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Abstract-To investigate the mechanisms that may be involved in zidovudine (AZT)-induced 
hematopoietic toxicity, spleen cells isolated from phenylhydrazine-treated anemic mice or murine bone 
marrow erythroid progenitor cells were treated with AZT (l-10 PM) for 24 hr. A concentration- 
dependent inhibition of the binding of ‘Wabeled erythropoietin (Epo) was observed, suggesting down- 
regulation of Epo receptors. To determine if this effect is due to modulation of the levels of Epo 
receptor mRNA and to assess the effect of AZT on the expression of protooncogenes, mRNA levels 
were monitored by the slot blot hybridization technique. AZT caused a concentration-dependent 
inhibition in the levels of the mRNA of Epo receptors and c-@s, whereas the level of c-myc mRNA 
was unaffected. AZT also inhibited protein kinase C (PKC) activity in a concentration- and time- 
dependent manner, causing 50% inhibition at 10 PM within 3 hr. Simultaneous addition of Epo or 
interleukin-3 (IL-3) partially reversed the inhibitory effects of AZT on the levels of the mRNAs and 
on PKC activity; however, a combination of Epo and IL-3 was significantly more effective. These 
studies demonstrate that (i) AZT-induced down-regulation of Epo receptors and c-fos expression 
coupled with inhibition of Epo receptor-mediated signal transduction through PKC are significant 
contributory factors to AZT-induced erythroid toxicity, and (ii) these inhibitory effects can be overcome 
by treatment with a combination of Epo and IL-3. 
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AZTB is the first drug in the 2’,3’-dideoxynucleoside 
class that has been approved by the FDA for the 
treatement of AIDS. Although treatment with AZT 
has decreased the mortality and frequency of 
opportunistic infections in patients with AIDS or 
AIDS-related complex, significant dose-related 
toxicity, primarily anemia, remains a limiting factor 
in the clinical management of AIDS [l, 21. 
Recombinant human Epo has been approved by the 
FDA for the treatment of AZT-induced anemia in 
AIDS patients. However, the beneficial response of 
Epo was observed only in those patients whose 
serum Epo levels were less than 500 IU/L [3]. Since 
the serum Epo levels in some AIDS patients receiving 
AZT therapy are significantly higher (3OOOIU/L) 
[3,4], it suggested a relative resistance to the 
proliferation and differentiating action of Epo on 
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bone marrow progenitor cells. Indeed, AZT was 
shown to cause a concentration-dependent down- 
regulation of Epo receptor expression as monitored 
by the number of Epo receptors and the levels of 
Epo receptor mRNA in bone marrow progenitor 
cells [5]. In a preliminary communication, we 
described the quantitation of Epo receptors with 
the biotinylated-Epo/streptavidin-R phycoerythrin 
method, using flow cytometry [5]. 

The interaction of Epo with Epo receptors of 
committed but undifferentiated late erythroid 
progenitor cells initiates a series of predictable 
biochemical events leading to terminal differentiation 
[6]. Several investigators have studied the transmem- 
brane signalling by the Epo ligand-receptor complex, 
which undergoes rapid endocytosis [7] associated 
with activation of PKC [8]. Furthermore, Epo has 
been shown to induce an early increase in the 
expression of the protooncogenes c-fos and c-myc, 
which is followed by an increase in the expression 
of the globin gene. In this report, we have extended 
the preliminary studies of down-regulation of Epo 
receptors with AZT by utilizing lrsI-labeled Epo and 
have further investigated the effects of AZT on PKC 
activity and on the expression of the protooncogenes 
c-myc and c-fos. Since the hematopoietic growth 
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factor IL-3 induces proliferation and differentiation 
of erythroid progenitor cells in the initial stages [9], 
we have investigated the possible use of a combination 
of Epo and IL-3 in reversing AZT-induced 
biochemical events. 

