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SUMMARY

We previously demonstrated that 3’-azido-3’-deoxythymidine
(AZT) inhibits growth proliferation of human bone marrow pro-
genitor cells in vitro [Antimicrob. Agents Chemother. 31:452-454
(1987)). The present study evaluates the effect of toxic concen-
trations of AZT on possible sites of toxicity in human bone
marrow cells. Exposure of cells over a 6-hr period to AZT
concentrations between 0.5 and 50 um resulted in a decreased
incorporation of tritiated deoxyguanosine into DNA.

AZT andits ted metabolites accumulated within cells
after exposure to 10 um [PHJAZT. 3’-Azido-3’-deoxythymidine-
5’-monophosphate was the predominant metabolite, reaching a
concentration of 49.2 + 14.1 pmol/10° cells after 48 hr, and a
continuous increase was observed in all phosphorylated deriva-
tive levels between 2 and 48 hr of incubation. Using a highly
sensitive and specific DNA polymerase assay, s deox-
yribonucieotide pool size(s) were analyzed for 48 hr after incu-
bation of cells with a pharmacologically relevant concentration
of 10 um AZT. After a 6-hr exposure, 2'-deoxycytidine-5'-tri-
phosphate and 2’-deoxythymidine-5’-triphosphate pools repre-
sented approximately 86 and 70% of the control values; levels

retumed to normal after 24 hr and remained subsequently un-
changed. Nucleic acids of human bone marrow cells exposed
for 24 hr to 10 um [PHJAZT were purified and analyzed by cesium
sulfate density gradient. No radioactivity was detected in the
RNA region, whereas a significant amount was associated with
the DNA region. Hydrolysis of radiolabeled DNA and subsequent
analysis by high performance liquid chromatography demon-
strated specific incorporation of AZT into DNA. In additional
studies, the amount of AZT incorporated into DNA was corre-
lated with the initial extracellular AZT concentration. In particular,
a significant relationship (o < 0.0001) between the level of AZT
incorporated into DNA and the inhibition of clonal growth was
observed at concentrations of AZT between 1 and 25 um (ICso
and ICgs for human bone marrow cells). In summary, these
studies demonstrate that AZT is incorporated into DNA of human
bone marrow cells and suggest that incorporation of AZT into
DNA may be one mechanism responsible for AZT-induced bone
marrow toxicity. In contrast, imbalance of deoxyribonucleotide
pools by AZT appears unlikely to be associated with inhibition
of DNA isynthesis and toxicity in human bone marrow cells.

AZT is the first clinically approved drug for the treatment of
AIDS. The antiretroviral effects of AZT are thought to be due
to its conversion through cellular kinases, to AZT-TP, which
competitively inhibits the human immunodeficiency virus re-
verse transcriptase, terminates the newly synthesized viral
DNA chain, or both (1-4). The major limitation to AZT therapy
is bone marrow toxicity, manifested as anemia and neutropenia,
which requires a dosage reduction or discontinuation of treat-
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ment in approximately 40% of patients (5). Consistent with
these toxic manifestations, we previously demonstrated that
AZT produced a dose-dependent inhibition of human CFU-GM
and erythroid burst-forming unit colonies at clinically achiev-
able AZT concentrations (6).

Several hypotheses have been suggested for the biochemical
mechanism(s) responsible for the cytotoxic effects of AZT for
human host cells. One hypothesis is that thymidylate kinase is
inhibited by AZT-MP, resulting in decreased formation of
dTTP needed for DNA synthesis (7). Significant variation in
the degree of AZT-induced perturbation of deoxyribonucleotide
pools has been reported (1, 8-10), which may reflect differences

