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The development of HIV drugs is an expensive and a lengthy process. In this study, we used drug reposi-
tioning, a process whereby a drug approved to treat one condition is used to treat a different condition, to
identify clinically approved drugs that have anti-HIV activity. The data presented here show that a combination
of two clinically approved drugs, decitabine and gemcitabine, reduced HIV infectivity by 73% at concentrations
that had minimal antiviral activity when used individually. Decreased infectivity coincided with a significant
increase in mutation frequency and a shift in the HIV mutation spectrum. These results indicate that an
increased mutational load is the primary antiviral mechanism for inhibiting the generation of infectious
progeny virus from provirus. Similar results were seen when decitabine was used in combination with another
ribonucleotide reductase inhibitor. Our results suggest that HIV infectivity can be decreased by combining a
nucleoside analog that forms noncanonical base pairs with certain ribonucleotide reductase inhibitors. Such
drug combinations are relevant since members of these drug classes are used clinically. Our observations
support a model in which increased mutation frequency decreases infectivity through lethal mutagenesis.

There are more than 20 drugs approved for the treatment of
HIV infection. However, the efficacy of these drugs is limited
by drug resistance, which emerges when drug levels are not
high enough to sufficiently inhibit viral replication. While there
are currently five classes of HIV therapy, a mutation that
confers resistance to one drug often confers resistance to other
members of the same drug class. Thus, the emergence of drug
resistance limits potential drug therapies, making new anti-
HIV therapies essential for successful long-term treatment of
HIV infection. However, the development of novel anti-HIV
drugs is costly (�$600 million) and time-consuming (over 12
years) (12). One way to decrease the cost and expedite the
development of novel drugs is to use a drug repositioning
strategy which involves using drugs that are clinically approved
for one condition to treat a different condition (1). Drug re-
positioning expedites drug development by making use of
drugs whose toxicity and pharmacokinetic profiles have already
been thoroughly characterized. Such a strategy has been suc-
cessfully used for the treatment of conditions such as cancer,
obesity, and osteoporosis, as well as others (1). For example,
zidovudine (AZT), which is clinically approved for the treat-
ment of HIV infection, was originally developed as an antican-
cer drug (20, 24). Thus, to expedite the development of novel
anti-HIV drugs, we examined clinically approved drugs for the
ability to inhibit HIV infectivity.

We focused on clinically approved antimetabolites (Table 1)
for two reasons. First, none of the current anti-HIV drugs are
antimetabolites. Therefore, any compounds identified as hav-
ing anti-HIV activity would likely offer a new mechanism of

action. Second, antimetabolites have been shown to have ac-
tivity against a wide variety of viruses, such as poliovirus and
foot-and-mouth disease virus (FMDV) (34, 35, 37). This anti-
viral activity is likely attributable to either a reduction in viral
replication or an increase in the viral mutation rate. The ability
of antimetabolites to reduce replication is likely due to a re-
duction in deoxynucleoside triphosphate (dNTP) pools, which
are required for viral replication (2, 3, 10, 28). Alternatively,
alterations of dNTP pools by antimetabolites have been shown
to increase the HIV mutation rate, which correlates with a loss
of infectivity. This loss of infectivity has been attributed to the
process of lethal mutagenesis, a term used to describe the idea
that the mutation rate can surpass a threshold beyond which
the virus is unable to replicate its genome with enough fidelity
to remain infectious. Although an inverse correlation between
mutation frequency and infectivity has been shown for a num-
ber of viruses, there are few, if any, drugs used clinically that
specifically target viral mutation rates.

In this study, we describe the identification of a novel com-
bination therapy for HIV infection composed of two nucleo-
side analogs that are clinically approved for the treatment of
precancerous or cancerous states. The two drugs, decitabine
and gemcitabine, significantly decrease HIV infectivity when
used individually. However, when used in combination, the
drugs worked synergistically to decrease or eliminate HIV in-
fectivity without any detectable effect on cell proliferation.
Similar results were seen when decitabine was used in combi-
nation with another ribonucleotide reductase inhibitor, hy-
droxyurea. We provide data that suggest that the combination
therapy targets the mutation rate of HIV, a drug target that has
yet to be exploited clinically. Importantly, these results reveal
a novel therapeutic strategy to inhibit HIV replication. Specif-
ically, we show here that HIV infectivity can be synergistically
decreased by combining two classes of compounds, (i) nucle-
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oside analogs that form noncanonical base pairs and (ii) cer-
tain ribonucleotide reductase inhibitors. Furthermore, since
many of the drugs from each of these drug classes are already
clinically approved, it is likely that such a drug combination is
clinically relevant to the treatment of HIV infection.

