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ABSTRACT. 29,39-Dideoxycytidine (ddC) and azidothymidine (AZT) inhibit HIV-1 replication and currently
are used in AIDS therapy. Long-term use of the drugs is associated with the selection of drug-resistant HIV
strains, thus limiting their effectiveness. Another mechanism, associated with their altered metabolism in host
cells, also can cause “cellular” drug resistance. Human lymphocytic H9 cell lines (H9-ddC0.5w and H9-
ddC5.0w) selected for ddC resistance by exposure to 0.5 and 5.0 mM ddC were found to be cross-resistant to
AZT. Compared with controls, the thymidine kinase (TK) activities in H9-ddC0.5w and H9-ddC5.0w cells were
56.7 and 51.4% (with thymidine as a substrate) and 50.3 and 42% (with AZT as a substrate). Consequently the
cellular incorporation of AZT and thymidine (24-hr incubation) also was reduced to 51.3 and 70.0% in
H9-ddC0.5w cells and to 12.1 and 17.3% in H9-ddC5.0w cells. A 3-hr incubation with 25 mM AZT and ddC
decreased their cellular incorporation to 50.5 and 76.15% in H9-ddC0.5w cells and to 12.95 and 47.8% in
H9-ddC5.0w cells compared with H9 cells. Thus, the change in AZT accumulation did not correlate exactly
with the decrease in TK activity and far exceeded the effect on ddC accumulation. Evidence is presented that
ddC, in addition to deoxycytidine kinase, affected TK1 activity. The involvement of multidrug resistance
proteins in the mechanism of the resistance was ruled out by the failure of trifluoperazine and verapamil to alter
cellular accumulations of AZT, ddC, daunorubicin, and rhodamine-123. Development of cellular ddC and AZT
cross-resistance may affect the therapeutic efficacy of these antiviral agents. BIOCHEM PHARMACOL 58;10:
1603–1608, 1999. © 1999 Elsevier Science Inc.
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Among the nucleoside reverse transcriptase inhibitors ap-
proved for the treatment of AIDS† patients with HIV
infection, AZT and ddC have played a key role in antiviral
therapy [1]. Mutations of HIV-1 reverse transcriptase and
host cells following long-term treatment with these drugs,
however, led to the development of drug resistance, dimin-
ishing their therapeutic benefits [2–5]. To become thera-
peutically active, these drugs must be phosphorylated by
host cell kinases to their active metabolites, 59-triphos-
phates, which then inhibit viral reverse transcriptase and
mitochondrial DNA synthesis [6]. Decreased synthesis and
cellular retention of nucleoside triphosphates have been
associated with drug resistance to nucleoside analogs in
cancer and antiviral therapy [4, 5, 7, 8]. Whereas a large
number of studies have been reported on the mutation of

HIV-reverse transcriptase and resistance to antiviral drugs,
interest in exploring whether host cellular factors are
responsible for resistance to antiviral agents has begun
somewhat more recently [2–5, 9]. To gain more insight into
the phenomenon of host cell resistance, we have produced
cell lines, H9-ddC0.5w and H9-ddC5.0w, by in vitro expo-
sure of a human lymphocytic cell line (H9) to 0.5 and 5.0
mM ddC. Even though different pathways metabolize ddC
and AZT, these sublines also displayed strong collateral
resistance to AZT, an analog of TdR. Magnani et al. [4]
have isolated a ddC-resistant subline of the human mono-
blastic cell line U937. However, this subline was not
examined for AZT resistance. An AZT-resistant cell line
also has been isolated, but following exposure to AZT
rather than ddC [5]. This is the first report, to our
knowledge, demonstrating AZT cross-resistance in a cell
line isolated for ddC resistance. A preliminary report has
been presented elsewhere [10].

MATERIALS AND METHODS
Materials

[methyl-3H]AZT (11.7 Ci/mmol), [methyl-3H]TdR (63 Ci/
mmol), and [5,6-3H]ddC (19.3 Ci/mmol) were purchased
from Moravek Biochemicals. All other chemicals were
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obtained from the Sigma Chemical Co. PE SIL G/UV TLC
plates and DE81 paper discs were purchased from What-
man.

