrations
of drugs were added to the medium at designated times after
stimulation. Final concentrations of dimethyl sulfoxide or
ethanol were kept to <0.1% (vol/vol). After a 6-h incubation
at 37°C, colls were harvested, washed four times with phos-
phate-buffered saline, and lysed in lacZ buffer (60 mM
Na2HPO4/40 mM NaH2PO4/10 mM KCI/1 mM MgSO4).
,B-Galactosidase activities of cell lysates were quantitated
(16) and standardized by protein concentration. Cell survival
was determined by the colony-formation assay after cells
were treated as above.

Total Cellular RNA Synthesis. 293.27.2 cells were plated at
1 x 106 cells per 150-mm plate4n 20 ml of growth medium.
After a 48-h incubation, cells were treated with different
concentrations ofdrugs for 2 h. Cells were then incubated for
an additional hour in the presence of [3H]uridine at 1 aCi/ml
(1 Ci = 37 GBq). Total cellular RNA was prepared by the
guanidium/CsCl step gradient method (17). Newly synthe-
sized RNA was quantitated by scintillation counting, which
was adjusted for RNA concentration.

Abbreviations: HIV, human immunodeficiency virus; LTR, long
terminal repeat; PMA, phorbol 12-myristate 13-acetate; TNF, tumor
necrosis factor a; PBMC, peripheral blood mononuclear cells.
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Northern Blot Analysis. 293.27.2 cells in logarithmic-phase
growth were stimulated with TNF at 40 units/ml in the
presence or absence of drugs. After 2-6 h ofincubation, cells
were harvested. Total cellular RNA was prepared by the
guanidium/CsCl step gradient method (17). RNA was equally
loaded, fractionated, transferred to membranes, and then
hybridized with lacZ, ,-actin, or c-jun probes.
Drug Treatment in Acute HIV-1 Infection. PBMC, after a

72-h stimulation with phytohemagglutinin at 3 ,ug/ml, were
infected with HTLV-IIIB at 1 reverse transcriptase unit per
10 cells at 37°C for 2 h. Nonadsorbed virus was then removed
by washing. Infected PBMC were then aliquoted at 4.5 x 106
cells per well. Various concentrations ofdrugs were added to
cultures. After 6 days, cell viability was determined by the
trypan blue exclusion method and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide metabolic assays (18).
p24 core antigen in the culture supernatant was analyzed by
ELISA with an HIV-1 p24 antigen kinetics assay kit (Coulter)
and expressed as a percentage of the p24 concentrations of
the drug-treated sample versus the untreated sample (taken
as 100).
Drug Treatment in Chronic HIV-1 Infection. RPMI 8402

cells, which are resistant to the cytopathic effect of HIV-1,
were chronically infected with HTLV-IIIB. Expression ofp24
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antigen, which is 1000-1500 ng/ml, became constitutive and
stable after five passages ofthe infected cell line. TNF did not
further augment p24 expression. This cell line has been
maintained in the laboratory, and the experiment was done
after 10 passages. Different concentrations of drugs were
added to these chronically infected cells. Six days after
addition of drug, p24 antigen levels were analyzed as above.
Cell viability was determined by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide metabolic assay (18).