MATERIALS AND METHODS

Cell lines and plasmids. The 293T cell line was obtained from the American
Type Culture Collection. Antibody to mouse heat-stable antigen protein (HSA)
was purchased from BD Pharmingen (San Diego, CA). Decitabine was obtained
from Moravek (Brea, CA), hydroxyurea was purchased from Sigma (St. Louis,
MO), and gemcitabine was from AK Scientific (Mountain View, CA). The
CellTiter-Glo cell proliferation kit was purchased from Promega (Madison, WI).
The Eppendorf miniprep kit was obtained from Eppendorf (Westbury, NY). The
plasmid pNL4-3.HSA.R�.E� was obtained from Nathaniel Landau through the
NIH AIDS Research and Reference Reagent program, Division of AIDS,
NIAID, NIH (Germantown, MD) (17). Restriction enzymes were purchased
from New England Biolabs (Ipswich, MA). U373-MAGI-CXCR4CEM cells were

obtained from Michael Emerman through the AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH (15, 42). pIRES2-EGFP was
obtained from Clontech (Mountain View, CA). The pCR-18S plasmid was a kind
gift from Mauro Magnani (Universita’ Degli Studi Di Urbino) and has been
previously described (7).

Design and construction of the HIV vector for mutation detection. pNL4-
3.HSA-R�.E� contains the gene for HSA fused in frame to the nef initiator
methionine codon, as well as a frameshift mutation at the 5� end of env
which prevents the production of gp160 (17). The internal ribosome entry site
(IRES)-green fluorescent protein (GFP) fragment was PCR amplified from
pIRES2-EGFP and subcloned into pCR2.1. This plasmid, as well as pNL4-
3.HSA-R�.E�, was restriction digested with XhoI. Following purification,
pNL4-3.HSA-R�.E� and the IRES-enhanced GFP (EGFP) fragments were
ligated and then transformed using chemically competent DH5�. Restriction
digestion and DNA sequencing analysis was used to verify the clones.

Cell culture. 293T cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% fetal clone 3 (FC3) serum (HyClone, Logan,
UT) and penicillin/streptomycin at 37°C in 5% CO2. U373-MAGI-CXCR4CEM

cells were maintained at 37°C in 5% CO2 in selection medium composed of

TABLE 1. Compounds screened for anti-HIV activitya

Structure Name Clinical use(s)

Gemcitabine Non-small-cell lung cancer, pancreatic cancer, breast cancer,
bladder cancer

Decitabine Myelodysplastic syndromes

Mycophenolic acid Organ transplant rejection, lupus nephritis, psoriasis

5-Fluorodeoxyuridine Colorectal cancer

5-Fluorouracil Colorectal cancer, pancreatic cancer

Methotrexate Acute lymphoblastic leukemia, Crohn’s disease, scleroderma,
rheumatoid arthritis

Cytarabine Acute myeloid leukemia, lymphomas, herpesvirus infection

a All compounds were screened for anti-HIV activity alone or in combination with decitabine using the single-cycle HIV assay shown in Fig. 1.
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DMEM with 10% FC3 serum, 1 �g/ml puromycin, 0.1 mg/ml hygromycin, and 0.2
mg/ml neomycin.

Production of virus stocks. 293T cells (1 � 106) were plated on poly-L-lysine-
coated 10-cm culture dishes 24 h before transfection. The cells were then trans-
fected by calcium phosphate coprecipitation with 10 �g of the HIV vector (HIG)
and 1 �g of a plasmid encoding the HIV envelope, pNL4-3env (obtained from
Eric Freed, NIH). The medium was replaced with 6 ml of DMEM containing
10% FC3 serum and penicillin/streptomycin 24 h after transfection. Virus was
harvested 24 h later by filtration of the cell supernatant through a 0.2-�m filter.
Viral stocks were used immediately or frozen at �80°C.

Drug treatments and infection. U373-MAGI-CXCR4CEM cells (6.2 � 104/
well) were plated in a 12-well culture dish 24 h prior to drug treatments. Cells
were treated with the freshly prepared individual drugs or a combination of the
drugs 2 h prior to infection. After the 2-h pretreatment, the viral stock (500 �l)
was added to each well to give a final volume of 1 ml and a final drug concen-
tration that is indicated in the figure legends. After infection (24 h), the medium
was replaced. Cells were harvested for analysis 48 h after infection.