Cells

H9 cells were maintained in culture in RPMI 1640 medium
as described earlier [11]. The ddC resistance was induced by
exposing the cells to 0.5 and 5.0 mM ddC. Once the
resistance was induced, the cells were washed and main-
tained in drug-free medium. These cells, referred to as
H9-ddC0.5w and H9-ddC5.0w cells, had reduced dCK
activities (44.1 and 46.3%) and reduced ddC anabolism.

AZT, TdR, and ddC Metabolism

Metabolism of AZT, TdR, and ddC was studied by incu-
bating triplicate cell suspensions (0.5 to1.0 x 106 cells/mL)
with [methyl-3H]AZT, [methyl-3H]TdR, or [3H]ddC (25
mM; 1–4 mCi/mL) for 3 or 24 hr at 37°. The cells were
collected by centrifugation (400 g, 20 min), washed twice
with PBS, and extracted overnight at 220° with 0.5 to 1.0
mL of 65% (v/v) methanol. The methanol “soluble” frac-
tions were collected by centrifugation (450 g) in a refriger-
ated centrifuge. Aliquots of the “soluble” fractions were
counted directly or analyzed by HPLC (Bio-Rad) equipped
with a Partisil-10-SAX column (4.5 3 250 mm). The
elution was performed at a flow rate of 1.5 mL/min with a
gradient of solution A (5 mM KH2PO4) and solution B
(0.75 M KH2PO4). The eluate was monitored at 254 nm,
and 1.5-mL samples were collected and counted for radio-
activity.

Since the HPLC system failed to separate nucleosides
(AZT and ddC) from their monophosphates, they were
separated by TLC on a PE SIL G/UV TLC plate. The plate
was developed with a mobile phase consisting of methanol:
chloroform (1:4). The nucleosides and nucleotides (Rf

values of 0.75 and 0.06) were visualized by UV light, cut
out, and counted for radioactivity.

The methanol “insoluble” fractions were washed once
with ice-cold 65% methanol, dissolved in NaOH, and
counted for radioactivity.

TK Activity

To determine TK activity, exponentially growing cells were
suspended in an extraction buffer containing 50 mM
Tris–HCl (pH 7.6), 2 mM dithiothreitol, 5 mM benzamide,
0.5 mM phenylmethylsulfonyl fluoride, 20% (v/v) glycerol,
and 0.5% (w/v) Nonidet P-40. Cell-free extracts were
prepared by four cycles of freeze–thawing, and the superna-
tants were analyzed for TK activities. The reaction mixture
(0.2 mL) contained 37.6 mM Tris–HCl (pH 7.5), 3.8 mM
MgCl2, 7.5 mM NaF, 1.5 mM dithiothreitol, 3.7 mM ATP,
1 mmol creatine phosphate, 1–5 units creatine kinase, and
25 mM tritiated TdR or AZT (2 mCi/mL), to which was
added the cell supernatant. After incubation at 37° in a

water bath, 20-mL aliquots were removed at 0–60 min,
applied to DE81 discs (Whatman), and washed once with 1
mM ammonium formate and once with water. The discs
were placed in scintillation vials, and the nucleotides were
extracted in 1.0 mL of 0.1 N HCl containing 0.1 M KCl
and counted for radioactivity. Protein concentrations were
determined using the Bio-Rad protein assay.

Drug Sensitivity Assays

AZT cytotoxicity assays were performed in triplicate by
seeding 2–4 3 104 cells/mL in 24-well plates (Costar). The
appropriate concentrations of AZT were added, and the
trypan blue-excluding cells were counted after 72 hr of
incubation at 37°. The IC50 values were calculated from the
growth curves.