MATERIALSANDMETHODS 

Bone marrow cells. Bone marrow cells were 
obtained from femurs of 8-week-old normal CD-l 
mice as described previously [lo]. The femurs were 
removed aseptically, bone marrow cells were flushed 
with RPMI-1640 medium using a 21-gauge needle, 
and a single cell suspension was made by repeated 
pipetting. The cells were plated on 35mm petri 
dishes for 2 hr at 37” to remove monocytes and 
macrophages, and the supernatant cell suspension 
consisting of enriched erythroid progenitor cells was 
collected. The cells were then counted using a 
hemocytometer, and viability was assessed by the 
trypan blue exclusion method. 

Spleen cells from anemic mice. CD-l mice were 
made anemic by injecting them intraperitoneally 
with a solution of phenylhydrazine hydrochloride in 
saline (60 mg/kg) for 2 consecutive days. At day 5, 
the mice were killed, spleens were removed 
aseptically, and single cell suspensions were prepared 
in E-Minimum Essential Medium as described earlier 
[ill. 

’ ‘I-Epo binding studies. Human recombinant Epo 
was used in all the described studies. ‘251-Epo was 
obtained as a gift from Dr. J. W. Fisher (Department 
of Pharmacology, Tulane University School of 
Medicine, New Orleans, LA). The murine bone 
marrow cells or the spleen cells isolated from the 
phenylhydrazine-treated mice (1 x lo6 cells/ml) 
were incubated with various concentrations of AZT 
(0-1OpM) for 24 hr in RPMI-1640 medium. The 
cells were centrifuged, washed with fresh medium, 
and incubated in 100 PL of binding buffer (RPMI- 
1640 medium containing 25 mM HEPES, pH 7.4, 
and 1% bovine serum albumin) in the presence of 
lOOmU/mL 1251-Epo and with or without lOO-fold 
excess of unlabeled Epo for 3 hr at 10” [12]. The 
cells were then transferred to Eppendorf tubes 
containing 0.5 mL of dibutyl phthalate oil and 
centrifuged (350g for 2 min). The tips of the tubes 
containing cell pellets were cut off after freezing and 
were counted in a gamma counter (Packard Auto- 
Gamma 5650). Specific binding was calculated by 
subtracting non-specific binding in the presence of a 
large excess of unlabeled Epo from the total binding. 

Determination of the mRNA expression. The 
enriched erythroid progenitor cells obtained from 
murine bone marrow (1 x lo6 cells/ml) in RPM1 
1640 medium were treated with AZT (O-10 PM) for 
24 hr in the presence and absence of Epo (200 mU/ 
mL) or a combination of Epo and IL-3 (100 U/mL). 
Total RNA was extracted using the RNAzol method 
[13,14]. The mRNA levels of c-myc, c-fos and Epo 
receptors were monitored using 5 pg of total RNA 
by slot blot analysis. The cDNA (40-mer) for c-fos 
and c-myc was obtained from Oncogene Science, 
Inc. (Uniondale, NY). The Epo receptor cDNA 
probe, a 39-mer oligonucleotide, was synthesized as 
described previously [5]. A pactin probe was used 

to monitor the actin mRNA by hybridization of the 
same blots after stripping. The probes were end- 
labeled with [(U-32P]dCTP with terminal deoxy- 
nucleotide transferase. The density of the hybrid- 
ization signals after autoradiography was measured 
with a GS300 transmittance/reflective scanning 
densitometer (Hoefer Scientific Instruments, San 
Francisco, CA). 