ABBREVIATIONS: AZT, 3’-azido-3’-deoxythymidine; AIDS, acquired immunodeficiency syndrome; AZT-TP, 3’-azido-3’-deoxythymidine-5’-triphos-
phate; AZT-MP, 3’-azido-3’-deoxythymidine-5’-monophosphate, AZT-DP, 3’-azido-3'-deoxythymidine-5’-diphosphate; TCA, trichloroacetic acid;
HPLC, high performance liquid chromatography; CFU-GM, colony forming unit granulocyte-macrophage; HEPES, N-2-hydroxyethylpiperazine-N’-2-

ethanesulfonic acid.
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among cell populations. These differences in cell sensitivity
indicate that confirmation of that mechanism will require stud-
ies using cells representative of the toxicity site, such as human
bone marrow cells. St. Clair et al. (2) have suggested that
incorporation of AZT into newly synthesized DNA, with inhi-
bition of DNA elongation by chain termination, may be another
mechanism of AZT toxicity; however, these studies were per-
formed with purified DNA templates and the incorporation of
AZT into host cellular DNA using intact cells has not been
examined.

The relative contribution of hypothesized mechanisms to
AZT bone marrow toxicity is unclear from these previous
studies, which usually have focused on one mechanism without
considering the others and which have not been conducted in
human bone marrow cells. Furthermore, the correlation of a
biochemical event with toxicity has never been demonstrated.
Therefore, in the present study, following analysis of AZT
metabolism, we evaluated the effects of specific toxic concen-
trations of AZT on endogenous deoxyribonucleotide pools and
AZT incorporation into nucleic acids of human bone marrow
cells. A correlation between incorporation of AZT into cellular
DNA and toxicity, as assessed by a colony-forming assay (6),
is reported. These studies have been presented in part previ-
ously (11).

Materials and Methods

Chemicals. [methyl-°’H]AZT (3 Ci/mmol) and radiolabeled nucleo-
sides, [8-°’H]2’-deoxyguanosine (12 Ci/mmol), [2-*H]adenine (15 Ci/
mmol), and [6-*H]uridine (20 Ci/mmol), were purchased from Moravek
Biochemicals (Brea, CA). The purity of radiolabeled AZT was =99%,
as ascertained by the HPLC technique described below. [methyl-*H]
dTTP (21 Ci/mmol), [8-*H]dATP (22 Ci/mmol), [8-*H]dGTP (10 Ci/
mmol), and [5-°*H)dCTP (18 Ci/mmol) were obtained from ICN Radi-
ochemicals (Irvine, CA). Nonlabeled standards, AZT, AZT-MP, AZT-
DP, and AZT-TP were generous gifts of Dr. Raymond F. Schinazi
(Veterans Administration Medical Center and Emory University, At-
lanta, GA). Nucleosides and nucleotides, RNAase A and T,, pronase
B, and alkaline phosphatase were obtained from Sigma Chemical Co.
(St. Louis, MO). Micrococcal nuclease, snake venom, and spleen phos-
phodiesterase were purchased from Worthington Biochemicals (Fair-
field, NJ). All other chemicals and reagents were of the highest analyt-
ical grade available.

Bone marrow cell isolation. Human rib specimens, obtained
during thoracic surgery according to a protocol approved by the Insti-
tutional Review Board Committee at the University of Alabama at
Birmingham, were the source for bone marrow cells. Cells were flushed
from the ribs, under sterile conditions, with Hanks’ balanced salt
solution in phenol red with 10% fetal calf serum and 1% penicillin-
streptomycin. The cell mixture was centrifuged at 1200 rpm in a
Beckman GPR centrifuge for 10 min and the supernatant was dis-
carded. After resuspension in Hanks’ balanced salt solution with 10%
fetal calf serum and 1% penicillin-streptomycin, cells were gently
layered onto 10 ml of Ficoll-Hypaque (Sigma) and were centrifuged at
1500 rpm in a Beckman GPR centrifuge for 35 min. The mononuclear
cell layer was removed and the cell suspension was washed twice at
1200 rpm for 10 min. Cells were counted with a hemacytometer and
viability was >98%, as assessed by trypan blue exclusion. Under these
conditions, approximately 400 X 10° cells/rib were collected.