Evaluation of the MDR Phenotype

The presence of MDR was evaluated by flow cytometry
using rhodamine-123 or daunorubicin in the presence and
absence of the MDR inhibitor verapamil, as described by
Krishan et al. [12]. Briefly, the cell samples (1 3 106

cells/mL) were incubated with rhodamine-123 or daunoru-
bicin hydrochloride (1 mg/mL) in the presence and absence
of verapamil (10 mg/mL) at 37° for 15–30 min. Flow
cytometric analysis was performed using a Coulter flow
cytometer.

RESULTS
Growth Inhibitory Effect of AZT

The effect of AZT on the growth of H9 and ddC-resistant
cells is shown in Fig. 1. The IC50 values of AZT estimated

FIG. 1. Effect of AZT on the growth of H9, H9-ddC0.5w, and
H9-ddC5.0w cells. Triplicate cell suspensions (2–4 3104 cells/
mL) were incubated with various concentrations of AZT.
Following 72 hr of incubation at 37°, the trypan blue-excluding
cells were counted. Values are means 6 SEM of triplicate
determinations.
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from these curves were 18 mM for H9 cells and . 500 mM
for ddC-resistant cells. Thus, the ddC-resistant cells were .
27.7-fold less sensitive to AZT.

TK Activity in Cell Extracts

TK activities of H9-ddC0.5w and H9-ddC5.0w cells with
TdR as a substrate were 56.7 and 51.4% of that in control
H9 cells (335 6 5 pmol/mg protein per min). The activities
with AZT as a substrate also were reduced to 50.3% in
H9-ddC0.5w and 42% in H9-ddC5.0w cells (Fig. 2).
However, the differences in the Km values of either TdR
(1.1, 2.3, and 5.0 mM) or AZT (4.7, 5.2, and 7.1 mM)
among the cell lines were insignificant.

TdR and AZT Incorporation in the Cellular Pool

The distribution of the incorporated TdR and AZT in
methanol “soluble” and “insoluble” fractions of H9, H9-
ddC0.5w, and H9-ddC5.0w cells following 24 hr of incu-
bation with 25 mM TdR and AZT is shown in Fig. 3. The
majority of TdR (55.0 to 79.3%) was incorporated into
DNA (insoluble fraction), whereas the majority (.97%) of
AZT remained in the “soluble” fraction. The total AZT
incorporation in H9-ddC0.5w and H9-ddC5.0w cells
(206.9 and 49.1 pmol/106 cells) was 51.3 and 12.1% of the
incorporation in H9 cells (403.5 pmol/106 cells). The total
cellular incorporation of TdR was reduced to 70.0 and
17.3% in H9-ddC0.5w and H9-ddC5.0w cells, respectively.

AZT and ddC Metabolism

To avoid any changes in cellular conditions due to reduced
levels of TK and dCK, the cellular accumulation and
anabolism of AZT and ddC were examined for a 3-hr
interval at the same time in the same cell cultures.
Compared with H9 cells, the total cellular accumulation of
AZT was decreased to 50.5 6 19.6 and 12.95 6 11.1%, and

the accumulation of ddC to 76.15 6 28.5 and 47.8 6
17.9% in H9-ddC0.5w and H9-ddC5.0w cells, respectively
(Fig. 4). Thus, in ddC-resistant cells the AZT cellular
concentrations were affected much more than the ddC
concentrations.

Consistent with earlier studies from our and other labo-
ratories [11, 13–15], analysis of the “soluble” fractions
revealed three major metabolites of ddC: ddCMP (44.8 to
50.2%), ddCDP (21.4 to 31.6%), and ddCTP (2.1 to
9.9%). ddCDP-choline and/or ddCDP-ethanolamine [13],
if formed, were not identified in the present system. AZT
was metabolized predominantly to AZTMP (60.2 to
92.9%), with negligible metabolism to AZTDP (1.8 to
15.3%) and AZTTP (0.3 to 5.0%) (Table 1). The extent of
AZT phosphorylation in H9-ddC0.5w and H9-ddC5.0w
cells was significantly lower (22.8 and 0.39%) than the
extent of ddC phosphorylation (70.7 and 19.3% of con-
trol). Poor catalytic activity of TMP kinase for AZTMP
perhaps limits its further phosphorylation to AZTDP and
AZTTP [11, 15]. In H9-ddC5.0w cells, the AZT-derived
radioactivity in AZTDP and AZTTP was too low for
quantitative evaluation.