Protein kinase C assay. PKC activity was 
determined by assaying phosphorylation of endogen- 
ous substrates using a PKC assay kit (GIBCO BRL). 
Cell lysates of enriched erythroid progenitor cells 
treated with AZT (0-10pM) in the presence and 
absence of Epo and/or IL-3 for various time intervals 
were made in a Dounce homogenizer using the 
extraction buffer from the PKC assay kit as described 
[15]. The cell lysates were incubated at room 
temperature for 30 min, followed by centrifugation 
for 2 min at 14,000 g to remove cellular debris. Five 
microlitres of cell supernatant was added to the lipid 
preparation with and without PKC inhibitor peptide 
(PKC 1931), and the mixture was incubated at room 
temperature for 20 min to allow binding of the 
inhibitor to the substrate. At the end of 20min, 
10 PL of [Y-~‘P]ATP was added to each tube and 
incubated at 30” in a water bath for 5 min. At the 
end of 5 min, 25 ,uL of the reaction sample was 
collected on GFC filter paper and washed two times 
with 1% phosphoric acid followed by water. The 
radioactivity was determined by liquid scintillation 
counting (Packard 1500 Tri-carb, Downers Grove, 
IL). PKC activity was determined by the difference 
in the amount of [32P]ATP incorporation in the 
absence and in the presence of the inhibitor. Each 
determination was performed in duplicate in at least 
three different experiments. 

CFV-E assay. The proliferative capacity of the 
bone marrow erythroid progenitor cells treated with 
AZT (O-20 ,uM), AZT plus Epo, and AZT plus Epo 
and IL-3 was measured by the CFU-E assay [lo]. 
Briefly, a methylcellulose mixture (1.3%) was 
prepared in RPM1 1640 medium containing L- 

glutamine (2.0 mM), heat-inactivated fetal bovine 
serum (20%), 2-mercaptoethanol (0.1 mM), peni- 
cillin and streptomycin (100 U/mL and 100 ,ng/mL, 
respectively) and Epo (200 mU/mL). IL-3 (100 U/ 
mL) was also added in those samples that were used 
to determine the effect of a combination of Epo and 
IL-3. The bone marrow cells were diluted in the 
methylcellulose mixture to give a cell suspension of 
1 X lo5 cells/ml. One milliliter of this cell suspension 
was plated in duplicate in 35-mm petri dishes and 
incubated in 5% CO* and 95% humidified air at 37” 
for 48 hr. The plates were stained with 3,3’- 
diaminobenzidine, and colonies containing 8 or more 
benzidine-positive cells were counted under an 
inverted microscope. 

RESULTS 

Effect of AZT on the expression of Epo receptors. 
Detection and quantitation of Epo receptors has 
been carried out previously upon binding with 
either *4-labeled ligand (121 or biotinylated-ligand 
conjugate followed by reaction with a dye such as 
streptavidin-R phycoerythrin for flow cytometric 
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Fig. 1. Effect of AZT on Epo receptor (Epo-R) expression 
as determined by the binding of ‘ZSI-Epo to spleen 
cells isolated from phenylhydrazine-treated anemic mice 
(hatched bars) and in erythroid progenitor ceils isolated 
from murine bone marrow (solid bar). The cell suspensions 
(1 x 106cells/mL) were incubated with or without AZT 
for 24 hr and then assayed for binding with ‘251-Epo. The 
specific binding of ‘*‘I-Epo with untreated spleen cells was 
16,180cpm and with erythroid progenitor cells was 
3,340cpm. Each value is the mean f SEM of values 
obtained from at least two experiments carried out in 

analysis [S]. In this report, we have used the specific 
binding of 1251-labeled Epo to its receptors as an 
index for monitoring the effect of increasing 
concentrations of AZT on Epo receptor expression 
in spleen cells obtained from mice made anemic with 
phenylhydrazine. These spleen cells have been 
reported to have enhanced specific binding of 1251- 
Epo due to a significant increase in Epo receptor 
expression [16]. Enriched erythroid progenitor cells 
isolated from murine bone marrow were also used 
for comparative purposes in these studies. Indeed, 
the specific binding of 1251-Epo to the spleen cells 
was approximately 5fold higher than to the bone 
marrow erythroid progenitor cells (see legend of 
Fig. 1). The data shown in Fig. 1 demonstrate that 
treatment of the splenic erythroblast cells with AZT 
for24 hr caused a concentration-dependent inhibition 
of the binding of 1251-Epo, resulting in a 95% 
decrease at 1OpM. AZT (10 PM) also inhibited 
binding of 1251-Epo to the bone marrow erythroid 
progenitor cells by approximately 80% (Fig. 1). 
Under these conditions, AZT was not cytotoxic to 
the cells, as determined by the trypan blue exclusion 
method. 