Cell staining for HSA. Infected cells were dislodged with trypsin and trans-
ferred to a microcentrifuge tube before the samples were centrifuged at 200 � g
for 5 min. The supernatant was removed, and the cell pellets were resuspended
in 50 �l of phosphate-buffered saline (PBS) containing 2% FC3 serum and
phycoerythrin (PE)-conjugated HSA antibody. Cells were incubated with the
antibody at 4°C for 15 min. After this incubation, 750 �l of PBS/2% FC3 serum
was added and the samples were centrifuged at 300 � g for 5 min. The super-
natant was then removed, and the cell pellets were resuspended in PBS contain-
ing 2% paraformaldehyde and 2% FC3 serum.

Flow cytometry. Forward and side scatter gating was done to eliminate non-
viable cells. Cells (10,000) were then analyzed for fluorescence at 488 nm and 568
nm. Compensation was adjusted to eliminate carryover of the fluorescent signal.
Quadrants were drawn using noninfected cells to determine background levels of
fluorescence. Cells expressing both HSA and GFP were used to determine the
percentage of infected cells.

Cellular proliferation. Cell proliferation was examined using the CellTiter-Glo
kit from Promega according to the manufacturer’s instructions. U373-MAGI-
CXCR4CEM cells (4,500/well) were plated in a 96-well dish 24 h prior to drug
treatment. Cells were treated with the individual drugs or a combination of the
drugs for 24 h, at which point the medium was changed, and 24 h later, prolif-
eration was assessed. Dimethyl sulfoxide (DMSO) was used as a control for the
no-drug-treated cells. Twenty percent ethanol was used as a positive control for
cellular toxicity. The data were converted to relative cell numbers by setting the
value for no-drug-treated cells at 100 for each experiment and then multiplying
the data for the other samples by the number used to convert the no-drug-treated
cells to 100. This conversion was normalized for differences in luciferase activity
among different experiments.

Fluorescence-activated cell sorting (FACS) and sequencing of proviral DNA.
Infected cells were sorted based on the expression of HSA but not GFP (i.e.,
HSA�, GFP�). A minimum of 5,000 cells was collected from each treatment
group. These cells were collected and used to isolate proviral DNA. Genomic
DNA was isolated by the High Pure PCR Template kit (Roche). Nested PCR
was used to amplify the proviral GFP sequence. The primers used for the first
round of PCR were 5�CTGAAGGATGCCCAGAAGG3� and 5�TGCTTCTAG
CCAGGCACAAGC3�. The primers used for the second round of PCR were
5�TTACATGTGTTTAGTCGAGG3� and 5�GCTACTTGTGATTGCTCCAT
G3�. The PCR fragment containing GFP was ligated into pCR2.1 and trans-
formed into DH5�. Individual colonies were grown, plasmid DNA was recovered
by the Eppendorf miniprep kit, and the GFP gene was sequenced. Two primers
were used to obtain the full GFP sequence (5�ATGATTACGCCAAGC3� and
5�TTCAAGGACGACGGC3�). Any sequences with the same mutations were
assumed to be identical, and therefore only mutations from one of these se-
quences were counted. The number of mutants sequenced was 24 for untreated
cells, 38 for cells treated with decitabine, 29 for gemcitabine-treated cells, and 39
for cells treated with both decitabine and gemcitabine.

Real-time qPCR of late RT products. MAGI-CXCR4CEM cells (300,000 per
well) were plated on a six-well plate. Twenty-four hours later, cells were treated
with the indicated drug for 2 h prior to infection with virus that had been treated
with DNase I to remove plasmid DNA. As a control, an aliquot of DNase
I-treated virus was heat inactivated for 20 min at 100°C. Eighteen hours after
infection, cells were harvested with trypsin, washed with PBS, and lysed as
previously described (41). Quantitative PCR (qPCR) mixtures contained 1 �l of
cell lysate and were set up according to the manufacturer’s suggestions (Applied
Biosciences). Primers for 18S rRNA were used to normalize sample-to-sample
variation. The primers used to detect late reverse transcription (RT) products
were 5�TGTGTGCCCGTCTGTTGTGT (forward) and 5�GAGTCCTGCGTC

GAGAGAGC (reverse). The primers used to detects 18S rRNA were 5�GTAA
CCCGTTGAACCCCATT (forward) and 5�CCATCCAATCGGTAGTAGGG
(reverse). A standard curve of 10-fold serial dilutions of the single-cycle HIV
vector was used to quantitate late RT products in cell lysates, while a similar
dilution series was performed using the pCR-18S plasmid. The conditions for
amplification were 95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 60°C
for 30 s, and 72°C for 30 s. The amplification efficiencies were similar and within
the range of 100%. Gene expression was analyzed using the Pfaffl modification
of the ��CT method (36).