Effect of AZT on nucleic acid synthesis of human bone mar-
row cells. Human bone marrow cells (2 X 10° cells/ml) were suspended
in McCoy’s 5A nutrient medium that contained 15% dialyzed fetal
bovine serum. After the addition of 0.5, 5, or 50 uM AZT, cells were
maintained at 37° under an atmosphere of 5% CO,. At specified times,
aliquots of cells were exposed for 60 min to [*H)2’-deoxyguanosine (3

uCi/ml), to measure DNA synthesis, or [*H]adenine (3 uCi/ml), to
measure RNA synthesis. At the end of the pulse, the medium was
removed and cells were washed three times with cold phosphate-
buffered saline. TCA-soluble activities were determined by extracting
the cell monolayer twice with 2 ml of cold 5% TCA. Incorporation of
[*H]2’-deoxyguanosine into DNA was determined by further washing
the pellet with methanol and then ether. The pellet was dried overnight
at 70° and then digested with 300 ul of 1 N KOH. Samples were mixed
with scintillation fluid and counted for radioactivity in a Beckman LS-
5801 liquid scintillation counter. When incorporation of [*H)adenine
into RNA was investigated, the acid-insoluble activities were washed
with 0.2 N HC10, and RNA was hydrolyzed at 37° for 1 hr in 0.3 N
NaOH. After acidification with 5.2 N HC10, and centrifugation, the
supernatant was removed and counted in a Beckman LS-5801 liquid
scintillation counter for determination of radioactivity incorporation
into RNA.

Effect of AZT on endogenous deoxyribonucleotide pools. Hu-
man bone marrow cells (1 X 10° cells/ml) were exposed to 10 uM AZT
(IC35) (6), in McCoy’s medium with nutrients, for specific time periods
of between 6 and 48 hr. A total of 2 X 107 cells was used for each time
point and, at the end of the incubation period, cells were extracted with
60% cold methanol. Cell extracts were stored overnight at ~20° and
then centrifuged at 15,000 rpm for 5 min in an IEC B20A centrifuge
and the pellets were discarded. Supernatants, to which water was added,
were lyophilized to dryness. A second extraction was performed with 2
ml of 0.4 N HC10, for 30 min on ice. After centrifugation, the super-
natant was neutralized with 1.5 ml of 1 N KOH and subsequently
lyophilized to dryness. The deoxyribonucleoside-5’-triphosphate levels
were enzymatically determined as follows. The dATP and dTTP assay
mixtures contained a total final volume of 180 ul. This included 0.02
Agze units of poly[d(A,T)] (Pharmacia, Piscataway, NJ), 1.8 umol of
MgCl., 1.8 umol of dAMP, 18 umol of HEPES buffer, pH 7.4, and 0.75
Richardson units of DNA polymerase I (Boehringer Mannheim Bio-
chemicals, Indianapolis, IN). The dATP assay included 250 pmol (2
uCi) of [PH]dTTP and 0 to 80 pmol of unlabeled dATP. The dTTP
assay contained 1 nmol (8 uCi) of [*H]JdATP and 0 to 80 pmol of
unlabeled dTTP. The reaction mixtures were identical for the dGTP
and dCTP assays, except that 0.02 A units of poly[d(I,C)] (Pharma-
cia) and 2 and 3.0 units of DNA polymerase I were used for dGTP and
dCTP determinations, respectively. The dGTP assay included 500 pmol
(6.6 uCi) of [*'H)dCTP and 0 to 40 pmol of dGTP, whereas the dCTP
assay included 1 nmol (6 xCi) of [*H]dGTP and 0 to 50 pmol of dCTP.
Assays were performed at 37° for 35 min. Samples (50 ul) were spotted
on squares of Whatman 3-mm filter paper. Precipitation of nucleotides
was performed with a mixture of ice-cold 10% TCA and 1% sodium
pyrophosphate. The filters were washed twice with ice-cold 5% TCA
followed by 95% ethanol. Filters were then dried and radioactivity was
determined in a Beckman LS-5801 liquid scintillation counter. This
assay had a sensitivity limit of approximately 1-2 pmol/10° cells for
each deoxyribonucleotide.