RESULTS
Selective Inhibition ofHIV-1 LTR-Dhrcted Gene Expression

by Topotecan. To identify inhibitors of HIV-1 LTR activity,
the human epithelial cell line 293.27.2, which contains an
integrated HIV-1 LTR-directed lacZ gene (pNAZ), was used
(15). Potent activators of latent HIV are PMA and TNF (1, 3,
5). Topotecan inhibited the stimulation of these cells by both
TNF and PMA (IC50 = 0.05 ,uM) and did not significantly
decrease survival (Fig. 1A). Camptothecin, the parent com-
pound, was less inhibitory (IC50 for TNF stimulation was
0.125-0.5 ,uM). In the CD4+ T-cell line RPMI 8402, which
was transiently transfected with pNAZ, 0.125 pM topotecan
inhibited lacZ expression by 62%. As a control for the effects
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FIG. 1. Inhibition of HIV LTR activity by topotecan in 293.27.2 cells. (A) Dose-dependent and selective inhibition of HIV LTR-directed
cytokine-enhanced lacZ gene expression by topotecan. -.0.-, cell survival; -.-.-, cellular RNA synthesis; -&-, mRNA of P-galactosidase
stimulated by TNF; -galactosidase activity stimulated by TNF; --, -galactosidase activity stimulated by PMA; - -, basal activity
of ,-galactosidase. (B) Cells were treated with TNF to activate the HIV-1 LTR. Topotecan (0.5 pM) was added at the times indicated, and the
P-galactosidase activity was determined after a total incubation period of6 h. (C) Northern assays for effects oftopotecan. (D) Differential effect
of topotecan on TNF-stimulated accumulation of c-jun and HIV-1 LTR-4acZ mRNA.
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FIG. 2. Inhibition by topotecan of HIV-1 (HTLV-IIB) replication in acutely infected human PBMC (A) and the chronically infected human
T-cell line RPMI 8402 (B).

of nonspecific DNA damage, neocarzinostatin (0.08 uM), an
antineoplastic compound that breaks one DNA strand (19),
was used; it did not inhibit lacZ expression but was lethal to
10%6 of the cells.

Cells stimulated with TNF showed time-dependent lacZ
expression directed by the LTR. When topotecan was added
several hours after TNF, it still inhibited the expression of
(3-galactosidase directed by the activated LTR (Fig. 1B).
Northern analysis of (t3galactosidase mRNA accumulation

directed by the HIV-1 LTR in cells induced by TNF showed
that the accumulation of this mRNA was decreased in the
presence of topotecan (IC5o = 0.03-0.1 pM) (Fig. 1A).
3-Actin mRNA and total RNA synthesis (controls) were not

significantly decreased by 2 ,uM topotecan (Fig. 1 A and C).
Also, c-jun, a gene that is stimulated by TNF (20) but whose
role in HIV replication is not clear, was much less affected by
topotecan after TNF stimulation (Fig. 1D).

Inhibition of H1V-1 Replication by Topotecan in Acutely and
Chronically Infected Cells. Virus production by acutely HIV-
1-infected human PBMC was examined for effects of topo-
tecan. Topotecan added after PBMC were infected with
HIV-1 and present for the remainder of the experiment
dramatically decreased HIV-1 replication as indicated by p24
antigen production by HTLV-IIIB (Fig. 2A).

In chronically infected RPMI 8402 cells, as with acutely
infected cells, topotecan at 0.03 pM (IC50 = 0.008 pM)
markedly reduced HIV-1 replication with little effect on cell
viability (Fig. 2B). For comparison, topotecan can be toler-
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ated in cancer patients at a plasma concentration (7) that is
200 times the concentration that inhibits 80%o of p24 antigen
production in chronically infected cells.

Inhibition of 1HV-i LTR-Dfrected Gene Expression and
HIV-1 Replicaton by nLapachone and Curumin. f-Lapa-
chone also inhibited activity ofHIV-1 LTR in cells stimulated
by TNF (ICo = 0.3 puM) (Fig. 3A) and did not decrease cell
survival. 3-Allyl-,-lapachone, which is of pharmacological
interest (21), exhibited similar activity (data not shown). In a
dose-dependent manner, 3-lapachone decreased HIV-1 rep-
lication in human PBMC acutely infected with HTLV-IIIB
(Fig. 3A). In chronically infected RPMI 8402 cells, 2.5 IM
(3-lapachone reduced p24 antigen production by 600% on day
6, and the cell viability was >90% (data not shown).
Curcumin was inhibitory to HIV-1 LTR-directed gene

expression stimulated by TNF (or PMA; data not shown) but
was not as potent as the other agents. In acutely infected
PBMC, curcumin decreased p24 antigen production by
HIV-1 in a dose-dependent manner (Fig. 3B).