The effect of AZT on the levels of Epo receptor 
mRNA in enriched erythroid progenitor cells, as 
monitored by slot blot hybridization, is shown in 
Fig. 2. The quantitation data, expressed as a percent 
of control in Table 1, demonstrate that AZT caused 
a concentration-dependent decrease in 24 hr in the 
levels of Epo receptor mRNA producing 35 and 
59% inhibition at 5 and 10 PM, respectively. The 
treatment of the erythroid progenitor cells with AZT 
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Fig. 2. Levels of Epo receptor mRNA in murine erythroid 
progenitor cells (1 x 106cells/mL) treated with various 

mRNA after stripping the same blot. 

concentrations of AZT for 24 hr in the absence and 
presence of Epo (250mU/mL) or a combination of Epo 
and IL-3 (lOOU/mL). Slot blot analysis was carried out 
with 5 pg of cellular RNA, as described in Materials and 
Methods. A pactin probe was used to monitor the actin 

Table 1. Reversal of AZT-induced down-regulation of Epo 
receptor mRNA levels in murine erythroid progenitor cells 

with Epo and a combination of Epo and IL-3 

AZT 
concentration 
(PM) 

Epo receptor mRNA levels (% of 
control) 

AZT + Epo 
AZT AZT + Epo + IL-3 

0 100 100 100 
5 65 62 100 

10 41 62 165 

The enriched erythroid progenitor cell suspension 
(1 x lo6 cells/ml) isolated from the murine bone marrow 
was treated with various drug combinations for 24 hr in 
the presence or absence of Epo (2OOmU/mL) ? IL-3 
(100 U/mL). Total RNA was isolated, and slot blot analysis 
was carried out with 5 pg of cellular RNA as described in 
Materials and Methods. A pactin probe was used to 
monitor the actin mRNA after stripping the same blot. 
Data are presented as percent of control (untreated cells) 
of the density of the hybridization signals. 

in the presence of Epo partially reversed the AZT- 
induced inhibition to 38% at 10 ,uM. However, 
simultaneous treatment with a combination of Epo 
and IL-3 caused a complete reversal in the AZT- 
induced inhibition of Epo receptor mRNA levels at 
5 PM, and an unexpected significant stimulation was 
observed at the high concentration (10 PM) of AZT. 
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Table 2. Effect of AZT on the levels of c-fos mRNA in 
murine erythroid progenitor cells in the presence and 

absence of Epo and a combination of Epo and IL-3 

AZT 
concentration 
(PM) 

: 

10 

c-fos mRNA levels (% of control) 

AZT + Epo 
AZT AZT + Epo + IL-3 

100 80 100 82 110 100 

50 97 125 

The enriched erythroid progenitor cell suspension 
(1 X lo6 cells/ml) isolated from the murine bone marrow 
was treated with various drug combinations for 24 hr in 
the presence and absence of Epo (2OOmU/mL) ? IL-3 
(100 U/mL). Total RNA was isolated, and slot blot analysis 
was carried out with 5 pg of cellular RNA as described in 
Materials and Methods. A pactin probe was used to 
monitor the actin mRNA after stripping the same blot. 
Data are presented as percent of control (untreated cells) 
of the density of the hybridization signals. 