Analysis of [*"HJAZT metabolites by HPLC. A high performance
liquid chromatograph (Hewlett-Packard 1090) that was equipped with
automatic injector, filter spectrophotometric detector, and chromato-
graphic terminal (Hewlett-Packard 3393A) was used for analysis of
AZT metabolites. All analyses were performed using a modified HPLC
method previously described (1), which can simultaneously resolve the
unchanged AZT and its mono-, di-, and triphosphate derivatives. Anion
exchange chromatography was performed using a Partisil 10 SAX
column (Whatman, Inc., Clifton, NJ). Elution was carried out at 1 ml/
min with 15 mM KH,PO, (pH 3.5) and a 55-min linear gradient of 1 M
KH,PO, (pH 3.5) from 0 to 100%, starting at the time of injection.
Under the conditions defined above, the retention times of the unla-
beled markers, AZT, AZT-MP, AZT-DP, and AZT-TP, were 5.8, 11,
29, and 56 min, respectively. The total radioactivity applied to the
column was recovered in 65 min.

Incorporation of AZT into nucleic acids of human bone mar-
row cells. Human bone marrow cells (2 X 10° cells/ml) were suspended
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in McCoy’s 5A medium that was supplemented with nutrients and 10%
dialyzed heat-inactivated fetal bovine serum, at 37° in a 5% CO,
incubator. After addition of 1, 5, 10, 15, or 25 uM [*H]JAZT at a final
specific activity of approximately 750 mCi/mmol, cells were incubated
for 24 hr. Cells were then washed twice in phosphate-buffered saline
and resuspended in 2 ml of 0.015 M sodium citrate/0.15 M sodium
chloride solution (pH 7.0). Digestion of cells was accomplished by
adding 0.2% sodium dodecyl sulfate (20 ul) and 250 ug/ml proteinase
K and incubating the mixture overnight at 37°. Nucleic acids were
extracted with a 1:1 mixture of phenol (containing 0.1% hydroxyquin-
oline and 0.2% B-mercaptoethanol) and a chloroform/isoamyl alcohol
solution (24:1, v/v). A second extraction was performed with 2 ml of
the chloroform/isoamyl alcohol solution. Nucleic acids were precipi-
tated by adding 0.3 M sodium acetate and 2 volumes of ice-cold absolute
ethanol. After 3 hr at —20°, nucleic acids were centrifuged at 7000 rpm
from 30 min in an IEC B20A centrifuge and the precipitate was washed
with ice-cold 70% ethanol. After resuspension in 10 mM Tris- HCI (pH
7.4), 1 mM EDTA, RNA was hydolyzed for 2 hr at 37° with 50 ul of
heat-inactivated RNAse A and 50 ul of heat-inactivated RNAse T,.
Samples (100 ul) were spotted on squares of Whatman 3-mm filter
paper and filters were washed twice with ice-cold 5% T'CA followed by
95% ethanol. Filters were dried and radioactivity was determined in a
Beckman LS-5801 liquid scintillation counter. The amount of DNA in
each sample was ascertained by a fluorometry technique, as described
previously (12).

Cesium sulfate density gradient centrifugation. After phenol
extraction and ethanol precipitation (see above), nucleic acids were
analyzed by cesium sulfate gradient centrifugation in a solution (4 ml)
containing 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, and 1.54 g/ml
cesium sulfate. Centrifugation was performed at 33,000 rpm for 60 hr
at 20°, using a Beckman SW60 Ti rotor. Fractions (0.1 ml) were
collected from the top to the bottom of the tube, using a Buchler Auto-
Densi Flow II pump driver. The density of each fraction was determined
with an ABBE refractometer.