DISCUSSION
The molecular mechanisms of actions of these drugs remain
to be elucidated. The selectivity ofthese compounds suggests
that their major target is more critical to the virus than to the
cell. That these three drugs similarly inhibit both established
HIV-1 LTR activity and viral production after chronic infec-
tion with HIV-1 suggests that they affect the virus in its
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FIG. 3. Inhibition of HIV41 LTR-directed gene expression and HIV-1 replication by P-lapachone (A) and curcumin (B). -.0.-, survival of
293.27.2 cells; ---o---, viability of PBMC cells; --e-, p24 antigen in PBMC; , ,-galactosidase activity stimulated by TNF in 293.27.2.

....
..........

viability
,''.p....4......I------

p24 _

Medical Sciences: Li et al.



Proc. Natl. Acad. Sci. USA 90 (1993)

proviral stage; these findings do not support viral integration
as the target. Most likely, they act directly or indirectly upon
regulators of the HIV-1 LTR, since the similar results with
p24 production and J-galactosidase are consistent with ef-
fects ofthe drugs on the viral LTR. The similar inhibitions by
topotecan as measured by Northern blot and enzyme assays
suggest that LTR-driven transcription or possibly posttran-
scription is inhibited. Our observation that topotecan did not
affect stimulated c-jun mRNA production suggests that LTR-
directed transcription is selectively inhibited rather than the
signal transducers generated byPMA or TNF. This inference
is supported by inhibition of chronically infected cells. Pos-
sibly, these drugs interact with a protein that binds to the
LTR or one that is involved in posttranscriptional processes.
It is of interest that these drugs actively block HIV-1 repli-
cation in acutely infected cells, because this suggests that
effective activity of the LTR is also important in acute
infection.

Priel et al. (22, 23) reported that camptothecin inhibits
acute infection of the H9 cell line with HTLV-IIIB by
inhibiting HIV-associated topoisomerase I, which was as-
sumed to be important in retroviral integration. However, a
40,000-fold higher concentration of camptothecin was re-
quired to inhibit viral topoisomerase than to decrease p24
antigen production after acute HTLV-IIIB infection (22, 23).
Also, our results suggest a target for j-lapachone other than
oncovirus reverse transcriptase (24).
Drugs that selectively inhibit LTR activity could be effec-

tive against both acute and chronic infection and thus may
provide effective therapy for patients infected with HIV-1 or
other retroviruses. Screening of drugs for activity against
LTR represents a useful approach for finding additional
anti-HIV-1 drugs (15, 25, 26). RO 5-3335, a tat inhibitor,
blocks expression from proviral DNA but not activation of
HIV-LTR by TNF or PMA (25). Pentoxifylline inhibits both
TNF production and activity of the HIV-1 LTR (26). A
combination of LTR-directed drugs such as topotecan, a-la-
pachone, and curcumin with reverse transcriptase inhibitors
[e.g., 3'-azido-3'-deoxythymidine or dideoxyinosine (27)]
may provide synergistic inhibition of HIV.

We thank Lidia Averboukh for technical assistance and Dr. Ruth
Sager for reading the manuscript. This work was supported by
National Institutes of Health Grants CA 50608 to A.B.P. and AI
62534/AI 29173 to C.S.C.

1. Cullen, B. R. & Greene, W. C. (1989) Cell 58, 423-426.
2. Haseltine, W. A. & Wong-Staal, F. (1991) Harvard AIDS

Institute Series on Gene Structure and Regulation of HIV
(Raven, New York).

3. Griffin, G. E., Leung, K., Folks, T. M., Kunkel, S. & Nabel,
G. J. (1989) Nature (London) 339, 70-73.

4. Nabel, G. J., Rice, S. A., Knipe, D. M. & Baltimore, D. (1988)
Science 239, 1299-1302.

5. Folks, T. M., Clouse, K. A., Justement, J., Rabson, A., Duh,
E., Kehrl, J. H. & Fauci, A. S. (1989) Proc. Natl. Acad. Sci.
USA 86, 2365-2368.