Effect of AZT on c-myc and c-fos expression. 
Since expression of protooncogenes is an early Epo- 
induced response for proliferation and differentiation 
of erythroid progenitor cells [17], we determined the 
expression of c-myc and c-fos protooncogenes in 
erythroid progenitor cells after treatment with 
various concentrations of AZT for 24 hr. The levels 
of c-myc mRNA remained unaltered up to a 10 ,&I 
concentration of AZT (data not shown); however, 
the c-fos transcripts were reduced to 50% of control 
at 1OpM AZT (Table 2). Simultaneous treatment 
of erythroid progenitor cells with Epo or a 
combination of Epo and IL-3 reversed the 
AZT-induced inhibition of c-fos protooncogene 
transcription. The effect of the combination of Epo 
and IL-3 in reversing the inhibition of AZT at 10 PM 
was found to be stimulatory (125% of control), 
similar to the effect observed in the case of the Epo 
receptors. 

Effect of AZT on the activity of PKC. Since 
transmembrane signalling by the Epo ligand- 
receptor complex in erythroid progenitor cells may 
be associated with activation of PKC [8], we initially 
monitored the activity of PKC in the presence of 
10 PM AZT as a function of time (Fig. 3). The data 
indicate that AZT inhibited the PKC enzymatic 
activity in a time-dependent manner, reaching 
approximately 50% within 180 min. The inhibition 
of PKC activity by AZT was also concentration 
dependent, as shown in Fig. 4. The modulation of 
AZT-induced inhibition of PKC activity with Epo, 
IL-3 or a combination of Epo and IL-3 is shown in 
Fig. 5. Although both Epo and IL-3 as single agents 
reversed the AZT-induced inhibition to some extent, 
a combination of Epo and IL-3 was significantly 
superior to either drug alone in reversing the AZT- 
induced inhibition. 

Amelioration of AZT-induced proliferative block- 
ade of erythroid progenitor celLF. Since the 
simultaneous addition of Epo did not prevent the 
AZT-induced proliferative blockade of the formation 

0 30 60 180 
Time (min) 

Fig. 3. Effect of AZT (10~M) on protein kinase C 
activity in lysates of enriched eiythroih progenitor cells 
(1 X 106cells/mL) as a function of time. Values are the 
means 2 SEM from at least three different experiments 
carried out in duplicate. Control protein kinase C activity 

was 18.7 x 103 cpm/106 cells. 

EoncentrZon of &Y (uM) 
10 

Fig. 4. Effect of AZT on protein kinase C activity in lysates 
of enriched erythroid progenitor cells (1 x #‘cells/ml) 
treated with various concentrations (O-10 ,&I) of AZT for 
3 hr. Values are the means ? SEM obtained from at least 
three different experiments carried out in duplicate. Control 

protein kinase C activity was 16.1 x lo3 cpm/106 cells. 

of CFU-E derived colonies, it was important to 
determine whether a combination of Epo and IL-3 
would be more beneficial than either growth factor 
alone in reversing the AZT-induced toxicity. The 
data in Fig. 6 demonstrate that the combination of 
Epo and IL-3 caused a significant increase in the 
CFU-E derived colonies at each of the lower (up to 
5 PM) concentrations of AZT. The stimulative effect 
of the combination of Epo and IL-3 at the higher 
concentrations of 10 and 20,uM AZT was not 
significant, since AZT was extremely toxic per se 
at these levels. Thus, at clinically achievable 
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Fig. 5. Effects of Epo (1 UjmL), IL-3 (100 U/mL) and 
Epo plus IL-3 on AZT-induced (10 PM) inhibition of 
protein kinase C activity in lysates of enriched erythroid 
progenitor cells (1 x lo6 cells/ml) treated with various 
drug combinations for 3 hr. Values are the means +- SEM 
obtained from at least two different experiments carried 
out in duplicate. Control protein kinase C activity was 