Statistical analysis. Data were analyzed by calculating the mean 	 the stan-
dard deviation (SD). One-way analysis of variance (ANOVA) with Tukey’s
posttest was used to assess differences among treatment groups. A P value of

0.05 was considered statistically significant, as indicated by an asterisk.

RESULTS

Identification of decitabine and gemcitabine as potent anti-
HIV compounds. To examine clinically approved drugs for the
ability to decrease HIV infectivity, we used an assay that en-
ables the detection of HIV-infected cells through the expres-
sion of two marker proteins, HSA and GFP. The assay, shown
in Fig. 1, uses an HIV construct that has a mutated Env gene
which limits the virus to one round of replication.

293T cells are used to produce virus, which is then used to
infect target cells that express the HIV receptor (CD4) and
coreceptor (CXCR4). The target cells are either drug or sol-
vent (DMSO) treated, and then expression of the target genes
is assessed by flow cytometry to determine the percentage of
cells that have been infected. Approved anti-HIV drugs were
used to validate the assay. For example, treatment of MAGI
cells with AZT showed a dose response with a 50% effective
concentration (EC50) of approximately 100 nM (data not
shown). This assay was used to screen a number of drugs
(Table 1), three of which showed potent anti-HIV activity,
including decitabine and gemcitabine. Figure 2 shows the abil-
ities of decitabine and gemcitabine to decrease HIV infectivity
in a concentration-dependent manner. As shown in Fig. 2a,
decitabine, a nucleoside analog, significantly decreased HIV
infectivity at low concentrations (50% inhibitory concentra-
tion, �200 nM). Figure 2b shows that gemcitabine, a potent

FIG. 1. Single-cycle HIV assay used to assess infectivity and muta-
tion frequency. HIV is produced in 293T cells by transfection of two
plasmid constructs: the envelope-deficient HIV vector contains two
marker genes (those for HSA and GFP) that are used to assess infec-
tivity and mutation frequency. The second plasmid encodes the HIV
envelope. At 48 h after transfection, the supernatant containing virus
is passed through a 0.2-�m filter and added to target cells that have
been pretreated with drugs for 2 h. The target cells are harvested 48 h
after infection and stained with PE-conjugated HSA antibody. Flow
cytometry is used to examine the percentage of cells expressing HSA
and GFP.
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ribonucleotide reductase inhibitor, also decreased HIV infec-
tivity at low concentrations (EC50, �8 nM).

Decitabine is used clinically for its ability to inhibit DNA
methylation (30–32), while gemcitabine is used for its ability to
inhibit ribonucleotide reductase (29), the enzyme required for
reduction of nucleoside diphosphates to deoxynucleoside
diphosphates. Since decitabine and gemcitabine have two dis-
tinct activities, they may decrease HIV infectivity by two dif-
ferent mechanisms. If gemcitabine and decitabine inhibit in-
fectivity by two separate mechanisms, then they may act
additively or synergistically when used in combination. To ob-
serve synergy, we examined concentrations of decitabine and
gemcitabine that, when used alone, had little, if any, effect on
infectivity. These concentrations were then combined to see if,
when used together, the two drugs would inhibit infectivity in
an additive or synergistic manner. In doing so, we found that
the combination of 50 nM decitabine and 5 nM gemcitabine
was significantly more effective at decreasing infectivity than
was each drug used individually (Fig. 3a). In fact, the combi-
nation of decitabine and gemcitabine decreased infectivity by
73% whereas the individual drugs did not dramatically de-
crease infectivity. Furthermore, the drug combination showed
a dose-dependent decrease in infectivity when the ratio of
decitabine to gemcitabine was kept constant (Fig. 3b).

Decitabine and gemcitabine are not cytotoxic at concentra-
tions that have antiviral activity. Toxicity caused by drug treat-
ment could nonspecifically decrease HIV infectivity. To deter-
mine if the apparent decrease in infectivity was due to toxicity,
the effect of decitabine and gemcitabine on cell proliferation
was examined. Figure 3c shows that at the concentrations in-
dicated, cell proliferation, as determined by intracellular ATP
levels, was not significantly different than that of untreated
control cells. Importantly, cell proliferation was not dramati-
cally affected at the concentrations used in the infectivity assay.
Thus, the loss of infectivity was not due to toxicity.