Digestion of [*HJAZT-labeled DNA. After cesium sulfate density
gradient centrifugation, samples with a density of 1.41 to 1.43 g/ml
were combined and dialyzed overnight against 10 mM Tris- HCl (pH
7.4), 1 mM EDTA, after which DNA was precipitated in 0.3 M sodium
acetate and ice-cold absolute ethanol. DNA was then dissolved in 20 ul
of Tris-HCI (pH 7.4), 1 mM EDTA, and heat denatured by boiling at
100° for 5 min. The DNA was hydrolyzed at 37° for 30 min with 50 ul
of micrococcalnuclease (12 units/ml), in 10 mM Tris- HCI (pH 8.8), 2
mM CaCl,. After addition of a mixture containing 1 ul of 50 mM EDTA,
3 ul of 1 M sodium acetate buffer (pH 6.5), and 3 ul of 0.1 M MgCl,,
degradation to nucleosides was carried out at 37° for 24 hr with spleen
phosphodiesterase (2 units), snake venom phosphodiesterase (2 units),
and alkaline phosphatease (0.3 units). Aliquots were subsequently
analyzed by HPLC using the methodology described above.

Clonogenic assay for drug cytotoxicity. The culture assay of
CFU-GM was performed using a bilayer soft agar method as we
previously described (6), except that human recombinant GM-CSF (50
units/ml) (Genzyme, Boston, MA) was used as a source of colony-
stimulating factor. McCoy’s 5A nutrient medium that was supple-
mented with 15% dialyzed fetal bovine serum (heat inactivated at 56°
for 30 min) was used in all experiments. Briefly, mononuclear cells
(10°/ml) were exposed for 24 hr at 37°, in 6§ ml of McCoy’s 5A nutrient
medium, to AZT concentrations of between 1 and 25 uM. Cells were
then washed twice with fresh cold incubation medium and cells were
subsequently cloned in 0.3% agar. After 14 days of incubation at 37° in
a humidified atmosphere of 6% CO, in air, colonies (=50 cells) were
counted by using an inverted microscope. The clonogenic efficiency
was between 0.05% and 0.1% in all experiments.

Results

Intracellular metabolism of AZT in human bone mar-
row cells. After incubation of human bone marrow cells with

AZT Incorporation into DNA of Human Bone Marrow Cells 11

10 uM [*H]AZT, AZT was rapidly phosphorylated within cells,
as evidenced by the substantial amount of AZT-5’-phosphate
derivatives. The intracellular concentrations of AZT and its
metabolites after 2-, 6-, 24-, and 48-hr incubation periods are
shown in Table 1. Continuing elevation of AZT-MP, AZT-DP,
and AZT-TP intracellular concentrations was observed during
the 48-hr incubation. Table 2 suggests that the increase in AZT
phosphorylated metabolites over time was not due to an in-
creased content of anabolizing enzymes, because the percentage
of cells in S phase did not substantially change over time or in
the presence of AZT. AZT-MP accounted for the majority (88
to 89%) of intracellular metabolites at all time points. Concen-
trations of AZT-DP and AZT-TP were in the same range.

Effect of AZT on nucleic acid synthesis. When human
bone marrow cells in suspension were exposed to either 0.5, 5
or 50 uM AZT over a 6-hr period, deoxyguanosine incorporation
into DNA was progressively inhibited (Fig. 1). By the 6th hour,
DNA synthesis was decreased to approximately 65 and 50% of
control in the presence of 5 and 50 uM, respectively. Only a
slight decrease in the incorporation of deoxyguanosine (approx-
imately 12%) was observed in the presence of 0.5 uM AZT. In
contrast, RNA synthesis, as measured by incorporation of [*H]
adenine, was totally unaffected by concentrations of AZT as
high as 100 uM (data not shown).