12.8 X 10r cpm/106 cells. 
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Fig. 6. Amelioration of AZT-inducedproliferative blockade 
with Epo (200 mU/mL) (Cl), IL-3 (100 U/mL) (B) and a 
combination of Epo and IL-3 (M). Enriched erythroid 
progenitor cells (2 x lo6 cells/ml) were treated with AZT 
(O-20 PM) for 24 hr in the presence and absence of the 
growth factors. The cells were then diluted in a methyl 
cellulose mixture and plated to determine their colony- 
forming ability as described under the CFU-E assay. The 
control value for the CFU-E-derived colonies was 276 i 30. 
These experiments were carried out in duplicate, and each 
value is the mean f SEM of values obtained from at least 
threeexperiments. Key: (*) significantly different (P < 0.05) 
from the Epo or IL-3 group, as determined by Student’s 

f-test. 

concentrations, a combination of Epo and IL-3 
resulted in significant protection of the bone marrow 
cells. 

DISCUSSION 

The toxicity induced by AZT in bone marrow 

progenitor cells has been well documented [ 181, but 
the exact underlying biochemical mechanisms 
have not been elucidated. Several reports have 
demonstrated in both the cell-free system [19] and 
in intact cells [20] that AZT anabolite is incorporated 
into cellular DNA. The extent of AZT incorporation 
into the DNA correlated directly with toxicity of the 
human bone marrow progenitor cells [21]. Inhibition 
of purified cellular DNA polymerase by AZT 
triphosphate has also been identified as one of the 
inhibitory steps [22,23]. Alternatively, inhibition of 
mitochondrial DNA replication was reported to be 
the primary cellular target of AZT in a Friend 
murine erythroleukemic cell model 1241. Inhibition 
of mitochondrial DNA replication has also been 
shown to play an important role in 2’,3’- 
dideoxycytidine-induced peripheral neuropathy [25]. 
Recently, it was suggested that AZT monophosphate 
may contribute to cytotoxicity since it inhibited the 
replication of simian virus 40 origin-dependent 
double-stranded DNA in extracts of human HeLa 
cells at concentrations reported to accumulate 
intracellularly [26]. Other mechanisms reported to 
have a role in AZT-induced anemia include inhibition 
of the rate-limiting heme synthetic enzyme 6 
aminolevulinic acid synthase [27] and inhibition of 
globin gene expression [28]. However, the inhibition 
of globin mRNA accumulation in these experiments 
required at least 25 PM or higher concentrations of 
AZT, suggesting that AZT-induced toxicity to 
erythroid progenitor cells at lower concentration 
levels may involve other mechanisms. Our data also 
demonstrate that although AZTisan antiproliferative 
agent in the CFU-E assay at low concentrations (Q-, 

1.5 PM), it was not cytotoxic to the erythroid 
progenitor cells up to lO@M, as determined by the 
dye exclusion method. 

The anomalous finding of elevated endogenous 
serum Epo levels in AZT-treated patients [3,4] and 
a relatively limited beneficial effect of exogenously 
administered Epo suggests target organ resistance. 
To examine this hypothesis, we initially investigated 
Epo receptor expression and function in murine 
bone marrow cells treated with the 2’,3’-dide- 
oxynucleosides AZT and dd1 [5]. The biotinylated- 
Epo/streptavidin-R phycoerythrin method using 
fluorescence cytometric analysis demonstrated that 
AZT decreased the cell-surface expression of Epo 
receptors on murine bone marrow progenitor cells 
in a concentration- and time-dependent manner. In 
contrast, dd1, which does not produce significant 
anemia in AIDS patients, had no significant effect 
on Epo receptor expression up to a concentration 
level of 20 PM, which caused proliferative blockade 
of erythroid progenitor cells [5]. In the present study, 
specific binding of ‘*%Epo to Epo receptors in splenic 
erythroblast cells obtained from phenylhydrazine- 
treated mice was utilized to demonstrate that AZT 
induces significant down-regulation of Epo receptor 
expression at therapeutic concentration levels of less 
than 10pM (Fig. 1). It is likely that this blockade 
may precede the eventual inhibition of the globin 
gene expression [28]. The splenic erythroblast cells 
provide an important model to investigate the Epo 
receptor mRNA expression since there is an 
abundance of Epo receptors and Epo receptor 
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mRNA levels in these cells similar to that 
reported for the Friend virus-infected mouse splenic 
erythroblast cells [14]. These cells are therefore 
significantly more sensitive to AZT than the bone 
marrow cells. The data on down-regulation of Epo 
receptors suggest a cause-and-effect relationship 
between Epo receptor expression and inhibition of 
AZT-induced erythroid colony formation. 