The combination of decitabine and gemcitabine increases
HIV mutation frequency. Gemcitabine is a nucleoside analog
that inhibits ribonucleotide reductase (18), while decitabine is
a nucleoside analog that is used clinically for its ability to
inhibit DNA methylation (30, 33). Ribonucleotide reductase
inhibitors can induce dNTP imbalances, which are known to
alter the fidelity of reverse transcriptase (4). Also, nucleosides

that form noncanonical base pairs could be incorporated into
viral DNA and subsequently induce mutations through nonca-
nonical base pair formation (16, 25). Based upon these obser-
vations, we hypothesized that the combination of decitabine
and gemcitabine (Fig. 3a and b) may elevate mutation frequen-
cies. To test this hypothesis, we used the assay outlined in Fig.
1 to assess the HIV mutation frequency in the presence of
decitabine and gemcitabine. The two target genes, those for
HSA and GFP, present in the HIV plasmid were used to
simultaneously detect HIV infectivity and mutation frequency.
To determine mutation frequency, the flow data were divided
into four quadrants based on the expression of GFP and/or
HSA. Cells infected with the wild-type HIV construct were
expected to express both GFP and HSA, whereas cells infected
with a mutant HIV construct express either one marker gene
or neither marker gene. Cells that express only the gene for
HSA (HSA� GFP�) are cells that have been infected with
HIV that carries a mutation that has abrogated the expression
of GFP. Similarly, expression of GFP only (HSA� GFP�)
indicates that a mutation has abrogated the expression of HSA.
Therefore, cells infected with mutant HIV were detected as
cells expressing either HSA or GFP, but not both. The relative
mutation frequency was then calculated as a fraction by divid-
ing the percentage of cells infected with mutant virus by the
total percentage of cells infected. To normalize for variation in
viral titers among different experiments, untreated cells were
defined as having a mutation frequency of 1. The results shown
in Fig. 3d demonstrate that neither 50 nM decitabine nor 5 nM
gemcitabine increased the mutation frequency; however, when
these compounds were used in combination at the same con-
centrations, there was a 3.4-fold increase in the relative muta-
tion frequency. This finding is in contrast to that observed with
dideoxyadenosine (ddA), a chain terminator that inhibits the
infectivity of HIV (Fig. 3e and f) and is not known to affect its
mutation frequency.

To assess whether the drug combination was mutagenic to
the host genome, we used the CHO/HGPRT (hypoxanthine-
guanine phosphoribosyltransferase) assay (21) to examined the
genotoxic potential of decitabine and gemcitabine. Previous
results have shown that decitabine is not toxic by the HGPRT
assay, and our results (data not shown) confirm this finding and

FIG. 2. Effects of decitabine and gemcitabine on HIV infectivity. (a) The single-cycle HIV assay was used to assess viral infectivity as shown
in Fig. 1. Decitabine leads to a concentration-dependent decrease in HIV infectivity, as measured by expression of HSA and GFP by flow
cytometry. The data were normalized by setting the untreated control cells (ND, no drug) to 100% infectivity and comparing all of the other
treatment groups to this value. (b) Dose response of HIV infectivity to gemcitabine. The data shown are means 	 SDs. Each data point is from
three independent experiments.
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indicate that the combination of decitabine with gemcitabine is
not genotoxic.

Decitabine alters the HIV mutation spectrum. The results in
Fig. 3d demonstrate that the combination of decitabine and
gemcitabine increased the HIV mutation frequency. Decitab-
ine is a nucleoside analog that can be incorporated into DNA
in place of dCTP. Although there is no evidence that decitab-

ine is mutagenic in humans, there is some evidence that decit-
abine could be mutagenic in some systems, such a transgenic
mouse model where an increase in C:G3G:C transversions in
the lacZ transgene was reported (23). Similarly, exposure of
HIV type 1 with 5-azacytidine, the ribonucleoside analog of de-
citabine, increased C:G3G:C mutations (9). The model of the
mutagenic lesions identified suggests that decitabine can un-

FIG. 3. Effects of decitabine (Dec) and/or gemcitabine (Gem) on viral infectivity, cell number, and mutation frequency. (a) Infectivity was
assessed by the single-cycle HIV assay as described in Fig. 1. The untreated cells were set at 100%, and all other treatment groups were compared
to this control value. Each column represents the mean 	 the SD from at least three independent experiments. An asterisk indicates a statistically
significant difference (P 
 0.05). (b) Dose-response curve showing the inhibitory effect of the combination of decitabine and gemcitabine at
different concentrations. (c) Effect of decitabine and/or gemcitabine on relative cell number. Relative cell number was assessed as described in
Materials and Methods. The untreated control cells were set at 100, and all of the other treatment groups were compared to this control value.
Each column represents the mean 	 the SD from at least three independent experiments. (d) Mutation frequencies assessed by the single-cycle
HIV assay. Mutation frequencies were determined by flow cytometry. The following equation was used: Mutation frequency � [(% HSA� GFP�

cells) � (% HSA� GFP� cells)]/[(% HSA� GFP� cells) � (% HSA� GFP�) � (HSA� GFP� cells)]. For each experiment, the untreated cells
were set at 1 and all of the other drug treatments were compared to this control value. (e) Mutation frequency upon treatment with ddA, a chain
terminator that inhibits reverse transcriptase. (f) Inhibition of infectivity mediated by ddA. The data represent the mean 	 the SD from at least
three independent experiments. The asterisk indicates a statistically significant difference (P 
 0.05).
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dergo a ring-opening step, followed by hydrolysis to give a
structure that is able to base pair with cytosine (23). Thus,
decitabine is incorporated in place of dCTP but behaves chem-
ically as a guanosine by base pairing with cytosine. Incorpora-
tion of decitabine during plus-strand DNA synthesis would
generally not result in a mutation, as it would be removed from
the proviral DNA by the host DNA repair machinery (39).
Thus, we examined the mutation spectrum of HIV exposed to
decitabine, gemcitabine, or a combination thereof. To do this,
cells infected with mutant HIV were identified through the
single-cycle HIV assay (Fig. 1), followed by FACS analysis to
isolate the HSA� GFP� cell population. Genomic DNA was
isolated from these cells, and the GFP gene was PCR amplified
and sequenced to examine the mutational spectrum. There was
a dramatic change in the mutation spectrum of sequenced HIV
from cells treated with decitabine or a combination of decit-
abine and gemcitabine compared to that of HIV from un-
treated cells (Fig. 4 and data not shown). Specifically, decitab-
ine dramatically increased G-to-C mutations, with G-to-C
mutations accounting for 38% of all mutations. Conversely, no
G-to-C mutations were identified in either the untreated or
gemcitabine-treated cells. This abundance of G-to-C muta-
tions supports the notion that decitabine may base pair with

cytosine, leading to an increase in G-to-C transversions (23).
Cells treated with both decitabine and gemcitabine appear to
have a modest increase in G-to-C mutations compared to un-
treated cells. Although gemcitabine is a ribonucleotide reduc-
tase inhibitor, the data do not suggest that it alters dNTP pools
in a way that would increase the incorporation of decitabine
during viral DNA synthesis since there was no increase in
G-to-C mutations in cells treated with both drugs compared to
those treated with decitabine alone.

Thus far, the data suggest that decitabine and gemcitabine
can reduce viral infectivity by elevating the viral mutation rate.
Since the drug combination inhibits HIV infectivity synergisti-
cally, we hypothesized that other ribonucleotide reductase in-
hibitors could be used in combination with decitabine to syn-
ergistically inhibit HIV infectivity. To test this hypothesis, we
examined the antiviral activity of other ribonucleotide reduc-
tase inhibitors. When decitabine was used in combination with
hydroxyurea, a synergistic decrease in HIV infectivity similar to
that seen with decitabine and gemcitabine was seen (Fig. 5a).
Additionally, this decrease was not attributed to cellular tox-
icity (Fig. 5b). Although ribonucleotide reductase inhibitors
such as luteolin, didox, trimidox, and guanazole were also used
in combination with decitabine, none of these were found to
synergistically decrease infectivity data not shown.

Lack of correlation between the decitabine/gemcitabine in-
fectivity loss and reduction in viral DNA synthesis. The data
presented here indicate that provirus made in the presence of
decitabine and gemcitabine is mutated and contributes to their
antiviral activity. However, since both compounds are nucleo-
side analogs, it is possible that the primary antiviral mechanism
is inhibition of RT. Although their structures do not indicate
that decitabine and gemcitabine would act as chain termina-
tors, there have been reports that gemcitabine acts as a masked
chain terminator (22). Therefore, real-time qPCR was used to
examine the effect of a combination of 50 nM decitabine and 5
nM gemcitabine on the synthesis of late viral DNA products.
As shown in Fig. 6a, this combination of decitabine and gem-
citabine decreased late RT products compared to those in
untreated cells. However, the corresponding loss of infectivity
cannot be attributed solely to inhibition of RT (Fig. 6b). In

FIG. 4. Decitabine alters the HIV mutation spectrum. Proviral
GFP was sequenced from GFP� HSA� cells. Each number within a
wedge represents a specific mutation, with the value indicating the
prevalence of this mutation in terms of the percentage of total muta-
tions. Number of mutations sequenced: no drug, 36; decitabine (Dec),
82; gemcitabine (Gem), 48; decitabine plus gemcitabine, 63.