Effect of AZT on endogeneous deoxyribonucleotide
pools. Intracellular concentrations of dCTP, dTTP, dATP,
and dGTP were determined in human bone marrow cells (10°
cells/ml) after exposure to a pharmacologically relevant con-
centration of AZT (10 uM) for varying time periods. After a 6-

TABLE 1
Metabolism of [*H]JAZT in human bone marrow cells

Human bone marrow cells (2 x 10° celis/mi) were suspended in McCoy’s 5A
medium that was supplemented with nutrients and 10% dialyzed heat-inactivated
fetal bovine serum, at 37° in a 5% CO; incubator. The experiment was initiated
with the addition of 10 um [*HJAZT (specific activity, 200 mCi/mmol) and celis were
exposed to drug for varying time periods. Cell viability was 95% or greater, as
assessed by trypan blue exclusion, and cell number was constant over 48 hr.
Medium was then removed and cells were washed three times with coid Hanks'
balanced salt solution. Extraction of cell pellets was performed with 0.5 mi of coid
0.5 N perchioric acid. After centrifugation at 1500 rpm for 5 min at 4°, supermatants
were neutralized with 100 u! of 5 M potassium bicarbonate. Aliquots were analyzed
by HPLC as described in Materials and Methods. Values are mean + standard
deviation from three experiments.

Intraceliular Concentration
Time of Exposure
AZT-MP AZT-OP AZT-TP

W pmol[10® celis

2 32.2+9.1 0.04 £+ 0.02 0.05 + 0.04

6 40.1 £ 155 0.1 +£0.04 0.06 + 0.02
24 445 + 195 0.12 £ 0.03 0.08 + 0.04
48 49.2 + 141 0.18 £ 0.08 0.12 £ 0.02

TABLE 2

Constituency of bone marrow cells as determined by
microfiuorometric analysis

Cell cycie analysis was determined with a Becton-Dickinson FACS Scan by DNA
i flow cytometry. A total of 1.0 to 1.5 X 10° celis were centrifuged at 160
X g for 5 min. The medium was discarded and the peliet was stained by a hypotonic
solution of propidium iodide.

Bone Marrow Cell Constituency
Cel Cyde
Control, 0 hr Control, 24 hr 10 um AZT, 24 br
%
Go-G, phase 79 69 69
S phase 19 31 28
Gz-M phase 2 0 4
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Fig. 1. Effect of AZT on the incorporation of [*H]deoxyguanosine into
DNA by human bone marrow cells. Experiments were performed as
described in Materials and Methods, with exposure of cells for 1, 3, and
6 hr t0 0.5 (O), 5 (W), or 50 um AZT (A). Each point represents the mean
+ standard deviation of at least two experiments with different marrow
celis.

hr exposure, dCTP and dTTP pools represented approximately
86 and 70% of the control values, respectively, whereas the
dGTP and dATP levels were unchanged (Fig. 2). All deoxyri-
bonucleotide pools were unaffected following a 24- or 48-hr
exposure to 10 uM AZT. These data demonstrate that depletion
of dTTP pools in human bone marrow cells is minimal, tran-
sient, and rapidly reversible.

Analysis of AZT incorporation into nucleic acids. Cel-
lular nucleic acids from human bone marrow cells that were
exposed for 24 hr to 10 uM [*H)AZT were purified and analyzed
by cesium sulfate density gradient. No radioactivity was de-
tected in the RNA region, whereas a significant amount of
tritium label was associated with the DNA region (density, 1.42
g/ml) (Fig. 3). Evidence that all the radioactivity detectable in
DNA is associated with AZT was obtained by hydrolyzing the
DNA to nucleosides and subsequently analyzing the nucleoside
mixture by an HPLC methodology described in Materials and
Methods. Fig. 4 shows the radiochromatogram of enzymatically
digested DNA. All radioactivity coeluted with an authentic
AZT standard, demonstrating that the detected radioactivity is
specific for the incorporation of [°"H]AZT into DNA. To deter-
mine to what extent AZT was incorporated into DNA, kinetics