Studies were undertaken to determine if the down- 
regulation of Epo receptor expression results from 
decreased Epo receptor mRNA levels by monitoring 
the levels of the Epo receptor mRNA. A 
concentration-dependent inhibition of the Epo 
receptor mRNA levels by AZT (Table 1) dem- 
onstrates a direct relationship between the levels of 
Epo receptor mRNA and the number of Epo 
receptors (Fig. 1). In addition, the levels of mRNA 
of the protooncogenes c-myc and c-fos were also 
measured, since they have been shown to be 
linked directly to Epo-induced proliferation and 
differentiation of erythroid progenitor cells [18]. 
These studies were carried out after exposing the 
cells to AZT for 24 hr based upon our earlier time- 
course studies of the effect of AZT on Epo receptor 
mRNA levels [5]. The data in Table 2 indicate that 
AZT caused a concentration-dependent inhibition 
of the expression of the c-fos gene in erythroid 
progenitor cells. Under these conditions, the levels 
of the mRNA of c-myc were unaltered (data not 
included), suggesting that the inhibitory effect of 
AZT on the mRNA levels is not indiscriminatory 
but is selective. 

Another parameter examined in this report was 
the effect of AZT on Epo-Epo receptor-mediated 
signal transduction at the level of PKC. Since 
activation of PKC has been implicated as a necessary 
step in proliferation and differentiation of erythroid 
progenitor cells [15,29], we monitored the effect of 
AZT on PKC activity. The data in Fig. 4 demonstrate 
that inhibition of PKC activity may also contribute 
to AZT-induced toxicity. However, it is uncertain 
whether the inhibition of PKC enzymatic activity is 
the result of a direct or an indirect effect of AZT. 

The down-regulation of Epo receptor and c-fos 
mRNA levels and inhibition of PKC activity by AZT 
led us to investigate the role of protecting agents in 
overcoming AZT-induced anemia. Since a synergism 
between Epo and IL-3 in the induction of 
hematopoietic stem cell proliferation and erythroid 
burst colony formation has been demonstrated [30], 
we investigated the role of IL-3 in overcoming the 
AZT-induced biochemical events. The data in Tables 
1 and 2 and in Figs. 2 and 5 demonstrate that a 
combination of Epo and IL-3-induced proliferation 
led to overcoming the AZT-induced inhibitory 
events. A protective effect demonstrated by Epo 
alone in restoring the c-fos mRNA levels, despite 
the down-regulation of Epo receptors by AZT, is 
perhaps related to the proliferative and differentiating 
effect of Epo bound to the remaining receptors. The 
data in Fig. 6 also provide evidence that a 
combination of Epo and IL-3 ameliorated and 
AZT-induced proliferative blockade in erythroid 
progenitor cells. This combination led to a 
significantly higher number of CFU-E-derived 
colonies formed than those obtained with Epo or 

IL-3 alone, suggesting a protective role for IL-3 [31]. 
The data in this report further delineate the specific 
sites of activation of IL-3 resulting in an increase in 
the levels of mRNA of Epo receptor and c-fos and 
in the activity of PKC. 

In conclusion, these results provide evidence for 
specific biochemical mechanisms that may contribute 
significantly to the AZT-induced toxicity, and the 
data further illustrate that these inhibitory events 
can be overcome by simultaneous treatment with a 
combination of Epo and IL-3. 
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