FIG. 2. Comparative TK activity in H9, H9-ddC0.5w, and
H9-ddC5.0w cells with TdR and AZT as substrates. The TK
activities in H9 cells were 335 6 5 (N 5 7) and 474 6 148
(N 5 4) pmol/mg protein per min with TdR and AZT as
substrates, respectively. Other values are means 6 range of 2
experiments.

FIG. 3. Intracellular accumulation of AZT and TdR in the
methanol “soluble” and “insoluble” fractions in H9, H9-
ddC0.5w, and H9-ddC5.0w cells. Triplicate cell suspensions
(0.5 to 1.0 3 106 cells/mL) were incubated with 25 mM
[3H]AZT or [3H]TdR for 24 hr at 37°. The cells were
harvested, washed, and extracted with 65% methanol. The
methanol “soluble” and “insoluble” fractions were counted for
radioactivity, and the amounts in picomoles/106 cells were
calculated. The values of AZT incorporation in H9 cells
represent means 6 SD of 4 experiments, whereas other values
are means 6 range of 2 experiments.
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Effect of Nucleosides on Cellular Accumulation of AZT

As shown in Table 2, the accumulation of AZT-derived
radioactivity was lowered significantly to 3.3 and 21.3% by
TdR and to 55.0 and 68.5% by nonradioactive AZT in H9
and H9-ddC0.5w cells, respectively. ara-T had little or no
effect on AZT incorporation in either cell line. The AZT
accumulation in the presence of CR, dCR, and ddC was
86.5, 81.5, and 76.9% in H9 cells and in H9-ddC0.5w cells
85.9, 76.3, and 100.8%, respectively. In H9-ddC5.0w cells
the accumulation was very low and was not affected by any
of these nucleosides.

Evaluation of MDR

To determine if MDR proteins played a role in the
cross-resistance of ddC-resistant cells to AZT, drug reten-

tion studies were done using the fluorescent compounds
rhodamine-123 and daunorubicin [12]. There were no
differences in the fluorescent profiles between H9 and
ddC-resistant cells when treated with the fluorochromes in
the presence or absence of an MDR blocker, verapamil
(data not shown). To further evaluate the role of MDR
proteins, cellular accumulation of ddC and AZT was
determined in the presence and absence of another MDR
blocker, trifluoperazine [9]. As shown in Fig. 5, trifluoper-
azine also failed to alter the accumulation of the drugs
significantly.

DISCUSSION

Our studies clearly demonstrated cross-resistance of ddC-
resistant cells to AZT (a TdR analog). In fact, the AZT
resistance far exceeded (.27.7-fold) the ddC resistance
(5.4- to 15.7-fold) in ddC-resistant cells. This difference in
response to AZT and ddC was consistent with the much
lower cellular accumulation of AZT (50.5 and 12.95% of
control) compared with the accumulation of ddC (76.2 and
47.8%) in H9-ddC0.5w and H9ddC-5.0w cells (Fig. 4).
Thus, it appears that ddC is a far better inducer of AZT
resistance than of ddC resistance.