120
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Z 40
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24 48
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Fig. 2. Effect of AZT on pool size of endogenous deoxyribonucieoside-
5’-triphosphate in human bone marrow cells. Columns, mean percentage
inhibition of JATP (M), dGTP (&), dCTP (W), and dTTP (O) as compared
with control in at least two experiments; bars, standard deviation.
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Fig. 3. Cesium sulfate density gradient of [*H]JAZT-radiolabeled nucieic
marrow cells at a density of 2 x 10° celis/m| were

um [PHJAZT (specific activity, 750 mCi/mmol) for 24
i tion were performed as

were investigated at concentrations of AZT ranging from 1 to
25 uM. The amounts of AZT incorporated into DNA were
determined after DNA purification by a disc filter assay, which
appeared to be quantitatively more precise than a cesium sulfate
gradient analysis. Fig. 5 demonstrates that, after a 24-hr ex-
posure, there is an apparent linear relationship between the
initial extracellular concentration of AZT and the amount of
AZT incorporated into DNA.

Correlation of toxicity with AZT incorporation into
DNA of human bone marrow cells. To evaluate whether
the level of AZT incorporation into DNA correlated with the
toxic effects of AZT for human bone marrow cells, studies were
undertaken to compare the amount of AZT incorporated into
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Fig. 4. HPLC analysis of enzymatically DNA labeled with 10 um

[’H]AZT.PuﬂﬁedDNAwasdlgesﬁedtonudeosldesbythesequeqﬁal

action of micrococcal nuclease, snake venom and spleen phosphodies-
terase, and alkaline phosphatase, as described in Materials and Methods.
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Fig. 5. Relationship of AZT incorporation into DNA after 24 hr versus
the initial extraceilular concentration of AZT. Each point represents the
mean + standard deviation of three separate experiments.

DNA with the clonogenic survival fraction after exposure for
24 hr to 1, 5, 10, 15, or 25 uM AZT. Fig. 6 shows that, by 50%
inhibition of CFU-GM colony formation, the decline in the
survival fraction was proportionate to the amount of AZT
incorporated into DNA. Correlation between incorporation into
DNA and inhibition of clonal growth at concentrations of AZT
lower than the IC;, (1 uM) is uncertain because amounts of
radioactivity associated with DNA were less than the limit of
sensitivity.

Discussion

In a previous report, we demonstrated that AZT directly
suppressed human bone marrow progenitor colony growth in a
dose-dependent manner, by direct interaction with CFU-GM
and erythroid burst-forming unit precursor cells (6). These
findings were consistent with the clinical observation that
anemia and neutropenia were the major adverse effects of AZT
administration to patients with AIDS (13). In an attempt to
correlate AZT toxicity with hypothesized sites of toxicity, the
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Fig. 6. Relationship between AZT-induced inhibition of human granulo-
cyte-macrophage clonal growth and incorporation of AZT into celiular
DNA (pmol/ug of DNA). Human bone marrow cells were exposed for 24
h to AZT concentrations ranging from 1 to 25 um. The effect of AZT on
human bone marrow cells as assessed by a colony-forming assay has
been previously described (6). Values shown are the mean of two
experiments, with values varying less than 10% at each studied concen-
tration.

present study examined the effect of a range of previously
determined toxic concentrations of AZT on (i) formation of
intracellular AZT phosphorylated metabolites; (ii) nucleic acid
biosynthesis; and (iii) incorporation of AZT into cellular DNA
of human bone marrow cells.