6. Lahdevirta, J., Maury, C. P. J., Teppo, A.-M. & Repo, H.
(1988) Am. J. Med. 85, 289-291.

7. Rowinsky, E. K., Grochow, L. B., Hendricks, C. B., Ettinger,
D. S., Farastiere, A. A., Hurowitz, L. A., McGuire, W. P.,
Sartorius, S. E., Lubejko, B. G. & Kaufmann, S. H. (1992) J.
Clin. Oncol. 10, 647-656.

8. Kingsbury, W. D., Boehm, J. C., Jakas, D. R., Holden, K. G.,
Hecht, S. M., Gallagher, G., Caranfa, M. J., McCabe, F. L.,
Faucette, L. F., Johnson, R. K. & Hertsberg, R. P. (1991) J.
Med. Chem. 34, 98-107.

9. Goncalves de Lima, O., D'Albuquerque, I. L., Goncalves de
Lima, C. & Dalia Maia, M. H. (1962) Rev. Inst. Antibiot. Univ.
Fed. Pernambuco Recife 4, 3-17.

10. Schaffner-Sabba, K., Schmidt-Ruppin, K. H., Wehrli, W.,
Schuerch, A. R. & Wasley, J. W. F. (1984) J. Med. Chem. 27,
990-994.

11. Boothman, D. A. & Pardee, A. B. (1989) Proc. Natl. Acad. Sci.
USA 86, 4963-4967.

12. Ammon, H. P. & Wahl, M. A. (1991) Planta Med. 57, 1-7.
13. Satoskar, R. R., Shah, S. J. & Shenoy, S. G. (1986) Int. J. Clin.

Pharmacol. 24, 651-654.
14. Shankar, T. N. B., Shantha, N. V., Ramsh, H. P., Murthy,

I. A. S. & Murthy, V. S. (1980) Indian J. Exp. Biol. 18, 73-75.
15. Roederer, M., Staal, F. J. T., Raju, P. A., Ela, S. W., Herzen-

berg, L. A. & Herzenberg, L. A. (1990) Proc. Natl. Acad. Sci.
USA 87, 4884-4888.

16. Herbomel, P., Bourachot, B. & Yaniv, M. (1984) Cell 39,
653-662.

17. Ausubel, F., Brent, R., Kingston, R. E., Moore, D. D., Seid-
man, J. G., Smith, J. A. & Struhl, K. (1991) Current Protocols
in Molecular Biology (Wiley, New York).

18. Mosmann, T. (1983) J. Immunol. Methods 65, 55-63.
19. Maeda, H. (1981) Anticancer Res. 1, 175-186.
20. Brenner, D. A., O'Hara, M., Angel, P., Chojkier, M. & Karin,

M. (1989) Nature (London) 337, 661-663.
21. Goncalves, A. M., Vasconcellos, M. E., Docampo, R., Cruz,

N. S., Souza, W. D. & Leon, W. (1980) Mol. Biochem. Para-
sitol. 1, 167-176.

22. Priel, E., Showalter, S. D., Roberts, M., Oroszlan, S., Segal,
S., Aboud, M. & Blair, D. G. (1990) EMBO J. 9, 4167-4172.

23. Priel, E., Showalter, S. D. & Blair, D. G. (1991) AIDS Res.
Hum. Retroviruses 7, 65-72.

24. Schuerch, A. R. & Wehrli, W. (1978) Eur. J. Biochem. 84,
197-205.

25. Hsu, M.-C., Schutt, A. D., Holly, M., Slice, L. W., Sherman,
M. I., Richman, D. D., Potash, M. J. & Volsky, D. J. (1991)
Science 254, 1799-1802.

26. Fazely, F., Dezube, B. J., Allen-Ryan, J., Pardee, A. B. &
Ruprecht, R. M. (1991) Blood 77, 1653-1656.

27. Mitsuya, H., Yarchoan, R. & Broder, S. (1990) Science 249,
1533-1544.

1842 Medical Sciences: Li et al.