AZTTP is believed to be the AZT metabolite responsible
for cytotoxicity and antiviral activity. However, the Ki

values of AZTTP for cellular DNA polymerases are much
higher (70–230 mM) than the Ki values for the inhibition
of viral reverse transcriptase (0.4 mM) [15]. Although the
AZTTP concentrations in H9-ddC0.5w and H9 cells were
similar, the former cell line was about 27-fold more resistant
to AZT. This observation indicates that AZTTP levels are
not involved directly in the cytotoxic effect of the drug.
Therefore, it is likely that AZTMP, which was reduced to
12 and 0.3% of control in H9-ddC0.5w and H9-ddC5.0w
cells, may be responsible for the reduced cytotoxicity of the

FIG. 4. Intracellular accumulation of AZT and ddC in H9,
H9-ddC0.5w, and H9-ddC5.0w cells. Conditions were similar
to those described in Fig. 3, except that TdR was replaced with
ddC, and the incubation period was 3 hr. The experiments were
performed at the same time in the same cell culture. The percent
incorporation was calculated in each experiment, and the values
are presented as means 6 SD of 4 experiments. The values of
100% AZT and ddC-derived radioactivity in H9 cells were
5230 and 2780 cpm, respectively.

TABLE 1. Distribution of AZT and ddC in the nucleotide
pool

H9 H9-ddC0.5w H9-ddC5.0w

(cpm)

AZT 1,050 960 20
AZTMP 19,900 4,390 50
AZTDP 390 170 15*
AZTTP 80 90 5*
ddC 620 690 630
ddCMP 3,860 3,110 890
ddCDP 2,410 1,720 430
ddCTP 760 150 40

Triplicate cell suspensions (0.5 3 106 cells/mL) were incubated with 25 mM
[3H]AZT or [3H]ddC (4 mCi/mL). After incubation for 3 hr at 37°, the cells were
harvested, washed, and extracted with 65% methanol. Aliquots from triplicate
samples were pooled, dried, reconstituted, and analyzed by HPLC and TLC.

*Counts were too low for an accurate assessment.

TABLE 2. Effect of nucleosides on the cellular accumulation
of radioactive AZT in H9, H9-ddC0.5w, and H9-ddC5.0w
cells

Additions

H9 H9-ddC0.5w H9-ddC5.0w

Percent incorporation

None 100 100 100
ddC (10 mM) 76.9 100.8 96.3
dCR (10 mM) 81.5 76.3 93.1
TdR (10 mM) 3.3 21.3 95.8
CR (10 mM) 86.5 85.9 105.8
AZT (25 mM) 55.0 68.5 99.6
ara-T (10 mM) 96.0 100.0

Duplicate cell suspensions (0.5 3 106 cells/0.5 mL) were incubated with 25 mM
[3H]AZT (4 mCi/mL) with or without the nucleosides at indicated concentrations.
The cells were harvested after 2 hr of incubation at 37°, washed twice with PBS, and
extracted with 0.4 vol. of 5% ice-cold perchloric acid. The extracts were neutralized
with KOH, and 0.2-mL fractions were counted for radioactivity. Average 100%
counts in H9, H9-ddC0.5w, and H9-ddC5.0w cells represent 9500, 2130, and 240
cpm (variation , 10%), respectively. Abbreviations: ara-T, 1-b-D-arabinosylthy-
mine; AZT, 39-azido-39-deoxythymidine (azidothymidine); CR, cytidine; dCR,
29-deoxycytidine; ddC, 29,39-dideoxycytidine; and TdR, thymidine.
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drug. This hypothesis is consistent with a report implicating
AZTTP in the antiviral activity of AZT and AZTMP in the
cell growth-inhibitory effect [16]. It is possible that the use
of ddC at low concentrations (e.g. 0.5 mM) may produce
cellular conditions (as seen in H9-ddC0.5w cells) that will
reduce AZTMP concentrations without affecting AZTTP
concentrations. Such a situation may reduce the cytotoxic
effect of AZT significantly without compromising the
antiviral activity of the drug. This interesting hypothesis
needs to be explored further.