Fig. 1 demonstrates that AZT toxicity in human bone marrow
cells is probably due to its inhibitory effect on DNA synthesis,
as previously speculated by others (7). Intracellular anabolic
phosphorylation of AZT and other dideoxynucleosides with
formation of 5’-triphosphate derivatives has been demon-
strated to be a major factor in exerting their anti-HIV effect
(1, 10). In contrast, Balzarini et al. (14) have suggested that the
absolute intracellular concentration of AZT-TP appears not to
be correlated with the cytotoxic effect of the drug. Table 1
demonstrates that AZT is activated to phosphorylated metab-
olites in human bone marrow cells. As observed in all human
cell lines (1, 14), conversion of AZT-MP to AZT-DP was the
rate-limiting step, leading to a high intracellular level of AZT-
MP. Of particular importance was that all 5’-phosphorylated
AZT metabolites continued to accumulate as a function of time,
up to 48 hr in human bone marrow cells. This represents a very
different pattern than data reported by Balzarini et al. (14) in
ATHS8 and Molt 4 human cell lines, where the intracellular
AZT metabolites reached maximum levels at 5 hr and subse-
quently declined (14). Our data suggest that AZT-TP may have
a quite long half-life in human bone marrow cells, which may
be relevant to its cytotoxic effect. Deoxyribonucleoside-5’-
triphosphate pool imbalance with, essentially, depletion of
dTTP pools as a result of inhibition of thymidylate kinase by
AZT-MP has been hypothesized as a major mechanism of AZT-
induced toxicity (1, 7). In contrast, a recent study by Hao et al.
(10) demonstrated that AZT, at pharmacologically meaningful
concentrations, had no effect on dTTP pools; however, studies
were performed in H, and Molt 4 cell lines, which are quite
insensitive to AZT toxicity, with ICs, values of approximately
1 mM (1) and 63 uM (14), respectively. Fig. 2 demonstrates
that, at a toxic concentration of 10 uM AZT (an IC;; value for
human granulocyte-macrophage progenitor cells), dTTP pools
were not markedly inhibited over a 6-hr exposure, with approx-
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imately 70% of control levels remaining. Furthermore, this
slight decrease was only transient and by 24 hr no inhibition
was observed. This indicates that AZT-induced toxicity of
human bone marrow cells is probably not associated with a
decrease of the dT'TP pool leading to inhibition of DNA syn-
thesis and further confirms results from our laboratory, which
indicated that thymidine was unable to reverse the toxic effects
of AZT for human granulocyte-macrophage precursor cells (15).

Recent studies (2, 3) have suggested that AZT may be incor-
porated into newly synthesized DNA; however, to our knowl-
edge, no study has yet demonstrated that AZT adds to cellular
DNA in an intact cell system. Qur studies provide the first
detailed analysis of the incorporation of AZT into DNA of
human bone marrow cells and the potential role of this incor-
poration in the AZT cytotoxic effects. Using cesium sulfate
density gradient centrifugation, all radioactive AZT found in
nucleic acids was associated with DNA and the specificity of
the incorporation was demonstrated by DNA hydrolysis to
nucleosides and HPLC analysis (Fig. 4). Of note, the amount
of AZT incorporated into DNA correlated with the initial
extracellular concentration of AZT, as shown in Fig. 5. The
potential role of AZT incorporation into DNA in mediating
toxicity for human bone marrow cells is further suggested by
increased concentrations of AZT in DNA correlating with
increased toxicity, as assessed by the CFU-GM clonogenic assay
(6). The relationship between AZT incorporation into DNA
and the clonogenic survival fraction after exposure to varying
amounts of AZT is reported in Fig. 6. A highly significant
relationship (p < 0.0001) between the extent of AZT incorpo-
ration into cellular DNA (probably at the chain termini) of
human bone marrow progenitor cells and the toxicity (assessed
by inhibition of clonal growth) was demonstrated for AZT
concentrations higher than the ICs; of 1 uM (Fig. 6). This
demonstrates that AZT incorporation into DNA is probably
one mechanism responsible for cell toxicity. However, the min-
imal (not detectable) amount of AZT incorporated into DNA
at concentrations less than or equal to the IC,, suggests that
another mechanism of toxicity may be involved. Studies are
underway to elucidate the molecular mechanisms and conse-
quences of this AZT incorporation into DNA and how it relates
to toxicity. A better understanding of these mechanisms should,
hopefully, lead to more selective chemotherapeutic approaches
for the treatment of AIDS.
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