FIG. 5. Decitabine (Dec) and hydroxyurea (HU) significantly decrease viral infectivity at nontoxic concentrations. (a) Infectivity was assessed
by the single-cycle HIV assay. The untreated cells were set at 100%, and all other treatment groups were compared to this control value. Each
column represents the mean 	 the SD from at least three independent experiments. ND, no drug. (b) Relative number of target cells after
treatment with solvent (DMSO), decitabine, hydroxyurea, or a combination of decitabine and hydroxyurea. The untreated cells were set at 100 and
used as a comparison for all of the other treatment groups. Each column represents the mean 	 the SD from at least three independent
experiments.
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contrast, cells treated with 200 nM AZT, a well-characterized
chain terminator, decreased late RT products by approxi-
mately 70% (Fig. 6a), which strongly correlates with the ob-
served loss of infectivity (Fig. 6b).

DISCUSSION

Recent setbacks in the development of an AIDS vaccine, as
well as the prevalence of drug-resistant HIV, emphasize the
need for new approaches to anti-HIV therapies. To decrease
the cost of and time required for the development of novel
drugs to treat HIV infection, a number of clinically approved
drugs were screened for the ability to inhibit HIV infectivity,
including nucleoside analogs and antimetabolites. Since HIV
reverse transcriptase is error prone, the virus is highly sus-
ceptible to mutations caused by alterations in dNTP pools or
by the incorporation of nucleoside analogs that form non-
canonical base pairs (4, 16, 25, 27). The infectivity of HIV
and other RNA viruses is significantly reduced with even a
modest increase in the mutation rate (19, 38). This finding
has led to the design of novel nucleoside analogs, including
5-hydroxy-2�-deoxycytidine and 5-aza-5,6-dihydro-2�-deoxy-
cytidine (KP-1212), that are incorporated into viral DNA
during replication (16). Although these compounds effec-
tively increase the viral mutation rate, none have been
shown to be potent or safe enough to be used clinically.

In this study, we identify a novel strategy for HIV infection
treatment that takes advantage of a drug target that has yet to
be exploited clinically—the HIV mutation rate. Specifically, we
show that HIV infectivity can be synergistically decreased by
combining two classes of compounds, (i) a nucleoside analog
that forms noncanonical base pairs and (ii) a ribonucleotide
reductase inhibitor. Another significant finding was that the
antiviral activity of the drug combination can be attributed to
an increase in the HIV mutation rate. The most potent drug
combination characterized consists of decitabine and gemcit-
abine, two clinically approved drugs used in cancer treatment.

The data shown here demonstrate that when used in combi-
nation, decitabine and gemcitabine appear to synergistically
decrease HIV infectivity at concentrations well below those
used in cancer therapy (14, 30). Furthermore, a combination of
decitabine and gemcitabine increased the HIV mutation fre-
quency by 3.4-fold (Fig. 3d) compared to that in untreated cells
and this increase in the mutation frequency correlated with a
73% reduction in infectivity (Fig. 3a). Although the increase in
the mutation frequency was modest, similar increases have
been found to be sufficient to eliminate the infectivity or via-
bility of other viruses, such as FMDV, poliovirus, and HIV (19,
38). The hypothesis that combination drug therapy induces
viral mutations was further supported by sequencing data,
which showed a striking difference between the mutation spec-
tra of viruses exposed to combination drug therapy and unex-
posed viruses. A model is proposed in Fig. 7 to account for the
observed changes in the mutation spectrum when decitabine is
incorporated into viral DNA. These findings suggest that com-
bination drug therapy decreases infectivity by increasing the
mutation rate. This is further supported by data showing that
similar antiviral effects were observed when decitabine was
combined with a different ribonucleotide reductase inhibitor,
hydroxyurea. Hydroxyurea has previously been shown to have
anti-HIV activity and acts synergistically with chain termina-
tors such as dideoxyinosine (11, 26, 28). Although hydroxyurea
has been used clinically to treat HIV infection, its use is not
favored because of its adverse effects. While it was expected
that other ribonucleotide reductase inhibitors would have the
same antiviral effects as that seen with hydroxyurea and gem-
citabine, this was not supported by our data. This may be
related to the specific dNTP pools that are altered by each of
the different compounds or cellular processes that compensate
for alterations in dNTP pools.