Although the mechanism of cross-resistance is not clear,
the lower anabolism of AZT to its nucleotides (as shown
above) and their cellular retention could cause drug resis-
tance. Antonelli et al. [9] have suggested the involvement
of MDR proteins in the resistance to AZT in a CEM cell
line (the CEM VBL100 subline) selected for vinblastine
resistance. Failure of verapamil to alter rhodamine-123 and
daunorubicin efflux and of trifluoperazine to increase AZT
and ddC accumulation in our studies rules out the involve-
ment of MDR proteins in the cellular retention and efflux
of AZT nucleotides as a mechanism of AZT resistance.
Thus, our observations clearly differ from those seen in
CEM VBL100 cells. Intercellular variations between the
two cell lines (H9 and CEM cells) used in these studies may
have contributed to the observed differences. Another
likely possibility is that ddC and vinblastine induced
resistance by different mechanisms.

The anabolic pathway of AZT consists of its transport
into cells and then sequential phosphorylation by cellular
kinases. Since AZT enters cells by non-facilitated diffusion,

its influx may not have a significant contribution to the
development of resistance [11, 17]. The lower AZT anab-
olism, therefore, may have resulted from reduced TK
activity in the resistant cells. The enzyme TK catalyzes the
first step in the anabolic pathway of AZT. Activity of this
enzyme was reduced markedly in the resistant cells. The
lower enzymatic activity, however, was a result of reduced
Vmax values rather than substrate affinity, as demonstrated
by insignificant changes in Km values. Lower or absent dCK
and TK activities have been implicated in drug resistance
to dCR and TdR analogs, which are phosphorylated by
these enzymes [5, 18]. Thus, our observations are consistent
with this mechanism of resistance to ddC and AZT.

TK and dCK, which phosphorylate AZT and ddC,
respectively, are two different enzymes. Therefore, reduc-
tion of TK activity upon exposure to ddC was unexpected.
The enzymes TK and dCK are known to have broad and
overlapping substrate activities, anabolizing a number of
anticancer and antiviral deoxynucleosides including purine
nucleoside analogs. They exist in different isoforms and
subcellular fractions [19–22]. Although TK2 phosphory-
lates AZT to some extent, cytoplasmic TK1 is considered to
be the major isozymic form responsible for AZT activation
[21]. In contrast, ara-T is phosphorylated mainly by TK2
[23]. The ability of TdR to inhibit (and the failure of ara-T
to inhibit) cellular accumulation of [3H]AZT more strongly
in H9 cells than in H9-ddC0.5w cells suggests that the
major effect of ddC-induced resistance is on TK1. Reduc-
tion of [3H]AZT accumulation by dCR and ddC (although
to a lesser extent than by TdR) indicates that ddC may

FIG. 5. Effect of trifluoroperazine (TFP) on intracellular accumulation of AZT and ddC. Triplicate cell suspensions (0.5 3 106

cells/mL) were preincubated for 20 min in the absence (2) or presence (1) of 1 mM TFP. Then radiolabeled AZT or ddC (25 mM)
was added, and the incubation continued for 3 hr. The cells were extracted with 65% methanol, and fractions were counted for
radioactivity. Percent incorporation was calculated in each experiment, and the values are presented as means 6 SD of 3 experiments.
The 100% counts were 9170, 1810, and 190 cpm for AZT and 1880, 1980, and 980 cpm for ddC in H9, H9-ddC0.5w, and
H9-ddC5.0w cells, respectively.
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have altered a dCK isozyme that, in addition to activating
ddC, also activates TdR and AZT. Studies in progress in
our laboratory may provide an answer to these questions.

Cross-resistance of HIV to reverse transcriptase inhibi-
tors is a common obstacle in the chemotherapy of AIDS [3].
The results of our study and the reports of ddC and AZT
cellular resistance from other laboratories [4, 5, 9] strongly
suggest that host cell-mediated mechanisms of drug resis-
tance can also apply to antiviral agents and therefore must
be considered during antiviral therapy. In addition to
understanding its mechanism, an important question is
whether the observed cross-resistance of ddC and AZT
reduces their antiviral activity or enhances their therapeu-
tic activity by reducing toxicity. Our future studies will
focus on this important question.

The authors appreciate the technical help of Ms. Ying Nie and Dr. D.
Lou. This work was supported by the Department of Health and
Human Services Grant NIAID AI 29155.
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