As a clinical therapy, lethal mutagenesis has been met with
hesitation, primarily because of concerns related to the cyto-
toxicity of the compounds, the high concentrations of mutagen
required, and the potential side effects associated with the

FIG. 6. Lack of correlation between decitabine (Dec)- and -gemcitabine (Gem)-mediated infectivity loss and inhibition of RT. (a) Late
products of RT were examined by real-time qPCR as described in Materials and Methods. Cells were treated with DMSO as a control (ND), 50
nM decitabine plus 5 nM gemcitabine, or 200 nM AZT. Heat-inactivated virus was used as a control to account for amplification of any plasmid
carried over in the viral supernatant taken from transfected cells. Data are expressed as the mean 	 the SD from three separate experiments. The
single asterisk indicates that the combination treatment is significantly different from the untreated control (ND), while the double asterisks
indicate that AZT treatment is significantly different from both the untreated cells and the combination treatment (Dec � Gem). Statistical
significance was determined by one-way ANOVA with Tukey’s posttest, and a P value of 
0.05 was considered significant. (b) Decreased infectivity
in cells treated with 50 nM decitabine plus 5 nM gemcitabine or with 200 nM AZT. The single-cycle HIV assay was done in parallel with qPCR
to examine the relationship between infectivity and inhibition of RT products.
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long-term use of these compounds (25). However, the concen-
trations of decitabine and gemcitabine used here are well be-
low the concentrations used in cancer therapy (31, 40), sug-
gesting that any adverse effects of these drugs should also be
minimized. Although our data indicate that decitabine can act
as a mutagenic nucleoside to inhibit HIV replication, clinically,
decitabine is not known to be mutagenic. Instead, decitabine is
thought to work by covalently binding to DNA methyltrans-
ferase I, irreversibly inhibiting the enzyme and decreasing
DNA methylation (8, 30). Since the concentrations of decitab-
ine used here are well below those used in cancer treatment
(31), it seems unlikely that decitabine, as part of an anti-HIV
therapy regimen, would introduce mutations into genomic
DNA, given the presence of host DNA repair mechanisms.
This model is supported by our data, which did not show an
increase in C-to-G mutations, the mutations expected if decit-
abine were not excised from the viral DNA during integration.
Instead, our data suggest that decitabine is removed after in-
tegration by the host DNA repair machinery and that the
G-to-C mutations are due to the guanosines that replace de-
citabine in the minus strand viral DNA. Furthermore, decit-
abine was not genotoxic, as determined with the HGPRT assay

by us (data not shown) and others (32). Additionally, decitab-
ine was not mutagenic to male Fisher rats that were treated
with decitabine for 1 year (6). Despite this evidence that de-
citabine is not mutagenic to the human genome, there was one
report that decitabine was mutagenic in a transgenic mouse
model (23).

Although it is possible that the combination of decitabine
and gemcitabine decreases infectivity by more than one mech-
anism, an additional antiviral activity would not negate the
data presented, which show that completion of RT in the
presence of decitabine and gemcitabine significantly alters
the mutation spectrum. Although decitabine is known to affect
the methylation of cellular genes, it is unlikely that this activity
contributes to the decrease in infectivity shown here (5). Sim-
ilarly, there is no evidence that decitabine acts as a chain
terminator to inhibit replication. In fact, while the combination
of decitabine and gemcitabine modestly inhibited viral DNA
synthesis, the decrease in RT products was not enough to
account for the loss of infectivity. Since mutagens are not
expected to act as chain terminators, no significant decrease in
viral DNA would be expected from compounds acting as lethal
mutagens. In fact, previous studies have demonstrated that
even when mutagens eliminate infectivity, there are still de-
tectable levels of viral RNA (13). This is likely due to the
production of defective viruses that are not infectious and can
interfere with the infectivity of viruses that were not lethally
mutagenized, a process known as lethal defection (13).

The combination therapy we have identified in this study has
many advantages, including that (i) it has a low effective con-
centration of each drug due to synergy, which decreases con-
cerns of host toxicity; (ii) it uses a nucleoside analog that can
be incorporated into the HIV genome but is unlikely to be
incorporated into the host genome or, if incorporated, may be
efficiently excised from the human genome; and (iii) both of
the drugs used are already approved for human clinical use for
conditions other than HIV infection, which should shorten the
time and decrease the cost associated with drug development.
Given these advantages, the combination of decitabine and
gemcitabine may offer a novel treatment option for HIV-in-
fected individuals. More importantly, this study reveals a novel
treatment strategy of combining a nucleoside analog and a
ribonucleotide reductase inhibitor to decrease infectivity
through an increase in the HIV mutation rate.
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